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I am delighted and truly honoured to welcome you to IDS2018. As you know this is a
landmark event representing completion of four decades since the establishment of this
biennial series in 1978 at McGill University, Montreal, Canada.

I am happy to note that IDS2018, like its predecessor events, has attracted significant
academic and industry interest in drying research and development from around the world.
Exchange of ideas and dissemination of knowledge about both fundamental aspects and
industrial applications have been the prime motivations for holding IDS events around the
globe. As an interdisciplinary and multidisciplinary field which combines complex multi-
phase transport phenomena with material science, drying is also highly energy-intensive
and has controlling influence on the dried product quality in diverse industrial sectors. 1
believe that IDS and sister conferences devoted to drying have had a very significant
impact on enhancements in drying technologies and innovation in dryer design. Much
remains to be done of course.

I am sure the participants in IDS2018 will find the proceedings and networking
opportunities rewarding and their stay in the wonderful historic city of Valencia
memorable.

Finally, on behalf of all the attendees may I take this opportunity to thank and congratulate
the Program Chair and his hardworking Organizing Committee supported by authors,
reviewers and of course all the volunteers assisting with the smooth running of this
complex event.

Arun S. Mujumdar
IDS Honorary Chairman
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In this 40th anniversary of IDS it is a real honour to host at the Universitat Politécnica de
Valencia the celebration of IDS2018.

This is an event that, like in all other its predecessors, has attracted worldwide attention.
Over 300 researchers from over 40 countries will present more than 450 papers at this
event. As we can see IDS2018 promises to be a highly successful event. We are confident
the founder of the IDS series Arun S. Mujumdar, would be very proud of it.

On this occasion we wanted to bring the event inside the University campus in order to get
the students more actively involved in the organization and to make them aware of the
importance and the impact of drying on many industries and different aspects of our life.
This is a down to earth field that many times has been underestimated by our students and
it’s value needs to be recognized. Drying involves many aspects that may attract the interest
of our students, from sustainability to product quality and the diversity of products.
Valencia and the Mediterranean area have a long tradition of addressing the drying process;
just remember the importance of dried fish on the Roman times that you still it find in our
markets.

The quality of the contributions is very high and the discussion during the event will
enhance fruitful exchanges among the participants. We hope that the academic environment
will help to attain the goal of a friendly and fruitful interaction in the beautiful city of
Valencia. We believe this event will fulfil your expectations.

On behalf of the Organizing Committee

Antonio Mulet

Chairman IDS2018
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Abstract

High intensity pulsed UV Light is a non-thermal treatment used in
sanitization of fruits and vegetables. In this work, we have applied high
intensity pulsed UV light as a pretreatment for convective air-drying
evaluating the benefits of the pretreatment to the drying process and to the
nutritional quality of the dried product. Mangoes were subjected to pulses of
UV light. The pretreated samples were further dried in a convective oven-
drier until 90% of the initial water content has been removed. Drying
kinetics, water apparent diffusivity, vitamin B, vitamin C content and total
carotenoids content were analyzed. Pulsed UV light showed to be an
interesting pretreatment for mangoes given the higher nutritional content of
the dried product.

Keywords: mango; drying; ultraviolet; vitamins; kinetics.
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1. Introduction

New food product development should focus on retaining as much of the naturally
occurring vitamin content as possible, on increasing the availability of vitamins, and on
reducing the appearance of undesirable breakdown products. Factors that play a role in the
degradation of vitamins during food processing include temperature, air, light, moisture
content, water activity, pH and enzymes related to the food spoilage [1]. Air-drying reduces
the moisture content of the product decreasing the effect of one of the primary factors, the
water activity, that determines the rate of vitamin deterioration by several biochemical
reactions [1]. However, air-drying may increase vitamin loss by increasing the food
exposition to high temperature for a long period of time.

Pulsed ultraviolet (UV) light processing of foods is a nonthermal technology used to
enhance the quality and safety of foods. Its uses range from sanitization of foods (primary
use) to extension of shelf life of fruits and vegetables, and enhancement of phytochemical
content in fruits [2,3]. UV treatment is currently in use by the industry especially in
sanitization of fruit and vegetables. Several studies reported that UV light also contributed
towards the enhancement of the nutritional quality of food products, enhancing vitamin
content, total carotenoids content, antioxidant capacity and other phytochemical properties
[3-5].

Despite the importance of quality parameters in dried foods, most published studies are
limited to determining the drying rate and some diffusional aspects and only few studies
have focused on evaluating the changes on product quality after drying. In this work, pulsed
UV light was applied as a pretreatment prior to air-drying for the drying of mangoes. The
influence of the pretreatment and the drying process on vitamins B1, B3, B5, B6 and C,
total carotenoids as well as its influence on the effective water diffusivity were evaluated.

2. Materials and Methods

2.1 Preparation of samples

Mangoes (Mangifera indica L. var. Tommy Athikins) were bought from the local market
(Fortaleza, Brazil). Only fruits with same maturity stage were used. Cubic samples (side 10
mm) were obtained using a household tool from the mango flesh. The moisture content was
determined by oven drying at 110°C until constant weight (24h).

2.2. Pulsed UV light pre-treatment

The pre-treatment was carried out in a pulsed UV light equipment (SteriBeam model Xe
Matric A, Germany) equipped with a xenon flash lamp (19 cm). The samples (12 g + 1 g)
were placed inside the treatment chamber of the equipment (20 cm wide x 14 cm deep x 12
cm high) and subjected to UV light pulses. The samples were subjected to 10, 20, 30, 40
and 50 pulses of UV light. Each pulse corresponded to a fluence (energetic density) of 0.36
Jicm? and were delivered in 250 ps. All experiments were carried out in triplicate.
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2.3 Air drying

Drying kinetics were carried out in a conventional convective oven-drier. Air-drying
experiments with mango samples were carried out at 0.5 m/s (air velocity) and 60 °C
(temperature). The drying experiments were conducted in triplicates and completed when
the samples lost 90% of the initial weight. For each experiment, 25 + 1 g cubes of mangoes
were distributed over a custom sample holder inside the drying chamber.

The air-drying kinetics of mangoes was modeled assuming diffusion-controlled mass
transfer. Only the falling-rate period (diffusion-controlled mass transfer period) was
considered because the constant-rate period (heat transfer-controlled mass transfer period)
was not observed. The model considered the solution of Fick’s second law for cubic shaped
samples (Equation 1) [6].

2.2 3
W(t) = Mtreq + (WC}'W eq) [En ﬂwexp (_D[ZTH‘I} T t)] (1)

4a?

2.4 Determination of vitamins

To determine the vitamins of the B complex, 1 g of fruit was homogenized with 6 mL of
distilled water for 2 min using a cell homogenizer (Ultraturrax IKA model T25). The
vitamins were extracted by adding sulfuric acid 0.25 M (1 mL) to the sample, which was
heated for 30 min in a water bath (70 °C). After cooling in an ice bath, the pH was adjusted
to 4.5 using a 0.5 M sodium hydroxide solution. The sample was centrifuged at 8400x g for
10 min. The supernatant was collected and analyzed spectrophotometrically at 215
(Vitamin B5), 254 (Vitamin B1), 265 (Vitamin B3) and 716 (Vitamin B6) nm using water
as blank. All analyses were carried out in triplicate and results were expressed as the
vitamin gain/loss using the fresh fruit as reference.

2.5 Determination of total carotenoid content

The carotenoids were extracted milling 1 g of mango sample with 6 mL of distilled water in
a cell homogenizer (Ultraturrax IKA model T25). Hexane (5 mL) was added and the
mixture was vigorously stirred in a vortex for 1 min. The supernatant (hexane phase)
containing the lipid fraction was collected and analyzed spectrophotometrically at 452 nm
to determine the total carotenoids content, using hexane as blank. All analyses were carried
out in triplicate.

3. Results and Discussion
3.1. Pulsed UV light pretreatment

Mangoes presented an initial moisture content of 84.2 + 0.4 g water/100 g fresh fruit (wet
basis). The moisture content of the samples decreased during the UV light pretreatment,
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reducing the initial moisture content by 4.3 to 15.9%. Figure 1 presents the water loss
observed as a function of the energetic density that was applied.

20.0

(3]

15.0

H

10.0

Water Loss (%)
-

—

5.0

oA
H

0.0
0.0 5.0 10.0 15.0 20.0

Fluence()/cm2)

Fig. 1 Water loss during the pulsed UV light pretreatment as a function of the UV dosage applied
to the samples.

Overall, pulsed UV light pretreatment contributed to an initial reduction of the moisture
content of the samples.

3.2. Air-drying experiments

Figure 2 presents the experimental drying kinetics of mangoes obtained with and without
application of pulsed UV light. Drying kinetics of mangoes presented the typical behavior
observed for other fruits [7]. Only the falling rate period was observed during the drying
process. Drying was carried out until 95% of the initial moisture was removed,
corresponding to a final moisture content of 0.08 + 0.01 g water/g dry matter.

The water apparent diffusivities in mangoes were calculated using Equation 1. The results
are presented in Table 1. The diffusion model used in this work was adequate for describing
the drying Kkinetics of mangoes cubes under the different experimental conditions,
presenting R? values between 0.986 to 0.995.

Despite the initial reduction in moisture content attained during the pretreatment, the pulsed
UV light pretreatment did not reduce the air-drying time. In fact, the samples took between
2 and 16% more time to dry than the untreated sample. It must be stated that the required
air-drying time to reduce 80% of the initial moisture content was statistically similar among
the sample not subject to pretreatment and the samples pretreated with a total energetic
density above 10.8 J/cm?.
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Figure 2. Moisture content (in dry basis) as a function of drying time for the samples with and
without pulsed UV light pretreatment.

Table 1. Water apparent diffusivity of mangoes subjected to pulsed UV light

pretreatment.
Total energetic Number of UV light Apparent diffusivity —R?
density applied pulses
(Ilem?) #) (107 m?/min)
0.0 0 437+0.382 0.995
3.6 10 3.90+0.03° 0.986
7.2 20 3.76+0.09° 0.986
10.8 30 426+0.122 0.987
14.4 40 3.92+0.27° 0.988
18.0 50 410+0.012 0.991

As such, if the main objective of the pretreatment is to reduce the air-drying time, the
pulsed UV light pretreatment would not be a proper technology to achieve this goal.

3.3. Vitamins and carotenoids content

The drying process decreased the content of vitamins and total carotenoids in mangoes. The
retention of vitamins and total carotenoids depended on the vitamin, the use or not of
pulsed UV light pretreatment and the intensity of the pretreatment.

Figure 3 presents the retention of vitamins and total carotenoids for non-pretreated mangoes
subjected to air-drying. Total carotenoids content presented the lowest retention ratio (24.6
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%), while vitamin B6 presented the highest retention ratio (97.7 %). The changes observed
in Figure 3 represents the effect of heating in the vitamins and total carotenoid content.
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Figure 3. Retention of vitamins and carotenoids in mangoes after air-drying without UV
pretreatment.

The pulsed UV light pretreatment showed a positive effect on vitamins B1, B3 and B5
when up to 7.2 Jlcm2 where applied to the samples. Under such conditions, the dried
product would present between 10.0 to 28.8 % more vitamins B1, B3 and B5 than the
untreated dried product. Above the 7.2 Jicm2 level, the effect of the pretreatment is
statistical non-significant (at a 95% confidence level), due to a probable degradation of
these vitamins by UV light.

Vitamin B1 (thiamin) is the most thermolabile among the B vitamins, so degradation due to
thermal effect was expected [8] and was confirmed by the experimental data. The effect of
pulsed UV light seemed to be mainly positive and a trend of higher retention of vitamin
was observed. The high energy of the pulsed light treatment may have broken the bound of
the phosphorylated vitamin, changing it to its free and bioavailable form, thus resulting in a
slightly higher content of this vitamin in the treated dried product.

The retention of vitamins B3 and B5 followed a similar trend. As with vitamin B1, the
energy delivered by pulsed UV light might have broken the bound between the vitamin and
its bounds, releasing an amount of vitamin that otherwise would be unavailable. This is
plausible because vitamins, nucleotides and coenzymes absorbs UV energy and could use
this energy to break the chemical bond between vitamins and nucleotides, and vitamins and
coenzymes. The energy absorbed from pulsed UV light causes physical damages to
membranes and other structures due to the release of chemical and physical bonds in these
structures [9]. Thus, the same energy that is responsible for bond breaking damage in
microorganisms can be responsible for the bond breaking reactions that release the bonded
vitamins and transform it in free and bioavailable vitamins.
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The pulsed UV light pretreatment had a significant negative effect on vitamin B6. The
retention of vitamin B6 that was at 97.7 % for the dried untreated mango, dropped to
retentions levels between 48 to 61 %. This vitamin is considered light-sensitive. As such,
both UV light and visible light released by the pulses have degraded this vitamin resulting
in a significant reduction in its content when the UV pretreatment was applied.

The UV pretreatment did not change significantly the amount of vitamin C in the dried
product. The pretreatment was only statistically different (at a 95% level of confidence)
when a fluence of 12 J/cm? was applied. Under this condition, the amount of vitamin C was
28.6 % higher than the untreated sample. Vitamin C is considered a light sensitive vitamin
that present high UV light absorbance in the germicidal range (215 to 260 nm) but does not
absorb significant light above 300 nm. The equipment used in our experiments releases
light in a spectrum between 310 and 400 nm, thus it has not affected the vitamin C content
of the mangoes samples.

The UV pretreatment increased the total carotenoids when a fluence up to 12 J/cm? was
applied. Overexposure to high intensity UV light tended to degrade the carotenoids. The
increase in the total carotenoid content can be attributed to an alteration of the carotenoid-
binding protein with a consequent increase in availability of free carotenoids, which has
been reported previously for mango juice subjected to UV light treatment [10].

4. Conclusions

Pulsed UV light decreased the initial moisture content of the mangoes samples but did not
increase the effective water diffusion of mangoes nor reduced its drying time. The
application of pulsed UV light increased the availability of vitamins B1, B3, and B5,
vitamin C and carotenoids in the dried product. The light sensible vitamin B6 degraded
significantly when compared to the untreated dried mango samples. Overexposure to pulsed
UV light (dosages greater than 15 J/cm?) degraded all vitamins and carotenoids, thus the
UV dosage must be carefully optimized. Pulsed UV light can be a potential pretreatment for
drying fruits given its simplicity, rapid application and because it confers better nutritional
quality to dried mangoes.
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Abstract

Widespread use of advanced process control allows reduction of costs, by
reducing drying time and energy consumption. The “control of the freezing
stage” (by forced nucleation) also appears to be beneficial to process
intensification, as it can impact the product structure and modify the product
resistance to mass transfer. An alternative way to increase the drying rate is
the use of organic solvents as they can lead to larger solvent crystals, hence
lower product resistance to vapor flow.

Atmospheric freeze-drying may be a good alternative to vacuum freeze-
drying, as a way of increasing process efficiency. A further improvement can
be obtained by combining atmospheric or vacuum freeze-drying with new
technologies.

A further step towards process intensification is given by continuous plants,
as this allows a dramatic increase in throughput and product quality
uniformity.

Keywords: freeze-drying; process intensification; controlled nucleation;
continuous process.
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1. Introduction

The freeze-drying process is widely used in pharmaceuticals manufacturing, as well as for
drying foodstuffs, as high-quality products can be obtained due to the low operating
temperatures. Anyway it is quite an expensive process, and this fact limits applications in
food and probiotic industry. Reduction of costs, by reducing drying time and energy
consumption, and a better uniformity in end-product quality can be reached by means of
process optimization and widespread use of advanced process control, but there is a big
potential for process intensification by process modifications.

According to Stankiewicz and Moulijn [1], process intensification can be obtained by
modifying equipment, to optimize critical parameters (e.g., heat transfer and mass transfer),
or by process intensifying methods, changing the process or using alternative energy
sources. Proposed control approaches, and in particular advanced process control, will be
first discussed in this review. Other possibilities for process intensification will be then
discussed, focusing in particular on controlled nucleation and process modifications in
production of pharmaceuticals.

2. Process optimization and widespread use of advanced process control

Improvement of the process control has been recognized as a development need for the
pharmaceutical industry over the last thirty years, but relatively few changes occurred at the
production scale. It must be evidenced that today even the most advanced industrial freeze-
dryers have no robust process control. An open-loop control approach is generally adopted,
but rarely the cycle has been really optimized, and cycle transfer between different pieces
of equipment or scale up is generally challenging [2-5].

Effective monitoring and control systems are required to manage the process in such a way
that product quality is not jeopardized at the end of the process. Besides, as the duration of
the freeze-drying process is an important concern, the control systems should be able to
optimize in-line the operating conditions, namely the pressure in the drying chamber and
the heating power, i.e. the temperature of the heating source. In the following different the
methods proposed will be analyzed.

A first group of methods is based on the measurement of product temperature obtained
through a thermocouple (or another temperature sensor); they optimize only the
temperature of the heating element. In this case it is possible to use just the temperature
measurement, with a fuzzy logic-based algorithm. Alternatively, a mathematical model can
be coupled to the experimental measurements, thus obtaining a soft-sensor; this can be used
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to calculate the optimal control actions using, for example, a PI algorithm, or calculating in
line the design space of the process [6-8].

The second group of methods is based on the pressure rise test [9]; this is a technique for
the in-line process identification that allows estimating both the state of the product
(temperature and residual amount of ice) and the values of some model parameters. By this
way a mathematical model can be used to optimize the process using, for example, a classic
proportional algorithm, or an advanced Model Predictive Control algorithm [10,11].
Control logics based on measurement of heat or sublimation flux will be also discussed.

Control procedures are available also for the secondary drying step. The key feature of the
method is the coupling of the measurement of the desorption rate, obtained by means of the
PRT or other devices, with a mathematical model of the process [12].

3. Control of the freezing stage

Freezing plays a fundamental role in the freeze-drying process, as it determines product
morphology and, therefore, drying performances and drug stability [13]. Therefore, it has
become essential to increase the knowledge and control over this process. A brief overview
of the tools which allow control of the impact of freezing on product morphology, and,
consequently, on drying efficiency and product quality will be presented.

During freezing, the stochastic nature of nucleation is regarded as a demerit, because it is
directly linked to vial-to-vial variability in terms of product morphology, drying behavior
and, ultimately, product stability. Hence, lots of attention was given to the control of the
temperature at which nucleation occurs, trying at least to make it as uniform as possible
over a batch of vials. In fact, it is not actually possible to really “control the nucleation”
even if this term is often used for simplicity; as said before, what is possible to do, is to
force nucleation to take place at a given temperature and control the batch temperature
holding it until nucleation is completed. The higher the nucleation temperature, the larger
the ice crystal size, and thus the lower the cake resistance. In recent years, almost all the
principal freeze-dryers manufacturers developed their proprietary technology to induce ice
crystallization and to reduce the time span for completing the freezing in all the vials of the
batch. Many patents were deposited, and different technical solutions were made
commercially available, especially at the pilot-scale; even if many difficulties still limit
somehow the application to large production scales of some methods, controlled ice
nucleation starts moving also into manufacturing [14,15].

Ultrasound nucleation has been the object of an extensive research, but the passage from
lab to commercial scale faced strong difficulties. The main problems were related to the
difficulty to efficiently propagate the ultrasonic waves, and to scale the process, as the
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optimum ultrasonic frequency depends on the set up. Actually commercially available
equipment adopts either a variant of the ice fog, or the depressurization method, or the
vacuum induced nucleation. The ice fog concept is probably the first method proposed to
control nucleation (as it is known since 1990), but only recently the technical developments
made it really suitable for practical applications.

The easiest and cheapest way to control nucleation is surely the vacuum induced surface
freezing, VISF (also known as vacuum induced nucleation, VIN), as this technology
requires no hardware, any equipment can be easily retrofitted, and there are limited sterility
concerns (related to sterilization of large valves required for rapid depressurization) [16]. It
is important to evidence that notwithstanding the concern for possible product denaturation,
in particular with the depressurization and the VIN method (for the possible presence of
small bubbles), all the discussed controlled nucleation technologies gave particularly good
results; in fact, as a consequence of the larger ice crystals (and thus of their reduced solid
surface), an improved stability even for very sensitive products was observed.

Thus the described methods are effective approaches to process intensification, but to
guarantee the required final quality and uniformity of the batch, they must be coupled with
methods that assure the temperature uniformity of all the vials. In all cases, the
depressurization rate is the element that may limit the applicability to large units, as it poses
constrains to the geometric characteristics of the apparatus and of the depressurization
circuit.

4. Process modifications

The use of a strictly organic or organic/water system is beneficial to both product quality
and process optimization. Potential advantages and disadvantages of use of organic solvents
and cosolvents (mixed with water, that up to now has been the most common solvent used)
in freeze-drying are widely discussed by Teagarden and Baker [17]. The main advantage in
addition to the increase in solubility of the product, is the increase in rate of sublimation
and hence decrease of drying time. However, before a specific solvent is used in the
manufacture of a parenteral product, lyophilization professionals have to carefully weigh
advantages and disadvantages.

The use of organic liquids, either as solvent or co-solvent, produces larger ice crystals and,
thus, increases the average diameter of the pores created during ice sublimation. As a result,
the product resistance to vapor flow decreases and, if product temperature does not change,
the rate of sublimation increases, as said above. In addition to the reduction in product
resistance, most of the cosolvents used in freeze-drying applications increase the rate of
sublimation because they have a higher vapor pressure than water and, hence, they increase
the driving force for mass transfer. In addition, a further reduction in energy consumption
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results from the fact that the sublimation enthalpy of organic solvents is smaller than that of
water ice. Unfortunately, organic solvents are rarely used in the manufacture of a
lyophilized pharmaceutical product, mainly because of safety concerns. Specifically,
attention has to be paid to how the organic solvents can be safely handled, e.g., preventing
fires or explosions during their manipulation or avoiding contamination of the vacuum
pump oil, which can decrease the pump efficiency and, hence, impede adequate control of
pressure inside the equipment. Furthermore, in the case of mixture of solvents, monitoring
the state of progress of drying might be very complex, because the various solvents can
show significantly different rates of sublimation. Therefore, it is necessary to track the
separation of the individual solvents, e.g., using sensors that are sensitive to only specific
solvents and completely insensitive to others [18].

In food processing, vacuum freeze-drying produces dried products that retain almost all
their original characteristics, e.g. color, flavor, and taste. The high specific surface area
generally allows an easy and fast rehydratation. The drawback is represented by the cost of
the operation: fixed costs can be high due to vacuum requirement, and the energy cost can
be significantly higher with respect to other drying processes (the specific moisture
extraction rate in a vacuum freeze-drying process is in the range of 0.4 kg of water per
kWh). In order to reduce the cost and the energy consumption of the process, thus
improving its sustainability, the atmospheric freeze-drying (drying with cold air or nitrogen
at normal pressure) has been proposed [19,20]: in this case it is possible to achieve a
specific moisture extraction rate ranging from 1.5 to 4.6 kg of water per kWh. For example
it has been claimed that up to 35% of energy savings could be achieved when using
atmospheric freeze-drying instead of vacuum freeze-drying for potato slices.

Most of the literature deals with atmospheric freeze-drying in fluidized bed dryers and in
spray freeze-dryers. When the atmospheric freeze-drying is carried out in a fluidized bed it
can take advantage of the high values of the heat and mass transfer coefficients; the product
has to be frozen and granulated before drying. A drawback of the process is represented by
the size reduction caused by mechanical cracking. As an alternative it is possible to carry
out the process in a tunnel dryer, even if the heat and mass transfer is not so good.

A detailed comparison of vacuum and atmospheric freeze-drying has not been carried yet,
and work is currently ongoing also in the labs at Politecnico di Torino. Surely drawbacks
related to the limitation in process temperature, to avoid ice melting, and the necessity to
recirculate and dry large volumes of gas at low temperature must be taken into account. In
particular, atmospheric freeze-drying produces higher quality products (in comparison to
traditional drying) but still entails long drying times. Energy consumption can be reduced
by new technologies which use alternative forms and sources of energy for processing.
These technologies can be applied to either enhance heat transfer between product and heat
source, such as microwave, radiofrequency and infrared radiation, or simply intensify the
rate of dehydration without increasing the amount of heat supplied to the product, e.g. by
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using high intensity sonic and ultrasonic waves.

Spray freeze-drying seems to be a valuable alternative to produce a free-flowing powder,
with high surface area, porous end product, and good instant characteristics, with enhanced
solubility and a uniform and ultrafine particle size. Spray freeze-drying into liquids, gases
(e.g. a refrigerated air stream), and into gases over a fluidized bed have been reported in the
literature. This technology has also a good potential for continuous processes. Spray freeze-
drying allows the massive production of pharmaceuticals for dry powder inhalation, and a
more precise control of particle size compared to spray drying. Furthermore, the rapid
cooling rates promote the formation of glassy water that is beneficial in preventing the
aggregation of proteins during the cryo-concentration phase.

5. Continuous plants

Recently, many pharmaceutical manufacturers are trying to convert their processes in favor
of continuous production. To achieve this objective, it is necessary to integrate those
production steps, that are performed sequentially in a conventional batch configuration, in a
continuous process, leading to more compact units with a higher degree of automation and
fewer manual interventions. This is particularly true for the lyophilization of
pharmaceuticals and biopharmaceuticals in unit-doses which, although it is a robust and
well-established technology, still remains inefficient and expensive. For example, the
drying behavior within a batch, as well as from batch to batch, is still a problem of deep
concern, despite the elaborate equipment design and the sophisticated control systems
recently introduced.

It must be noted that continuous freeze-drying find currently application mainly for soluble
coffee production. Many patents have been deposited for food technology applications, but
realizations are still very limited. In the pharmaceutical industry there are much more
severe constrains, and just a relatively few patents have been deposited. In particular, so far,
only two technologies have been proposed for the production of end-to-use lyophilized
products in a continuous way [21,22]. In both technologies, processing time and equipment
size is dramatically reduced, up to 10 times, and all manual interventions and breaks have
been minimized reducing the risk of product contamination. Furthermore, in-line control
can easily be implemented, and scale-up simply consists of adding parallel modules.
Despite their numerous advantages, the application of these technologies to real cases in
industry still requires time. The above proposed technologies are still in development, and
their capability to work under GMP conditions, meeting all the stringent requirements of a
pharmaceutical production, has not been completely demonstrated yet. Nevertheless, these
solutions are concrete steps toward continuous manufacturing of lyophilized
pharmaceuticals, similarly to what food industry did years ago.
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6. Conclusions

Different approaches to process intensification, coupled with improved process control for
freeze-drying have been discussed. In the last years, many progress have been carried out in
process monitoring and control, including the control of the freezing step. Current research
should favor the transition towards a more robust design of freeze-drying cycles, based on
deep knowledge of phenomena involved rather than on empirical observations. This would
be extremely beneficial, especially for the pharmaceutical industry, where particular
emphasis is placed on product homogeneity and process control. Process modifications, like
atmospheric freeze drying and spray-freeze drying are interesting alternatives whose real
potentiality are currently under investigation. The most ambitious goal is certainly the
realization of a continuous process at the industrial scale for pharmaceuticals.

The intensification of the process and the reduction of the processing costs, on the other
way, may open new possibilities of wider application of freeze drying in processing of
valuable foods and in particular of probiotics, for which the market is requiring higher
qualitative standards.
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Abstract

This work explore the use of supercritical CO2 drying as alternative technique
for the obtainment of pasteurized and high quality dried product. Several tests
were conducted on animal, vegetable and fruit matrixes in order to investigate
the effectiveness of SC-CO2 drying process at different process conditions.
Design of experiment was performed to find the optimal process conditions for
vegetable and fruit matrices, using the final water activity of the products as
key indicator for the drying efficiency. The inactivation of naturally present
microorganisms and inoculated pathogens demonstrated the capability of SC-
CO2 drying process to assure a safe product. Moreover, retention of nutrients
was compared with conventional drying methods. Results suggest that
supercritical drying is a promising alternative technology for food drying.

Keywords: supercritical drying; carbon dioxide; food drying; microbial
inactivation
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1. Introduction

Fresh food products, in particular ripped fruits and vegetables, are rich sources of nutrients
with an important role in human health [1]. However, fresh products are seasonal and an
optimal cold chain is needed to prolong their limited shelf life.

An alternative is represented by food dehydration, which is one of the oldest and widely used
processes for the long-term maintenance of food products. By reducing the amount of
moisture, the microbial and enzymatic activities are inhibited, promoting the extension of the
product’s shelf-life [2,3]. Conventional hot air-drying is one of the most commonly used
dehydration process in food industry. Nevertheless the overall quality of the final product is
often reduced by the combination of high temperatures and the presence of oxygen which
promotes physical, structural, chemical and nutritional changes [4,5]. Higher retention of
those compounds can be achieved using freeze-drying technology [6], however it is an
expensive and very slow process, making it suitable only for high value foods [3,7].
Recently the use of carbon dioxide at supercritical conditions (Sc-CQO2) has been investigated
as alternative drying food process, specifically for carrots [8], basil [9], mango and
persimmon [10] and coriander [11], demonstrating to be a promising process for the retention
of the original structure and the preservation of the most valuable compounds.

Within Sc-CO; drying the vapour-liquid interface can be avoided meaning that the water is
removed as a liquid dissolved in the supercritical fluid. The result is a minor capillary stress
for the product, which allows a better preservation of the original structure. Moreover, the
critical point, and consequently the critical temperature (31.1°C), is low, which allows to
operate at lower temperatures than conventional air drying, helping the prevention of the heat
sensitive degradation’s reactions and thus giving a final product with higher quality [8,9]. Sc-
CO; have been largely investigated as alternative food pasteurization at low temperature [12]
because it is able to inactivate microorganisms and enzymes.

The present work explore the use of Sc-CO; for drying and simultaneous pasteurization of
foodstuff. The influence of process parameters (temperature, pressure, flow rate and
treatment time) on the final water activity were studied within a Box Behnken Design
method. Overall the results demonstate the possibility to obtain a high quality product
microbiologically safe.

2. Materials and Methods
2.1 Sample preparation

Different types of food products were daily bought in the local market in Padua (Italy): red
bell peppers (Capsicum annuum, L.), coriander (Coriandrum sativum), strawberry (Fragaria
ananassa), apple (Golden delicious) and chicken breast fillet. The vegetables were cut into
slices while coriander leaves were removed from the stem. The chicken breast fillet was cut
into small cubes with a weigh of approximately 1g.
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2.2 Sc-CO2 drying apparatus and procedure

The high pressure carbon dioxide apparatus consists of a sapphire high pressure visualization
cell (Separex S.A.S., Champigneulles, France) with an internal volume of 50 mL designed to
withstand up to 400 bar and 100 °C. The plant includes a CO; tank, kept at room temperature,
a chiller reservoir (M418-BC MPM Instruments, Milan, Italy), a HPLC pump (307 Gilson,
Milan, Italy), and a thermostatic water bath (ME-Julabo, Seelbach, Germany) to keep the
vessel at the desired temperature. Further details of the reactor and drying procedure are
reported elsewhere [11,13]. Experiments were carried out between 40/60°C and 100/140 bar
up to 16 hours of drying for red peppers, while 40°C and 100 bar were chosen for the other
food products.

2.3 Experimental design

The Box Behnken Design was used to study the effect of supercritical CO, drying process
parameters on the final water activity of treated red peppers. To quantify the relationship
between the controlled input and the accomplished responses, a second order regression
model was used. All the calculations were done using Minitab®.

2.4 Physical and chemical analysis

Water activity was measured (Hygropalm Rotronic, Bassersdorf, Switzerland) at the end of
the process. Samples were weighted before (Wsiar) and after (Weng) the treatment and the
weight loss in terms of percentage AW was calculated as (Wstart-Wend)/Wstart. Chemical
characterization was performed for flavonoids as previously described [11]. For all the HPLC
analysis an Agilent 1260 system equipped with Diode array (126 series) and lon trap Mass
spectrometer (Varian/Agilent MS500) were used. For vitamin C 200 mg of grinded powder
plant material were xtracted three times for 10 minutes in an ultrasound bath with 8 ml of
solution composed of water with 1% (v/v) formic acid. Zorbax SB C3 4.6x 150mm (DTO
Servizi, Spinea, Italy) was used for the stationary phase. Isocratic conditions of elution used
two solutions: solution A was acetonitrile while solution B was water 1% formic acid. For
the quantification, standard solutions of ascorbic acid (Sigma Aldrich, Milano, Italy) were
used to build up a calibration curve in the range 3-120 ug/mL.

2.5 Microbial analysis

Mesophilic bacteria, mesophilic bacterial spores and yeasts and molds were counted before
and after the treatments by means of the standard plate count technique, as previously
described [11]. Breefly, mesophilic bacteria and spores were cultured using total plate count
agar (Microbial Diagnostici, Catania, Italy) at 30°C within pour plate, while yeasts and molds
were cultured with DRBC agar (Bitec S.r.l., Grosseto, Italy) supplemented with
chloramphenicol at 22°C within spread plate. For the enumeration of mesophilic spores, the
first dilution tubes were inserted in a thermostatic bath at 80°C for 10 min before plating. The
incubation time for mesophilic bacteria and spores was 72 h, while 72-120 h for yeast and
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molds. The enumeration was referred to the weight of initial fresh product and expressed in
CFU/g. Reductions are expressed as log(No/N) where N, was the number of initial
microorganisms in the untreated sample and N the number of viable microorganisms after
the treatment, in CFU/g of fresh product. The limit of quantification was set to 200 CFU/g
for the mesophilic bacteria and mesophilic bacterial spores, 2000 CFU/g for yeast and molds
while the limit of detection was < 10 CFU/g < 100 CFU/g respectively. Experiments with
inoculated pathogens (E.coli, Salmonella and Listeria monocytogenes) were performed on
coriander, apple slices and strawberry slices following the protocol by Bordeaux et al [14].
Results were analyzed with one-way analysis of variance to compare effects of the different
treatments with significance at o = 0.05.

3. Results and Discussion

The drying kinetics, in terms of water activity and weight loss, were determined by increasing
the drying time till a complete water removal. Figure 1 shows the water loss and water activity
obtained during the drying of the red pepper. Similar behaviours were observed for the others
food samples (data not shown).

Weight loss [Yewhw]

Tln:: i * Time [h] * " F|g 1.

Water loss (left) amd water activity (right )at different drying times for red pepper. Data are
reffered to three different hights of the reactors. Experiments were carried out at 40°C, 100bars
and 150kg/h flow rate.

The response surface methodology was chosen to quantify the relationship between the
controllable input parameters and the obtained response surfaces, in order to find the
influence of the process conditions over the product quality. Fig 2 shows results obtained at
40°C and 16 hours drying that highlight the influence of pressure and pump frequency on the
final water activity of the sample. Response surface analysis on strawberry demonstrated a
similar behavior (data not shown). To demonstrate the capability of the technology to retain
the active components of the fresh products, some chemical analyses were performed on the
Sc-CO; dried product.
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Fig. 2. Response surface for the water activity at 40°C and 16h drying as function of Pressure and
Pump frequency.

For red pepper, the amount of flavonoids obtained was about 880 mg/100g of dried sample,
reported in Table 1, are consistent with the literature; for instance Deepa et al. (2007) [1]
reported phenolics in the range of 20-40 mg/100g of fresh product, which is similar to our
results considering a loss of weight of 90% compared to the fresh product.

Table 1. Flavonoid and ascorbic acid content in dried red pepper (40°C. 100bar, 100kg/h flow rate)

Flavonoid Ascorbic acid
[mg/100 g dry product] [mg/100g dry product]
880.45+2.4 1163.20 £5.3

The average content of ascorbic acid in fresh bell pepper is in the range of 64-220mg/100g
of fresh product [1, 15]. As for flavonoids, we measured a higher content of ascorbic acid
after Sc-CO, drying compared to the fresh product; the data can be explained with an apparent
concentration of micronutrients caused by water removal during the process. Considering a
water loss of about 90%, data of dried and fresh products are comparable and we can assert
that SC-CO; drying technique is able to preserve the ascorbic acid content in the red pepper.

Microbiological inactivation was demonstrated on coriander, apple, strawberry and chiken
breast fillet for the natural flora and specific pathogens (data not shown). Supercritical drying
was able to complete inactivate yeasts and molds in all the samples considered; as regards
bacteria, only the most sensitive mesophilia were inactivated on fruits, while a complete
inactivation was possible on chicken. E.coli, Salmonella and Lysteria monocytogen were
completely inactivate in all the food samples up to 8 log reduction.
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4. Conclusions

Overall the results highlighted the potential of Sc-CO; drying technology to obtain a safe and
dried products with unaltered nutritional value.
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Abstract

The aim of presented studies is to investigate of influence of ultrasonic
assistance on both osmotic dehydration and convective drying. A wide range
of different materials, as well as several osmotic agents were tested.

The obtained results show that the use of ultrasound always accelerates the
investigated processes. The application of ultrasound may reduce the energy
consumption of drying. Qualitative studies of dried materials do not give a
definite answer about the effect of ultrasound on the quality of the products.
Mathematical modelling of the ultrasound assisted drying indicates that so
named “vibration effect” plays the biggest role in convective drying
acceleration.

Keywords: osmotic dehydration; convective drying; ultrasound; process
Kinetics.
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1. Introduction

Drying is one of the food preservation methods. The convective drying is the most commonly
used technique. Unfortunately the method is slow and energy-consuming. Therefore, various
methods to shorten the duration of the process and improve its energetical efficiency are
investigated. One of the possibilities is the use of osmotic dehydratation as drying
pretreatment. During the last two decades a great interest is directed to ultrasonic assistance
of both osmotic dehydratation [1] and connective drying [1,2]. Also in the Department of
Process Engineering, Poznan University of Technology, research in this area has been
conducted for several years. The aim of this paper is to present a review of these research.

2. Materials and methods
2.1. Tested materials

A wide collection of various materials has been tested in the work of our team. Most of them
are fruits and vegetables: apples [3-11], cherries [12], strawberries [9,13], raspberries [5,14],
apricots [16] , carrots [9,17-21], green pepper [22], red pepper [11], potatoes [23], beetroot
[24], onion [10]. In addition, kaolin was also tested [11,20].

2.2. Osmotic dehydratation — method

The simple osmotic dehydration and ultrasound assisted dehydratation (frequency 25 kHz)
were tested to get the effect of ultrasound on the process kinetics and product quality.
Agqueous solutions of glucose [12], fructose [6,17,19] and d-sorbitol [6] as working fluids
were used. Kinetics and effectiveness of osmotic dehydratation were assessed on the basis of
solid gain (SG), water loss (WL) and osmotic dehydratation rate (ODR):

_ Mgt—Mg;

SG =

, WL=D2Em04 66 ODR = £ 1)
m; m; dt

where mg, msi are masses of solid matter of osmotically dehydrated and fresh sample,
respectively and m;, m; are the initial and actual mass of sample, respectively.

2.3. Drying — methods

Several different dryers were used in the research. The laboratory chamber dryer was used
for simple convective drying after osmotic dehydration [12,17]. Hybrid drying (convective —
microwave — radiative) after osmotic dehydratation was performed in prototype laboratory
hybrid dryer [19]. All ultrasound assisted drying processes were carried out in one of two
hybrid (convective — microwave - ultrasonic) laboratory dryers: cabinet dryer [3-
5,7,8,10,11,13-16,18,20,22-24] and rotary dryer [6,9,21,24]. The influence of ultrasound
assistance on convective drying [3-11,13-16,20-24] and on convective - microwave hybrid
drying [11,13-16,18,19,21,22,24] was investigated. Continuous drying processes were
studied in all papers, while in some works the intermitten drying was examined [2,11,12,15-
17,20,24]. The samples mass and their temperature were measured continuously during
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experiment. The moisture ratio MR = (m; — meg)/(Mo — Meg) as a function of drying time
represents drying kinetics, where m, mo and meq are the instantaneous (for a given time of the
process), initial and equilibrium sample mass, respectively.

Energy consumption was measured for the whole drying system with the electricity meter.
2.4. Quality assesment — methods

It is important to ensure the quality of the dried product. The basic parameters describing
quality were: color change during drying (important from the consumer point of view) and
water activity (responsible for durability of food).

The preservation of nutrients during the drying process is extremely important from the point
of view of the food's value of the product. Retention of several nutrients were measured.

The dried product ability to irrigation was measured in rehydratation tests. Texture of dried
apple was determined by compression tests with the acoustic emission measurement. Change
of plant tissue microstructure (onion and apple) was observed.

3. Experimental results
3.1. Osmotic dehydratation

Osmotic dehydratation could be treated as predrying process. During simple osmotic
dehydratation water loss (WL) ranged between 18% [12] to 51% [17] and solid gain (SG)
ranged between 8% [17] to 12% [6,17]. The use of ultrasound to intensify the process caused
WL increase by 14% [17] to 44% [19] and SG increase by 15% [17] to 45% [6]. It was also
shown that osmotic dehydratation rate (ODR) increased [19].

After osmotic dehydratation, the samples were dried. Then the water activity and the color
change of the samples were examined. The results of these tests indicate that the effect of
ultrasound application on final water activity is negligible. The color change results are
ambiguous. In works [12,17] a reduction in color change was obtained due to the use of
ultrasound. On the other hand, the works [6,19] indicate an increase of this parameter

3.2. Drying
3.2.1. Drying kinetics and energetic effectiveness

Drying kinetics is described by drying curves (moisture ratio MR versus time) and
temperature evolution. Figure 1 shows the results of convective drying (CV), convective-
microwave drying (CVMV) and both methods ultrasound assisted (CVUS and CVUSMV,
respectively). After the shortcut specifying the method (MV and US) the used power in watts
was written. The use of ultrasounds during drying results in the process acceleration and in a
slight increase in the temperature of the dried material. A clear acceleration in convective
drying was obtained, while convective-microwave drying was only slightly accelerated.

215" INTERNATIONAL DRYING SYMPOSIUM @@@@
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

27


http://creativecommons.org/licenses/by-nc-nd/4.0/

Ultrasound enhancement of osmotic dehydration and drying - Process kinetics and quality aspects

Ultrasonic assistance of convective drying shortened the drying process from 11% [5] to 60%
[15]. This shortening of drying time resulted in a reduction of total energy consumption from
9% [3] to 21% [14]. A slight acceleration of the convective-microwave drying process was
associated with an increase in energy consumption.

WRE

CYUBI00MMWI 00w

Material temperature T, [*C]

iy = 1o xa e o © ' 10 w 20 0

a) ‘r,m:[:mm = b) Tima [min]
Fig. 1. Drying kinetics of carrots: a) drying curves; b) temperature of dried material [18]

3.2.2. Products quality

The use of ultrasound in each case resulted in a reduction in the color change. This reduction
ranged between 12% [21,23] and 40% [13,18].

All studies indicate no impact of ultrasound on water activity. This parameter depends
primarily on the final moisture content in the material, regardless of the drying method used.

Rehydratation ratio is defined as ratio of sample mass after rehydratation to initial sample
mass (fresh material). Ultrasound application improved rehydratatin ratio from 14% [23] to
21% [16, 22]. This means that the use of ultrasound improves the internal structure.

The retention of vitamin C was improved due to ultrasound assistance (from 44% to 69% in
green pepper [22] and from 68% to 70% in red pepper [11]). The obtained results regarding
retention of phenolic compounds in carrot [18] are inconclusive. The use of ultrasound of
low power caused a reduction in the phenolic compounds content while ultrasound of high
power caused an increase in the content. The retention of carotenoids was improved due to
ultrasound assistance (from 73,5% to 90% in carrot [18] and from 67% to 76% in red pepper
[11]). The retention of betanin in red beetroot was improved from 27% to 33% [24]. The
retention of anthocyanins in raspberries [11,15] was improved from 56% to 76%. Antioxidant
activity of carrot [18] deteriorated due to the use of ultrasound. The activity decrease ranged
between 13% to 33% (depending on US power) compared to simple convective drying.

Ultrasound assistance influenced changes in material texture [5]. Generally streght and
Young modulus of material increased due to ultrasound application. Ultrasound dried crisps
were more brittle although less crispy that convective dried ones.
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The effect of ultrasound on the material structure was examined using an optical microscope
[4, 10]. The application of ultrasound caused the increase of pore dimentions, the creation of
microchannels and disruption of the tissue. These results were confirmed by SEM
photographs of convective and ultrasound-convective dried apple [10].

4. Modeling of US assisted drying

4.1. Lumped capacities model

The lumped capacities model was proposed [3,25] to describe drying kinetics. The final

system of coupled ordinary differential equations is as follows:

ax

_ ¢lapPvs(Tm)
ms E - Amhm In @abvs(Ta) (2)
da vs(Tm)
m % [(es + )Tl = Aghr(Ty = Tyn) = Aplhy In 220 4 AQ ®3)

where: Am, At denote surfaces of mass and heat exchange, respectively; hm, ht — coefficients
of mass and heat exchange, respectively; pa s — relative drying air humidity far and near
dry material surface, respectively; p.s — saturated vapor partial pressure (temperature
dependent); ¢, ¢ — specific heat of a solid and liquid, respectively; | — latent heat of
evaporation; AQ — volumetric heat source describing ultrasound absorption.
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Fig. 2. Drying kinetics of carrots - experimental and numerical results: a) drying curves and
temperature of dried material [12]; experimental and model drying rate and “vibration
effect”, “heating effect” and “synergistic effect” as a function of time

The model was applied to describe ultrasound assisted convective drying in
[3,9,13,14,20,25]. The model shows very good compatibility with experimental data (Fig.
2a). The results of the process modeling make it possible to analyze the efficiency of
ultrasound application. Additional parameters should be specified for this purpose. Drying
rate DR expresses the rate of moisture decrease in the material during drying as a function of
time and is determined as

laBPvs(Tm)
= Aphy, In £2EPrsm
mem @aPvs(Ta)

DR(¢) = —ms % (4)
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The ultrasound assistance improves the drying rate. This is due to three mechanisms
associated with the use of ultrasound, namely “vibration effect”, “heating effect” and
“synergistic effect” [13,22]. The model separates these effects and allows to determine their
share in the drying rate (Fig. 2b). The results indicate that the vibrating effect has the largest

share in the acceleration of drying. The impact of the other two effects is much smaller.
4.2. Packed bed drying models and continuous model

Three models of ultrasound assisted bed drying were proposed [26-28]. All of these models
assume lumped capacities of grains and continuous description of the whole bed. Models by
Kowalski [26] and Kowalski, Rybicki [27] treat material as not shrinking. Model by Musielak
[28] takes into account high shrinkage of grains. All these models describe drying Kinetics as
well as distributions of moisture content and temperature in the bed.

The continuous model, describing mass and heat transfer in a single body during ultrasound
assisted drying is proposed in [7]. The model was developed basing on irreversible
thermodynamics. The model allows to calculate and describe the drying kinetics, the
distributions of moisture content and temperature in dried body and the shrinkage of the body.

5. Conclusions

The paper is a review of research, carried out in Department of Process Engineering, Poznan
University of Technology, on the use of ultrasound to intensify osmotic dehydration and
drying. In general, it can be concluded that the use of ultrasound significantly accelerates
osmosis and convective drying. Thanks to this, energy efficiency of the processes increases.
Ultrasonic assistance of microwave drying causes slight acceleration, therefore it is energy
inefficient.

In most cases, the use of ultrasound has improved product quality. This is due to the
shortening of the drying time and changes in the structure of the dried material.

Mathematical modeling allowed to describe the kinetics of the process. Thanks to this, the
magnitude of the impact of individual phenomena on the intensification of drying could be
determined.
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Abstract

Drying is known as a high energy consuming unit operation, representing
between 12 to 25% of the global industrial energy consumption in developed
countries. Consequently, drying contributes to several environmental impacts
mainly associated to its heat or electricity requirements. One can cite global
warming, emission of particles, acidification, photochemical ozone
formation, ...

Based on a literature review and some dedicated case studies, this work will
illustrate how Life Cycle Assessment (LCA) can be used to evaluate the
environmental impacts associated to a drying operation. The results will be
presended in a way to indicate some eco-design strategies for dryers.

Keywords: drying; eco-design; Life cycle assessment; environmental impact.
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1. Introduction

Drying is known as a high energy consuming unit operation, representing between 12 to
25% of the global industrial energy consumption in developed countries. Consequently,
drying contributes several environmental impacts associated to heat or electricity
production. One can think, among others, to global warming via greenhouse gas emissions,
acidification or photochemical ozone formation via nitrogen oxides emissions, human
toxicity via particule matter emissions, ... Besides these impacts directly linked to energy
consumption, industrial drying operations may also induce other environmental impacts,
depending on the choice and the quantity of the materials it is made of, for example.

Life Cycle Assessment (LCA) is now considered as the most complete methodology to
evaluate the potential environmental impacts associated with a process, product or service,
following a cradle to grave approach. In addition to International Standards I1SO 14040 [1]
and 14044 [2], the European Joint Research Center developed guidance rules published in
the International Reference Life Cycle Data System (ILCD) Handbook [3]. As mentioned
in one guest editorial of A. Mumudar [4], LCA of competeting systems has to carried out
before selecting the optimal one.

Based on a literature review and some dedicated case studies, this work will illustrate how
this methodology can be used to assess the environmental impacts associated to a drying
operation. The results will focus on the main process parameters influencing the
environmental impacts in a way to indicate some eco-design strategies for dryers.

2. Materials and Methods

This section will summarize the principles of the LCA methodology allowing to understand
the results that will be extracted from the literature and from our case studies.

Following 1SO standards, LCA studies include 4 phases. The first step consists in defining
the “goal and scope”, namely determining the functional unit, to which all the results will
be associated, the system boundaries, cut-off rules, time period, impact categories, etc. A
typical functional unit could be ‘the drying of one ton of product” with some specifications
on final quality of the product (dryness, ...). The system boundaries specifies the different
so-called ‘unit processes’ included in the scope, for example, the supply chain, the feed
preparation, the packaging, the maintenance, treatment of exhaust gases, ...

The second step is called the Life Cycle Inventory (LCI). This phase involves data
collection and modeling of the product system, as well as description and verification of
data. The data must be related to the functional unit previously defined. Besides specific
data, several databases can be used, as well as the scientific literature. The LCI provides
information about inputs and outputs in form of elementary flows from and to environment
for all the unit processes included in the system boundaries. In the context of drying, a part
of the data can be obtained via process control sofwares or energy audit systems allowing
the report of any consumption or emissions.
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Fig. 1 The four steps of a Life Cycle Analysis.

The third step aims to convert the LCI results into environmental impacts, using several
recommended methodologies (following the 1SO Standards and the ILCD handbook).
Depending on the methodology (ReCiPe, ILCD, Impact World, etc.), the contribution of the
functional unit to impact categories such as global warming, eutrophication, acidification,
inorganic respiratory effects, tropospheric ozone formation, etc. can be assessed. Fig. 2
illustrate 15 midpoint (problem oriented) impact categories and 3 areas of protection at
endpoint. Characterization factors are used to calculate the contribution of each elementary
flow of substances to the impacts they are known to be related.
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Fig. 2 Impact assessment according to the ILCD handbook.
The last step of a LCA is the interpretation of the results, with three significant steps: the

identification of the significant issues, the evaluation of the quality of the study and the
drawing of the conclusions, recommendations and reporting.

3. Literature review

Even through an increasing number of papers mention the importance of using an holistic
approach to design drying in a sustanaible way, the number of studies really using LCA as
an eco-design tool is still low.

Ciesielski and zbicinski [5] compared two spray dryers, one at laboratory scale and one at
industrial scale using LCA. They found that both units generated the greatest environmental
load at the usage stage of the life cycle and have an effect mainly in the damage category of
resources depletion.

De Marco et al. [6] studied the industrial production of apple powders. Both the drum
drying and the storage are the steps that have high impacts (more than 35% each one) on
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global warming potential and aquatic eutrophication; for the other midpoint categories, the
main contribution (> 67 %) is due to drum drying.

Romdhana et al. [7] developed a general eco-design model of biomass drying. Their idea
was to develop an assessment computer-aided process engineering tool that compares
environmental impacts of different operating conditions and fuel types to support decision-
makers for an improved compliance to environmental criterion. However their optimization
only includes carbon footprint, which is not representative of the overall process
performance.

Prosapio et al.[8] used LCA to optimize the production of strawberries by freeze-drying.
They found that that agricultural steps, packaging and end of life only marginally
influenced emissions, whereas processing steps are the main contributors. Their analysis
revealed that the process was sensitive to vacuum drying time and rather insensitive to
freezing time; They proposed an improved solution using osmotic pre-treatment allowing
reduced process times and a decrease of 25% of emissions.

Van Oirschot et al.[9] used LCA to evaluate the system design of seaweed cultivation and
drying. They found that the drying step (using light fuel oil in a industrial furnace) had the
highest contribution on the environment.

4. Case study

In order to illustrate some information that can be used as decision support tool when
designing dryers, a simplified LCA of a sludge dryer has been carried out, varying some
parameters. The aim of the study is to compare the environmental impact associated to the
evaporation of 1 ton of water, i.e. the functional unit, following the scenarios indicated in
Table 1. Scenario 1 defines the base case.

Table 1. Modeling scenarios

conariol e 0V | Thermal energy | SO | Erecticiy
KWh production KWh production
1 700 G(Esub_ggir 80 EU-28 grid mix
2 700 Ga(SDbI‘E’)”er 80 DE grid mix
3 700 Hant EEE'%') 80 EU-28 grid mix
4 700 Biogaj_szté‘)’”er 80  |EU-28 grid mix
5 770 G(aESUb_Zgir 80 EU-28 grid mix
o | wo | oo | o | v

The value of thermal and electrical energy consumptions correspond to the claimed
performances of Innodry® 2E (Suez-Degrémont). Depending on the scenario, the thermal
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energy is produced via gas, light fuel oil or biomass boiler, which technical characteristics
corresponding to Germany (DE) or to the average situation found in EU-28. The electricity
is taken from the grid, i.e. the German or average European one. All these scenario also
include the transportation of the wet sludge (20% DS) on 100 km using a EURO 6 truck-
trailer, up to 28 t gross weight. The dryer infrastructure in itsef has been neglected. GaBi 7
software and associated datasets have been used to carry out the LCA, with ReCiPe 2016
v1.1 Midpoint (H) as impact assessment method.

Fig. 3 shows the results at the characterization stage: for each of the selected impact
category, the highest score is put at a value of 100% and other scores are represented using
a relative scale. The absolute values are given in Table 2. In order to facilitate the
interpretation of the results, only the most relevant impacts are given.

100%
80% -
ml
10, 4
60% 2
0% - =3
ma
20% - m5
w6
0% -
Climate change, Fine Particulate Fossil depletion Metal depletion Photochemical ~ Photochemical Terrestrial
default, excl  Matter Formation [kg oil eq.] [kg Cueq.]  Ozone Formation,Ozone Formation, Acidification [kg
biogenic carbon  [kg PM2.5 eq.] Ecosystems [kg Human Health [kg SO2 eq.]
[kg CO2 eq.] NOx eq.] NOx eq.]
Fig. 3 Impact of the evaporation of 1 ton of water: characterization results.
Table 2. Characterization results
1 2 3 4 5 6
Climate change, default, excl
ge. ' 220 234 267 59 238 187

biogenic carbon [kg CO; eq.]
Fine Particulate Matter
Formation [kg PMaseq.] 0,050 | 0,042 | 0,100 | 0,094 | 0,052 | 0,029

Fossil depletion [kg oil eq.] 86,6 84,6 88,3 21,2 93,4 72,9
Metal depletion [kg Cu eq.] 0,089 | 0,135 | 0,066 | 0,364 | 0,092 | 0,087
Photochemical Ozone
Formation, Ecosystems 162 151 114 106 168 62
[kg NOx eq.]
Photochemical Ozone
Formation, Human Health 101 94 71 66 105 39
[kg NOx eq.]
Terrestrial Acidification

[kg SO eq] 0,158 | 0,136 | 0,318 | 0,312 | 0,161 | 0,085

The results show clearly the influence of the choice of the energy source, either thermal or
electrical, on the environmental impact. The use of a biomass boiler (4) allows to reduce the
climate change by 80% in comparison with light fuel oil (3). This biomass scenario also
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gives the lowest impact regarding fossil depletion but the highest one for metal depletion.
With respect to the base case, an increase of 10% of the thermal energy consumption (7)
induces a similar relative increase in all categories. Bigger changes are obtained when
replacing the electricity of the grid by wind power (6), especially for photochemical ozone
formation and fine particle matter formation. The comparison between scenarios 1 and 2
also shows the impact of the localization of the drying plant on its environmental footprint.

As a sensitivity study, the transportation distance, initially fixed at 100 km, was set to 50
and 150 km, using energy consumptions of scenario 1. Fig. 4 shows that an increase of the
transport distance influences almost all impact categories, except the ones related with
photochemical ozone formation. Nevertheless, Table 3 indicates, for example, that an
increase of 100 km leads to an increase of 15 kg CO; eq. This illustrates that the
transportation step is not prevailing in this case study (less than 10%), in regards with a
total climate change indicator of 220 for the base case. A more detailed analysis shows, in
this case, that the most impacting step is the production of thermal energy, contributing to
78% of the climate change score.

1

1l

Climate  Fine Particulate Fossil depletion Metal depletion Photochemical Photochemlcal Terrestrial

u 50 km
=100 km
150 km

change, default, Matter [kg oil eq.] [kg Cueq.] Ozone Ozone Acidification

excl biogenic Formation [kg Formation, Formation,  [kg SO2 eq.]
carbon [kg PM2.5 eq.] Ecosystems [kg Human Health
CO2eq.] NOx eq.] [kg NOx eq.]

Fig. 4 Influence of the transportation distance on the impact associated to the evaporation of 1 ton
of water: characterization results.

Table 3. Influence of transport distance - Characterization results
50 km 100 km 150 km

Climate change, default, excl biogenic carbon
[kg CO2 eq.]
Fine Particulate Matter Formation
[kg PM25eq.]

213 220 228

0,0482 0,0499 0,0515

Fossil depletion [kg oil eq.] 84,1 86,6 89
Metal depletion [kg Cu eq.] 0,084 0,089 0,093
Photochemical Ozone Formation, Ecosystems 162 162 163
[kg NOx eq.]

Photochemical Ozone Formation, Human
Health [kg NOXx eq.] 100,4 101 101

Terrestrial Acidification [kg SO2 eq.] 0,147 0,153 0,159
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5. Conclusions

As already mentioned in 2011 by Haque [10] in his guest editorial, hopefully LCA will
soon become one of the key tools that drying practitioners and R&D personnel will utilize
on a regular basis. This very simple case study illustrates that LCA can be used to evaluate
the influence on energy production source on the environmental impact. Besides logistical
aspects, LCA could also includes the infrastructure (building material options, ...), namely
in the case where several configurations or technologies could be used. This tool could
allow to predict whether energy intensification strategies are really worth and do not lead to
impact shifting.
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Abstract

The complexity of biotherapeutics in development continues to increase as our
capability in discovery and recombinant technology improves. While safety
and efficacy remain the two critical aspects of all therapeutics, ensuring
adequate stability is a challenge. Freeze-drying is a commonly-used processing
technique to enhance the stability of biotherapeutic products, although the
lengthy process time and low energy efficiency have led to the search for, and
evaluation of, next-generation drying technologies, including spray freeze-
drying and vaccum-foam drying. Both processes result in dosage forms that
vary considerably from those produced by lyophilization and possess physical
properties that may be deemed superior for their intended applications.

Keywords: vacuum-foam drying; spray freeze-drying; lyophilization;
biotherapeutics; stabilization
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1. Introduction

Most biological materials contain high water content (typically > 80% w/w). Removal of
water through drying provides numerous benefits, including ease of handling and storage,
reduction in transportation costs, and improved stability, to name a few. Though all drying
techniques share a common objective (i.e., dehydration), conceptually they are different and
require modification/adaptation based on the properties of the compound.

Numerous commercially-approved products are manufactured by freeze-drying,[1] thus
lyophilization represents the gold standard to which novel drying methods must be compared.
Despite its prevalent use, novel technologies are continuously being evaluated, including
vacuum foam-drying and spray freeze-drying, as will be described herein. Furthermore, there
are a great number of drying technologies that are available, if not already in use, in the food,
agriculuture, and textile industries.[2] As the sensitivity of pharmaceuticals is unique to the
given compound, the selected drying technique may not be universally applicable. By
understanding the drying mechanism and the stresses involved, the drying techniques can be
tailored for effective use.

2. Materials and Methods
2.1. Vacuum-Foam Drying
2.1.1. T cell sample preparation

Primary human pan-T cells (STEMCELL Technologies Inc, Cambridge, MA) were
expanded 3-4 fold and cryopreserved at -150°C. During formulation, frozen T cells were
thawed at ambient temperature, centrifuged, supernatant removed, and resuspended in the
appropriate formulation matrix.

2.1.2. Cell viability and count

Viability measurements were obtained using a NucleoCounter® 3000 (ChemoMetec A/S,
Allergd, DK). Neat samples were diluted 4:1 in PBS and cell viability and count assay was
performed using a Vail-Cassette™. The procedure used membrane penetrating acridine
orange (AQO) and non-penetrating 4',6-diamidino-2-phenylindole (DAPI) fluorescent dyes to
assess cellular membrane integrity. Dried samples were allowed to recover for 3 hours
following reconstitution and diluted in PBS prior to analysis.

2.1.3. Vacuum-Foam Drying and Freeze-Drying

Vacuum-foam drying and freeze-drying were performed using LyoStar lyophilizers (SP
Scientific, Warminster, PA). Vacuum-foam drying cycles utilized pressures and shelf
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temperatures ranging from 0.05 to 5 Torr and 5 - 30°C, respectively. The freeze-drying cycle
utilized -30°C shelf temperature for primary drying at a pressure of 0.05 Torr.

2.2. Spray Freeze-Drying

Two process equipment types were utilized for spray freeze-drying. The first process step,
spray freezing, was conducted at ambient pressure in a spray freezing chamber and the
subsequent dynamic freeze drying of the frozen bulk was perfomed in a rotary bulk freeze
dryer.

2.2.1. Spray Freezing

Spray Freezing in all scales was performed in a spray freezing chamber unit (SprayCon,
Meridion, Germany) with frequency driven droplet formation nozzle(s) placed in the top lid.
The droplet formation is achieved by controlled laminar jet break up.
The cylindrical process chamber is double walled and cooled with gaseous and liquid
nitrogen.

For all trials, the spray liquid is a 20% (w/w) sucrose solution, and a 300 um orifice opening
for the nozzle was used. For the freezing step, the main process parameters are: (i) for lab
and pilot scale trials: - 150 °C gas temperature; spray rate: 19 g/min (1 nozzle); droplet size
550 + 10 pum; (ii) for commercial scale trial: - 120 °C gas temperature; spray rate: 26 g/min /
nozzle (3 nozzles), droplet size 550 £ 10pum

For lab and pilot scale trials, the process equipment used was a stand-alone equipment with
intermediate frozen storage of material at -60°C. For commercial scale, the trial was
conducted in a fully contained process line that integrates both the spray freezing equipment
and the rotary freeze dryer; e.g., the freezing chamber continously discharges the frozen
spheres into the precooled drum of the rotary freeze dryer.

2.2.2.  Dynamic Freeze-Drying

Lyophilization of the frozen sucrose pellets was performed in three different scales of rotary
freeze dryer (RFD) equipment (all by Meridion, Germany); RFD LyoMotion LAB (lab
scale), LyoMotion 30 (pilot scale), and LyoMotion 200 (commercial scale). All scales used
a rotating, double walled drum which was positionesd in a vacuum process chamber, to which
a condenser was attached. The drum temperature was controlled in a range from — 55 °C up
to +50 °C.

In all trials, sublimation energy was conveyed by contact heat, via the double wall of the
rotating drum, and by infrared radiation emitted from one or more of the infrared sources that
were positioned inside the drum above the moving bulk product surface. The pressure within
the drying drum was maintained between 50 and 100 pbar at all three scales.
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3. Results and Discussion
3.1. Vacuum-Foam Drying

Vacuum-foam drying (VFD) transforms a solution or suspension into a dried static foam
through a vacuum-induced evaporation and boiling process. VFD enables removal of water
at low temperatures, which is required for heat labile biotherapeutics, through the use of a
strong vacuum (e.g., 1 -10 Torr). For pharmaceutical applications, VFD can be performed
using a lyophilizer capable of pressure control at a higher range than a typical freeze-drying
(FD) cycle. In VFD, the boiling process results in a final product that has an expanded foam
structure. Fig. 1 demonstrates that increasing sucrose concentration from 15 to 40% (w/v),
while maintaining a 1 mL fill, correlated with increasing foam volumes in the final product.
The reproducibility and heterogeneity of a VFD product appearance is a challenge that should
be considered during formulation and process development.

Fig 1 Vacuum-foam dried (VFD) preparations of 15%, 30%, and 40% sucrose (left to right).

Compared to other drying techniques, dry static foams have been reported to provide
significant stabilization to biotherapeutics. For example, Abdul-Fattah and coauthors [3, 4]
have demonstrated improved storage stability of a monoclonal antibody and live virus
vaccine as a dried foam in comparison to those prepared by spray drying and freeze drying.
Currently, the use of cryopreservation techniques are required to stabilize cell-based
therapeutics since the health of cellular suspensions decreases over a short period of time.
The ability to stabilize mammalian cells in the dried state may reduce the logistical challenges
of a supply chain for therapeutics requiring extremely low storage temperatures.

The T cells used in this work are primary human pan-T cells that were stored at -150°C prior
to preparation. T cell formulations evaluated include CryoStor® freeze media (with 0, 5 or
10% DMSO) and disaccharide-based formulations (20% sucrose/trehalose in PBS at pH 7.4)
at 1E6 cells/mL with 1 mg/mL bovine serum albumin. CyroStor freeze media is a
commercially available preservation medium utilized for cryopreservation of cells at multiple
concentrations of DMSO. Disaccharide-based formulations have been reported to provide
significant stabilization to mammalian cells though the drying process and in the dried state
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[5, 6]. Viability of pre- and post-dried preparations were measured using a NucleoCounter®
3000 fluorescent cell counting and membrane integrity assay.

Prior to drying, viability of all formulations was measured and no significant difference was
observed. The average viability of the liquid controls was 91 + 3% (Fig. 2). All formulations
were vacuum-foam dried using a fixed shelf temperature of 30 °C and the pressure was
incrementally decreased from 5 to 0.05 Torr with a total drying time of 90 minutes. Drying
was completed prior to an extended secondary drying step to minimize dehydration stress
which could lead to additional viability loss. Fig. 2 presents the membrane integrity of T cell
formulations following vacuum-foam drying and reconstitution with water. The viability of
T cells after drying in CryoStor media was 65%, with the addition of 5 and 10% DMSO
resulting in post-drying viability of 57 and 32%, respectively. The 20% sucrose and trehalose
formulations resulted in post-drying viability of 63 and 65%, respectively. While greater than
60% T cell viability was retained after drying various DMSO-free formulations, the recovery
could be improved further through optimization of formulation, drying process parameters,
and residual water content.[2]

100

75 4 - Liguid

T I CryoStor media

= CryoStor + 5% DMSO
[ CryeStor + 10% DSMO
579 20% sucrose in PBS
EZ=H 20% trehalose in FBS

Viability (%)
3

25

o

Fig. 2 Viability of human pan-T cell formulations after vacuum-foam drying compared to liquid
controls. Data presented as average + SD.

A follow-up evaluation compared the storage stability of 7E5 T cells/mL formulated in 30%
trehalose and 3% BSA in PBS at pH 7.4 as liquid, freeze-dried and foam dried preparations
at 5°C (Fig. 3). The freeze and vacuum-foam drying cycles were designed to target a residual
water content of 9% (w.b.). There was a higher post-drying viability for the VFD preparation
compared to FD, for which the process loss was 61 and 42% after FD and VVFD, respectively.
In order to decouple processing stress and storage stability, the viability results were
normalized based on initial stability samples (post-drying). As shown in Fig. 3, the VFD
preparation exhibited superior stability compared to liquid and FD preparations. At the same
residual water content as a FD cake, these data provide evidence that T cells vitrified as a
dried foam provides improved storage stability.
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Fig. 3 Normalized viability of a liquid, freeze-dried, and foam dried preparations of T cells on
stability at 5°C. Data presented as average + 83% CI.

3.1. Spray Freeze-Drying

Spray freezing is often described as a process whereby the liquid droplets generated by spray
nozzles (e.g., binary air nozzles or pressure nozzles) are directed into a cryogenic medium,
often liquid nitrogen.[7] In such a case, the suspended frozen droplets are collected either by
sieves or are collected after the cryogen has boiled off. For the spray freeze-drying
technology presented herein, two unique processes have been developed and adapted for the
use in the manufacture of parenteral pharmaceutical formulations.[8-10]

In the first process step, spray freezing, the frozen microspheres are generated as bulk by
dispersing the substrate liquid into single droplets of homogeneous size,[11] utilizing a
frequency nozzle, which fall through the cold gas (serving as cryogenic medium) and congeal
to form frozen spheres. In contrast, the use of conventional spray nozzles results in a broader
range of particle size with a significant amount of fines. The direct use of liquid nitrogen
(LN2) is avoided to minimize internal mechanical stress encountered during freezing, in
particular for large particles. The freezing chamber is therefore designed as a cylindrical,
double walled column. The process takes place under ambient pressure conditions. Droplet
size depends on parameters such as flow rate, frequency, viscosity (based on formulation and
temperature), and orifice diameter; for the current application, a (selectable) range for the
droplets between 300 to 1000 um was targeted. For scale-up, multiple nozzles were used,
though the height of the freezing column remained unchanged.

The second process step is the freeze drying of the frozen bulk material. The dynamic
lyophilization process conducted in a rotary freeze dryer provides process conditions that
produce bulk product with high homogeneity (Fig. 4), while avoiding specific aspects of fluid
bed processing.[12] Generally speaking, processing conditions such as pressure and
temperature are quite comparable to parameters utilized in conventional freeze drying. There
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are some differences to be noted, for example: the large surface of the frozen bulk increases
heat and mass transfer, which generally allows for shorter drying times. Furthermore, the
water vapor diffusion length is significantly reduced. A 10 mm lyo cake in a vial poses a
maximum diffusion length of 10,000 um; in a 1 mm microsphere, the maximum length is
500 um. In conventional shelf freeze drying, the heat to a large portion is conveyed across
the bottom of the glass vial; the drying front is moving from the top to the bottom, i.e. the
heat transfer takes place across the frozen product. In dynamic freeze drying, the energy both
from radiators and drum surface is transmitted to the surface of a particle, at which the drying
front initiates.

Fig. 4 Spray Freeze-Dried microspheres generated for a 20% (w/w) sucrose solution.

The results for spray freeze-dried sucrose conducted at three scales are shown in Table 1. In
all scales, residual water content less than 1% can be reached and that yield above 95% is
possible in commercial scale. The lower yield in pilot scale is explained by the use of higher
rpm of the drum in conjunctions with higher IR power. During drying, a pellet will loose 80-
90 % of its weight. High water vapor flows would cause the pellets to get entrapped into the
vapor flow, which would cause particles to leave the drum, reducing the yield. Additional
factors need to be considered, such as solid content, as higher solid content reduces the loss
in weight, and electrostatic phenomena, which may be significant if the particle size is too
low. The level of residual water content achieved is comparable to that from conventional
freeze drying.

Table 1. Results for 20% (w/w) sucrose solution processed at three scales

Lab scale Pilot scale Commercial scale
Amount processed (kg) 1 6 107
Drying time (h) 55 16 29.25
Yield (%, w/w) 98.6 81.6 97.3
Residual water content (%) <1.0 <1.0 <0.6
Reconstitution time (min) <1.0 <1.0 <1.0

4. Conclusions

The complexity of biotherapeutics in development continues to increase as our capability in
discovery and recombinant technology improves. While safety and efficacy remain the two
critical aspects of all therapeutics, stability, both in terms of shelf-life and to stresses
encountered during manufacturing, remains a challenge. Spray freeze-drying is a hybrid
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processing technology comprising spray drying and bulk freeze-drying, while vacuum foam
drying is a modified freeze-drying process that challenges the conventional processing
conditions utilized in lyophilization. The former has matured to a level where the application
of the technology even in commercial scale is in reach also for pharmaceutical applications,
while the latter has provided enhanced stability to a complex biological beyond that provided
by a conventional freeze-drying process. The development of novel drying technologies, such
as the aforementioned processes, is a culmination of fundamental understanding gained in
academia and leveraging the lessons learned through their utilization in orthogonal industries.
For implementation, technical evaluation should include the scalability of the process, energy
efficiency, as well as the capability to implement the technique in a GMP environment.
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Abstract

The search for solutions to transform the by-products generated by the agri-
food sector in high value-added ingredients is a priority. The aim of this
research was to develop a microwave coupled with hot air drying technique
allowing maximizing profits by reducing time and operational costs and to
produce a dietary fiber ingredient with interesting technological properties
for the development of healthy foods. The shrinkage-swelling phenomena
occurred during drying changed the rehydration properties of the fibre
ingredient obtained. An increase in particle size improved the fibre's swelling
capacity when hydrated, allowing 50 % fat substitution in potato purees.

Keywords: hot air-microwave drying; orange peel; thermodynamics; GAB
model; dietary fibre
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1. Introduction

Sustainability is nowadays an investment for the future of any economic activity. The
current situation of crisis has had an adverse impact in most industries, including the agri-
food sector. However, this industry has been relatively the least affected when compared
with other industrial sectors. This is mainly attributed to the fact that food products
continue to be basic for consumers despite the economic downturn. Therefore, the agri-food
sector is a key element in the European economy and can play a crucial role in the
achievement of the objectives set in the EU's strategy for 2020: ensuring a sustainable
framework of growth of a more competitive economy. The European agri-food industry has
focused on energy efficiency and on reducing greenhouse gases emissions, along with
better management of their resources as a way to improve its industrial competitiveness. In
this sense, the search for solutions to transform the by-products generated in high value-
added ingredients, is a priority. In this context, the juice industry, as fundamental sub-sector
within the food sector, and large waste generator, must exploit the opportunity to transform
their by-products into useful and profitable products for society. This transformation
presents some difficulties which impede the profitability of the process. These difficulties
are associated with the by-product, such as its compositional variability and its seasonality,
and current techniques of transformation as the high energy cost in dehydration processes.
This work represents an innovative and sustainable solution for overcoming the
disadvantages associated with the high costs of stabilization, turning this by-products into
high value-added ingredients, from both, nutritional and technological, points of view. The
main aim was to develop a microwave coupled with hot air drying technique (HAD + MW)
allowing maximizing profits by using the following strategy: reducing time and operational
costs, producing a new ingredient rich in dietary fiber, with interesting technological
properties for the development of healthy foods, studying the proposed comprehensive
process and analyzing the new generated by-products.

The specific objectives were (i) to develop a thermodynamic model for understanding
internal heating and water transport mechanisms occurring from the inside to the outside of
orange peels during HAD + MW drying and to predict the chemical and structural
transformations, (ii) to determine the sorption isotherms and the isosteric heat of sorption
and to study its effect on the macrostructure and microstructure of the orange peel, (iii) to
develop and to determine dielectric tools to predict the moisture and water activity by using
dielectric spectroscopy and sorption isotherms, (iv) to compare the energy consumption of
hot air drying (HAD) versus HAD + MW by analysing the physico-chemical and
technological properties of the dietary fibre obtained and (v) to asses the technological and
sensory properties of the new fiber obtained by using it as a fat replacer in potato pures.
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2. Materials and Methods

Oranges (Citrus sinensis (L.) Osbeck var Washington Navel) were bought from a local
supermarket in Valencia (Spain), and their peel was used for the experiments. Sixty orange
peel cylinders (20 mm diameter and 3 mm thickness) were obtained using a core borer.

The size and shape of the samples were designed to resemble the small pieces of orange
peel left after mechanical extraction of juice and the cuts made by a hammer crusher
machine in the processing of orange peel. A diagram of the experimental procedure is
shown in Fig. 1.

Fresh orange peels

(Washington Navel)

‘ Measurements:
‘= mass
Sample = volume
preparation -~ surface
60 cCylinders » - aw
(2 20 mm x - moisture
5mm thickness) = permittivity
= stereomicroscope
i -= electron microscope (Cryo-SEM)

DRYING TREATMENTS:

7) HAD

2) HAD + 2 W/g
3) HAD + 4 W/g
4) HAD + 6 W/3

Drying process at
different treatments
and timepoints:

(5, 15, 40, 60, 120 min)

Data acquisition:

+= Tambient

= Tair

= Qair

= MW energy supplied
= MW energy absorbed

%

Measurements:

mass

volume

surface

aw

moisture

permittivity

WRc

stereomicroscope

electron microscope (Cryo-SEM)
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Fig. 1: Experimental procedure

Samples were subjected to HAD + MW, using a specially designed MW-air drying oven
with a maximum output of 2000 W at 2450 MHz. For the experiments, the air velocity was
2.5 m/s, hot air temperature, 55 °C, and the MW energy, 0, 2, 4 or 6 W/g. Four drying
experiments were carried out (HAD, HAD + 2 W/g, HAD + 4 W/g and HAD + 6 W/g).
Three orange peels samples (triplicate) were used for each drying time (5, 15, 40, 60 and
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120 min) in each drying experiment. For fiber production, samples were milled after
drying, using an ultracentrifuge mill (ZM 100, Retsch, Haan, Germany) with a sieve of 500
um. At this stage, powder samples were sealed in plastic bags for further characterization.

2.1. Mass, volume, surface, aw and moisture content

Samples were weighed using a precision balance Mettler Toledo AB304-S (precision: +
0.001 g). Surface water activity was determined employing a dew point hygrometer
Decagon Aqualab®, series 3 TE (precision: £ 0.003, dimensionless) (Decagon Devices
Inc., Pullman, WA, USA). Measurements were performed using structured (not minced)
samples; thus, the obtained aw was considered the surface aw. The water content of
representative fresh orange peel sample and the samples dried for 120 min was determined.
The samples were dried in a vacuum oven at 60 °C until constant weight was reached
(AOAC method 934.06 2000). The moisture content of the samples at the intermediate
stages was calculated from the weight loss during drying. Volume was determined by
image analysis (Sony T90, Carl Zeiss optics), using Adobe Photoshop© software, obtaining
the diameter and thickness of the samples in triplicate.

2.2. Microstructure

The microstructure of fresh and dried samples was analysed using Cryo-SEM. A
CryoACryostage CT-1500C unit (Oxford Instruments, Witney, UK), coupled to a Jeol
JSM-5410 scanning electron microscope (Jeol, Tokyo, Japan), was employed.

The samples were also examined under a Leica MZ APO™ stereomicroscope (Leica
Microsystems, Wetzlar, Germany) with a magnification of 8x to 80x.

2.3. Permittivity

The permittivity was measured with an Agilent 85070E open-ended coaxial probe
connected to an Agilent E8362B Vector Network Analyser. The system was calibrated by
using three different types of loads: air, short-circuit and 25°C Milli®-Q water. All
determinations were made from 500 MHz to 20 GHz.

2.4. Water retention capacity and sweeling capacity

For the determination of WRC, approximately 0.5 g of each sample (precision + 0.0001 g)
was hydrated in 20 mL of distilled water in a 50 mL (adapted from Robertson et al. 2000).
Swelling capacity, defined as the ratio of the volume occupied when the sample is
immersed in excess of water after equilibration to the sample weight, was measured by the
method of Raghavendra, Rastogi, Raghavarao and Tharanathan [39]. To 0.2 g of dry
sample placed in a graduated test tube; around 10 mL of water was added to hydrate the
sample for 18 h; then the final volume attained by fiber was measured and expressed as
volume/g of original sample (dry weight).
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2.5. Rheology

The rheological characterization of the samples was carried out using a controlled-stress
AR 2000 rheometer (TA Instruments, Leatherhead, United Kingdom). Stainless steel
parallel plate geometry of 40 mm diameter was used with a gap of 2 mm.

2.6. Sensory analysis

The sensory analysis of the purées was carried out by a panel formed by 7 trained tasters
applying a quantitative descriptive analysis (QDA) according to the UNE-1SO 6658: 2008
and UNE 87025: 1996 standards. Unstructured scales of 10 points were used to analyze 6
sensorial attributes: 2 visually (homogeneity and viscosity) and 4 on the palate (granularity,
fat character, creaminess and viscosity). Each taster evaluated 6 samples of potato puree in
triplicate: HAD, HAD + 2 W/g, HAD + 4 W/g, commercial fiber, no fiber and the reference
puree.

2.7. Statitcal analysis

To determine the statistical significance of the results, an analysis of variance (ANOVA)
was carried out with confidence levels of 95 % (p < 0.05) and 99 % (p < 0.01) using the
Statgraphics Plus 5.1 programme.

For the sensory analysis the statistical analysis was carried out through the R-project
program (R version 3.0.1.) applying a one-way ANOVA to determine the significance of
the differences between samples for the parameters analyzed. In addition, a contrast test
(Tukey test) has been applied to establish among which samples these differences exist.

3. Results and discussion

A thermodynamic model was developed to explain the mechanisms involved in mass and
energy transports throughout the combined drying by hot air and microwave. A continuous
shrinkage in HAD samples was produced by the internal liquid water losses, and the
samples treated by HAD+MW showed an internal swelling caused by the internal
evaporation produced by the microwave energy. Depending on the predominant
mechanisms (HAD shrinkage and MW swelling) samples suffer volumetric expansions or
contractions (Fig. 2).
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Fig. 2 Drying rate of orange peel samples dried by HAD and HAD + MW at different power
intensities. Data represent means and standard deviation of experiments performed in triplicate.

The desorption isotherms of orange peel dried using different treatments (HAD + MW)
were obtained and analysed. The results showed that the GAB model could be used to
predict the moisture levels using the aw measurements. The macrostructural and
microstructural transformations were demonstrated and discussed in [1], taking into account
the interactions of water with the tissue. The observed shrinkage/swelling phenomena
clearly depended on the MW power and on the nature of the tissue.

It was possible to develop a dielectric isotherm technique (Fig. 3) by adapting the GAB
model to predict the water activity in dried orange peel by using €' (20 GHz). The physical
meaning of the dielectric isotherm parameters (go' and Cd) was studied and explained in [2].
The value of &' at 20 GHz (y-dispersion) represents the induction effect of the minimum
quantity of adsorbed water or the monomolecular moisture layer. The parameter Cd is
related with isosteric heat or the adsorption energy of the monomolecular moisture layer, as
well as the C parameter of the GAB model. The application of MW power produced an
increase of the isosteric heat or adsorption energy of the monomolecular layer, improving
the surface tension of samples and thus the hygroscopicity, explaining the reduction of the
o' independently of the quantity of the water molecules adsorbed.
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Fig. 3 Dielectric isotherm at 20 GHz of orange peel treated by different drying treatments. Color
code same as Fig 2.

An important reduction in processing time (92 %) and energy consumption (77 %) was
achieved compared to HAD. The drying treatment did not affect chemical composition or
water retention capacities orange fibers. Total dietary fiber content was about 60 % with a
ratio of soluble to insoluble fiber of 1:1. Although viscosity of both treatments showed
similar values [3], the higher swelling capacity of HAD + MW treated fiber provoked a
significant decrease in the viscoelasticity of the samples. An increase in particle size due to
an increase in porosity during drying [4], improved fiber swelling capacity (Fig. 4).

Fig. 4. Micrographs of orange peel samples dried by HAD + 2 W/g.
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The fat content of processed potato purées with cream was reduced by 50% using different
types of citrus fiber. All the fibers increased the visual viscosity and in mouth of the purées,
as well as their behaviour viscoelastic The fibers obtained by air combined drying hot-
microwave (4 W / g) presented a swelling capacity similar to commercial fiber. In addition,
these fibers were perceived as more granular in the mouth which can be explained due to
the greater volume increase when rehydrating.

4. Conclusions

This study has analyzed the microwave coupled with hot air process, developing tools that
allow the adequate upscaling of the drying operation by adapting it to the best standards of
quality of the final product. A monitoring system that ensures these standards has been
designed. This model allows optimizing the traditional hot air drying, by coupling
microwave, of orange peel waste as a novel process for citrus by-products valorization,
reducing the process time and, therefore, process costs.

The quality and the energy consumption of the dietary fiber production process has been
improved. The properties associated with its inclusion in food matrices have been
optimized. Therefore, it can be concluded that combining the microwave treatment with hot
air drying not only reduced the processing time but it also generated microstructural
changes in the dried tissue that increase its water retention capacity. This improved the
technological properties of this stabilised by-product, which will be of benefit during its
further conversion into the dietary fibre.
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Abstract

To better understand the influence of processing on the bioaccessibility of
bioactive compounds during digestion, the microstructure of beetroot samples
was observed prior to and after 180 min of in vitro digestion, by using scanning
electron microscopy. Beetroot samples were subjected to convective drying at
60 °C and 2 m/s and freeze-drying at -50 °C and 30Pa. Dried beetroots were
rehydrated prior to digestion by immersion in distilled water at 37 °C during
90 min. To extract quantitative information related to cell size from the visual
texture of beetroot, grey level granulometric methods from mathematical
morphology were applied.

Keywords: freeze drying; convective drying; scanning electron microscopy;
image analysis; image texture analysis.
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1. Introduction

The nutritional values of plant foods are usually estimated according to their natural
concentrations of nutrients, phytochemicals, and total antioxidant activity. These data are
usually obtained by direct extraction with organic solvents.[*l However, these conditions are
different from the physiological conditions that occur in the digestive tract. Furthermore, the
biological properties of bioactive compounds found in vegetables depend on their
bioaccessibility and bioavailability. ?! Bioaccessibility refers specifically to the quantity of
nutrients which are released from the food matrix and presented to the intestinal brush border
for transport into the cell.®] Meanwhile, bioavailability refers to the quantity of nutrients
which actually pass through the cell membrane and are available for use within the cell.[ It
is known that the influence of processing on food may be the result of cellular and structural
changes. For example, freeze drying and convective drying have been shown to cause cellular
changes in the food matrix. Huang et al.®! found that freeze drying (-40 °C, 100 Pa) in a
microwave vacuum dryer (75-300 W, 5 kPa) resulted in cell wall shrinkage in apples (var.
Red Fuji). Moreover, there is wide evidence that the physical state of the food matrix plays
a key role in the release, mass transfer, accessibility, and biochemical stability of many food
components. 6l

Microscopy is a useful tool for visualizing food structure at the tissular and cellular levels
and for studying the influence of processing on in vitro digestion.I” 8 The characterization of
samples by imaging techniques is completed by applying image analysis to quantify the
structure observed. Techniques based on image texture analysis can be envisioned in order
to quantify information on object size. There are four different types of image texture
analysis: structural texture, statistical texture, model-based texture and transform-based
texture. Among them, statistical texture is the most widely used in the food industry for its
high accuracy and less computation time. Statistical texture, has been successfully applied to
extract quantitive information related to cell sizel®]. The methodology of statistical texture
reflects changes in the intensity values of pixels. These may well contain information about
the geometric structure of objects as this can be often reflected by such a change in intensity
values. In food images, texture can, to some extent, reflect cellular structure of foodstuffs and
thus can be used as an indicator of food quality. For example, texture can be used to reveal
the tenderness of beef when colour and size features are not adequate. For this reason, among
the large scale of applications of image analysis in the food industry, which is one of the top
ten industries using computer vision, texture has been used regularly and its usage covers a
variety of foods including baked products, cereal grains, fruits and vegetables.[*"]

Thus, the objective of this study was to evaluate the effects of different drying methods and
in vitro gastric digestion on the microstructure of beetroots (Beta Vulgaris) with image
texture analysis using a statistical texture methodology.
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2. Materials and Methods
2.1. Samples

Beetroot (Beta vulgaris var. conditiva) were purchased from a local supermarket (initial
moisture content of 6.67+0.04 g water/g dm and total soluble solids of 10.8+0.4 °Brix). The
beetroot were stored at 4 °C for a maximum of one week. Cubes were cut (0.01 m edge) from
the center regions of the beetroot tissue, not including the peel, and immediately processed.

2.2. Convective drying and freeze drying processes

Convective drying (CD) was carried out in a laboratory-scale hot air dryer previously
described by Rodriguez et al.['Yl operating at 60 °C with an air velocity of 2 m/s. Samples
were dried until a final moisture content of 0.17+£0.03 g water/g dm. Freeze drying (FD) of
beetroot cubes was carried out in a freeze-drier (Telstar LyoQuest, Spain) operating at —50
°C and a vacuum pressure of 30 Pa until a final moisture content of 0.07£0.01 g water/g dm.
Before in vitro digestion, CD and FD samples were rehydrated by immersion in distilled
water (25:100 (g beetroot/ml water)) at 37 °C until they reached final moisture content similar
to raw samples (6.67 + 0.04 g/ g dm) (aprox. 90 and 80 min, respectively).

2.3. In vitro digestion procedure

The beetroot samples were digested following the in vitro gastric digestion method reported
by Bornhorst & Singhl*2, Beetroot cubes (ca. 200 g) were mixed with 80 ml of simulated
saliva for 30 s, followed by immersion in 800 ml of simulated gastric juice previously heated
to 37 °C. The mixture was incubated in a shaking water bath (Unitronic 320 OR, Selecta,
Spain) at 37 °C and 100 rpm for up to 3 h. Samples were taken initially (no digestion), and
after 180 min of gastric digestion, microstructural analyses were made.

2.4. Microstructural analysis
2.4.1.  Scanning electron microscopy (SEM)

Cell walls were observed by SEM of raw and drying samples before and after digestion.
Beetroot cubes were soaked in liquid nitrogen in order to be fractured with a sharp razor
blade, and freeze dried. Gold coating was performed using (E-5400, Polaron, UK) equipment
(10-4 mbar, 20 mA, 80s). Samples were then observed in a S-3400N Hitachi SEM
(Germany), accelerated at 15 kV and under a vacuum pressure of 40 Pa.

2.4.2. Image texture analysis

To quantify the effect of drying and gastric in vitro digestion on the beetroot structure, cell
cavities of the raw and drying cubes before (CD and FD samples) and after (raw180, CD180
and FD180) 180 min of gastric in vitro digestion, were characterized in terms of their cell
area and cell number per unit of area. Thus, scanning electron microscope photographs were
analyzed by using an automatic image processing method which is based on the statistical
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texture method and was performed using Image J 2.0.0. software. (Creative commons
license). The real cell area value was correlated to a standard image whose dimensions were
known. To establish a representative structural analysis, fifteen scanning electron microscope
photographs of each sample were analyzed.E!

Statistical analysis of the results was perfomed by using the “prctile” function of Matlab
2017b software (Mathworks Inc., USA). Thus, the percentile profile of cell number per unit
of area of each sample was obtained. Analysis of variance (ANOVA) was applied to analyze
the effects of processing in respect of the raw sample and the effects of in vitro digestion on
microstructure parameters. Means were compared by Tukey’s test at p<0.05.

3. Results and discussion
3.1. Microstructural images (SEM)

The images of raw and processed samples before and after 180 min of in vitro gastric
digestion are shown in Fig 1. Fig 1a; shows the microstructure of raw samples prior to in
vitro gastric digestion. The raw samples are composed of almost isodiametrical and
polyhedral cells with few intercellular spaces, as was previously observed by Nayak et al.l"].
After 180 min of digestion (Fig laz) a significant cell lysis was observed, resulting in a
smaller number of cells per unit area, along with increases in the intercellular space between
remaining cells. Carnachan et al.[®l studied the microstructure of kiwi pulp after in vitro
gastric digestion observed an increase in the intercellular space after in vitro digestion.

Cells exhibited shrinkage during the convective drying process, as can be observed in Fig
1by, resulting in a greater disruption of the cellular structure than in raw samples. The effects
of different convective drying conditions on the microstructure of apple have been previously
evaluated. [*¥1 These authors agreed that during drying, one of the most important phenomena
is cell shrinkage, which leads to a major modification of the product structure and allows the
release of water. Convective drying causes cells to rupture and dislocate which usually results
in increased density with varying porosity.'l It was also observed that cell shrinkage
increased in CD samples after in vitro gastric digestion (Fig 1b,), completely eliminating the
open pores on the surface of the structure and rupturing many of the interior cell walls.

@@@@ 215" INTERNATIONAL DRYING SYMPOSIUM
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

60


http://creativecommons.org/licenses/by-nc-nd/4.0/

Dalmau, M.E. ; Carcel, J.A.; Eim, V.; Simal, S.

Fig. 1. SEM images of beetroot samples: a-Raw, b-CD and c-FD. 1- of initial beetroot samples

(prior to in vitro digestion). 2-after 180 min of in vitro gastric digestion
Fig 1c1 shows the microstructure of FD samples before in vitro digestion. A certain disruption
of the cell structure was observed. This effect was also observed by Huang et al.l in freeze-
dried Red Fuji apples, and in freeze-dried Idared apple by Lewicki & Pawlak. ' An increase
in the destruction of cell wall material can be observed as a result of the in vitro gastric
digestion process (Fig 1c,). These changes resulted in almost a complete elimination of the
initial porous structure seen in undigested, raw beetroots. The same result was observed by
Dalmau et al.l*®l in freeze dried Granny Smith apples after 180 min of in vitro gastric
digestion, when the changes during digestion eliminated most of the pore structure observed
in undigested raw apples. Overall, microstructural changes were observed as a result of both
drying process and in vitro gastric digestion compared to the undigested raw beetroot
samples. Compared to the raw beetroots, CD beetroots exhibited the greatest changes, both
before and after digestion.

3.2. Image texture analysis

Cell number per unit area of raw beetroot, drying beetroots (CD and FD samples) and
beetroots after gastric in vitro digestion (raw180, CD180 and FD180) are presented in table
1. All beetroot drying samples present significantly higher cell number per unit of area
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(p<0.05) than raw beetroots. Moreover, CD samples presented significantly higher cell
number (p<0.05) than FD samples. The highest cell number per unit of area increase was
observed in CD samples (47 + 2 % compared to raw samples). This result may be due to the
drying causing a collapse of the cell walls thus producing a volume shrinkage that results in
a greater cell number per unitl®?, All samples after gastric in vitro digestion present
significantly lower cell number per unit (p<0.05) than beetroot before in vitro digestion. No
significant differences (p>0.05) were observed between the cell number per unit of raw
samples and all drying beetroot samples. This result may be due to the fact that in vitro
digestion causes a certain disruption of the cell structure which results in a lower cell number
per unit. Different values of cell number per unit compared to raw sample (34-66% of
reduction) after different treatments (inmmersion in boiling water, vacuum impregnation,
freezing/thawing and compression) were also reported by Ramirez et al.[7],

Fig 2 represents the cell area percentile profiles of raw and drying samples before (raw, CD
and FD samples) and after 180 min of gastric in vitro digestion (raw180, CD180 and FD180
samples). In this figure, the percentile represents the percentage of cell whose area is equal
or smaller to one value. As can be seen in fig 2, different percentile profiles were obtained
for each sample.

Table 1. Cell number per unit of area of the raw and drying (CD and FD) beetroot before and after
180 min of gastric in vitro digestion. Different lowercase letter indicate significant differences
(p<0.05) for cell number per unit in a sample before and after in vitro digestion. Different capital
letters indicate significant differences between the diferent method of processing (Tukey’s test,

p<0.05)
Cell number/mm?

Raw 28944 aC
Raw 180 17145 b
CD 425+1 aB
CD180 250+18 b

FD 370440 aA
FD180 190+20 b

The percentile profiles of raw and drying samples (CD and FD samples) were coincident
until ca 25. From there onwards, two groups of samples can be observed, one consisting of
raw samples, and the second , of CD and FD samples, indicating that drying processes cause
similar changes in cell structure. In raw samples the percentage of larger areas was higher;
for example, 80% of areas were smaller than 0.067 mm? in raw samples and smaller than
0.016 mm?and 0.025 mm? in CD and FD samples, respectively. In all samples after in vitro
digestion the percentage of larger areas was the lowest; for example, 80% of areas were
smaller than 0.067 mm?and 0.310 mm?in raw samples before and after 180 min of gastric in
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vitro digestion, 0.016 mm?and 0.116 mm?in CD samples before and after 180 min of gastric
in vitro digestion, 0.025 mm? and 0.130 mm? in raw samples before and after 180 min of
gastric in vitro digestion. The percentile profiles of raw and raw180 samples were coincident
up to ca percentile 45. However the percentile profile of drying samples (CD and FD samples
with CD180 and FD180 samples) were coincident ca percentile 25 and 50, respectively.
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Fig. 2. Cell area percentile profiles of raw and drying samples before (A) and after (B, C and D)
180 min of gastric in vitro digestion.

4. Conclusions

Drying modified the microstructure of beetroots compared with that of raw beetroots.
Microstructural analyses indicated significant cellular damage and changes as a result of
drying and of in vitro gastric digestion. These structural modifications resulted in behavioral
changes in beetroots during in vitro gastric digestion. The drying process caused cell wall
collapses and gastric in vitro digestion caused a certain disruption of the cell structure Given
the limited knowledge available on this subject at present, it would be interesting to
investigate this area more deeply to better understand how processing and in vitro digestion
can modify structural characteristics.
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Abstract

Simultaneous wetting and drying occur in processes such as fluid bed (top
spray) granulation, Wurster coating and tablet film coating. This gives
control challenges, as the spraying and evaporation processes must be
carefully balanced and the operating window is significantly narrower than
for standalone drying processes. Significant recent advances in modelling
have led to effective scale-up and operational strategies. Factors such as
flow cessation during filter bag shaking can have a major effect. A design
space can be predicted which is often non-orthogonal, and pharmaceutical
regulatory authorities have accepted filing submissions using a design space
justified by mechanistic modelling.

Keywords: pharmaceuticals; peak moisture content; bed temperature;
conduction; design space.
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1. Introduction

Most drying processes involve drying of a pre-wetted material, either a wet solid liquid or a
liquid solution/suspension as in spray drying. However, a few processes involve
simultaneous wetting and drying of the solids. This gives significant effects on the drying
behavior, and additional challenges result in modelling, design and practical operation. This
paper focuses on two processes of this type, both employed in the pharmaceutical industry:
fluid bed (top spray) granulation and tablet film coating. Both have been previously
described in texts such as Pandey and Bharadwaj [1] and Lyngberg et al. [2]. However,
modelling of these processes has been relatively neglected compared to standalone drying
processes, even though successful operation is only possible within a narrower operating
range, particularly for fluid bed granulation, as shown below. Recent advances in
modelling and process understanding have led to improved methods for design, scale-up
and operation, and are described in this paper. Applications in the pharmaceutical industry
are described, in particular the development of an appropriate Design Space and operational
ranges.

2. Fluid bed granulation

In fluid bed granulation, binder solution is sprayed on to a fluidized bed of particles and
evaporated off simultaneously. The initial mixture of powders is gradually transformed into
granules held together by solid bridges. Normally, the bed moisture content (LOD, loss-on-
drying) increases gradually during spraying and then falls during a final drying phase, as in
Fig. 1. However, if the solution spray rate is too fast, uncontrolled agglomeration can result,
with potential adverse effects both on product quality (dissolution or content uniformity)
and operation (partial or complete defluidisation, and potential loss of the batch).
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Fig. 1 Moisture content (LOD) during fluid bed granulation cycle.
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2.1. Modelling - basic

The rate of moisture accumulation, and hence the peak LOD, can be calculated using a heat
and mass balance. The fundamental approach was described by Gupta [3], and a similar
model was presented by Lyngberg et al [2]. The water accumulation rate in the granules,
Maccu (kg/h), is the difference between the water in the incoming spray and that removed by
evaporation:

Macew = Mgy (1_ Xb)_ % (1)
fg

Here, mso = solution spray rate (kg/h), x, = binder concentration as mass fraction (kg/kg),
hsy = latent heat of evaporation (kJ/kg), Qiess = heat loss rate (kJ/h), and Quair (kJ/h) is the
heat released from the air, defined in (2):

Qair = mairC p,air (Tin - Tout ) = I:airpairc p,air (Tin - Tout ) (2)
Where pair = air density (kg/m®), C,ir = specific heat capacity of air (kJ/kgK).
Equations (1) and (2) show that four significant parameters affect the energy balance;

e  Solution spray rate (msoI, kg/h)

e Inlet air volumetric flow rate (Fair, m*h) or mass flow rate (mair, kg/h)
e Inlet air temperature (Tin, °C)

e Outlet air temperature (Tou, °C).

In fluid bed drying or granulation, if the particle surfaces remain fully wetted, the outlet air
is close to saturation conditions, and is approximately equal to the wet bulb temperature Tup
(°C), which depends only on inlet air temperature and inlet air humidity Yi, (g/kg). Hence
the four operating parameters which can affect heat input Qair are msol, Fair, Tin @and Yin.

The mass accumulated is summed over the spraying period and can be transformed into a
peak value of the loss on drying, LOD, which is a wet-basis moisture content:

M sol Qloss Qair IVIW initial
Y (1_Xb)+h m. h.m. | M

bed, final fg sol fg sol bed, final

LOD @)

peak

Where Mg sinal IS the total mass of the bed at the end of granulation (including dry solids,
binder and moisture) and Mw.initial IS the total mass of water in the bed before granulation.
2.2. Modelling - extended

The standard model allows for heat losses, but Kemp et al [4] pointed out that several other
factors affect the heat balance:
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i. Atomisation air flow from the two-fluid atomiser, normally at ambient temperature

ii. Additional heat from the initial preheated bed of solids

iii. Additional heat released when sprayed water becomes bound moisture

iv. Adjustments for periods when the spray or airflow are turned off or reduced, for
example during filter bag shaking.

(i) can be handled by a small adjustment to Qair and (ii) and (iii) by small adjustments to
LODygeak, Which like heat losses are best obtained by back-calculation from experimental
measurement, and are the cause of the initial flatter section in the moisture-time curve.
However, (iv) can have a significant effect. Exhaust air filters may operate with either
“simultaneous” or “consecutive” cleaning. In consecutive cleaning, only a proportion of the
filter bags are shaken or reverse pulsed at any moment, and the air flow and spray both
continue. However, in simultaneous cleaning, all the filter bags are shaken at the same time,
and air flow and spray are usually stopped. Typically, the spray is stopped, the airflow is
ramped down, the bag is shaken, the airflow is restarted and finally the spray is restarted.
Hence the spray is off for a longer period than the airflow and the balance between heat
input and evaporation is changed. We can define fractional times zpray and zir as the
proportion of the cycle that the water and air are flowing. Equation (3) now becomes:

Tair + MW,initiaI -M

corr (4)

M Q .
_ sol _ loss _ air
LOD = - — (1-x,)+ - : v
bed, final m sol ' " fg z-spray m sol ' " fg Tspray bed, final

Where Mcorr (Kg) is a correction factor allowing for the preheating and binding effects.

For a given granulation formulation and equipment, most of the terms in equation (4) are
fixed or nearly constant, and the only two which depend on operating parameters are Qair
and mgo. Hence, peak LOD is predicted to vary with the ratio (Qair/msar). From (1) and (4),
high values of Q.ir/msor Will give less accumulation and low peak LOD; conversely, low
Qair/Msor gives more accumulation and may give an excessive peak LOD.

Therefore, we can verify whether the mechanistic model fits well to a set of experimental
data by plotting peak LOD against Qair/fMsol.  The expected slope and intercepts for peak
LOD can be evaluated from equation (4).

2.3. Design space

Historically, operating conditions for pharmaceutical processes were often defined as a
single set point, which was inconvenient and inflexible. The modern approach as defined in
ICH Q8 [5] is to define a set of ranges for each key parameter, creating a “Design Space”.
The process can be operated anywhere within this envelope, but during development, it
must be verified that the process can achieve key quality parameters under all possible
operating conditions.
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The analysis above shows that four operating parameters, msoi, Fair, Tin and Yin, can affect
Qair/msor and hence peak LOD. It is convenient to represent these as a two-dimensional
design space by combining the first 3 parameters into Qair (See Fig. 3 for an example).
However, Qair/msor plots as sloping lines on this diagram, and is a minimum at the bottom
right-hand corner, giving a maximum value for the peak LOD. If this leads to overwetting
and defluidisation, this region will not be acceptable for operation. However, if the
maximum peak LOD for successful granulation is found by experiment, the corresponding
value of Qair/msor Can be calculated and the available design space can be maximized by
truncating the bottom right-hand corner. Likewise, if the top left-hand corner is too dry and
gives poor granulation, this can also be truncated.

2.4. Application to a real pharmaceutical process

The model was applied to a real process for which experiments showed that stable granule
size was obtained with a peak LOD of 12.2% or less [4]. Experimental data for peak LOD
at both pilot-plant and commercial scale fitted well to a straight line when plotted against
Qair/Msor, as shown in Figure 2. However, there was a substantial offset between the two sets
of data. Using standard scaling rules based on the basic model in section 2.1, the LOD at
commercial scale was significantly higher than predicted, and defluidisation was observed
on a bhatch under “wet” conditions (high spray rate, low temperature, low airflow). The
extended model in section 2.2 showed that the adjustments for atomization, moisture
binding, bed preheating and heat losses were small, but that there was a substantial
difference between the filter bag shaking regimes at pilot and commercial scale. The ratio
Tairl Tpray Was much greater at pilot scale, and when equation (4) was applied instead of (3),
this correctly predicted the observed difference between pilot and commercial scale.
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The resulting commercial design space is shown in Figure 3. For operational simplicity,
ranges can be defined for all the individual operating parameters, which plot as a rectangle
which always falls within the design space. Moreover, the effect of changes in equipment
can be anticipated, for example moving from a unit with simultaneous bag shaking (E1,
broken lines) to consecutive shaking, where the air and liquid flows are continuous and
Tpray= zair=1 (E2, solid lines). The value of Qair/Msor corresponding to the peak LOD is
increased, the design space shrinks and the operating conditions need to be altered.
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Fig. 3 Design and operating space at commercial scale with simultaneous bag shake and
air cutoff (dotted lines) and consecutive bag shake with continuous flows (solid lines)

3. Tablet film coating

The most common type of pharmaceutical tablet coater is the perforated pan batch coater,
in which coating solution is sprayed on to a region of the surface of a rolling bed of tablets.
These tablets move back into the bulk bed within a few seconds and their surface must be
sufficiently dry to avoid them sticking together, causing surface damage or “twinning”.

Current models were reviewed by Kemp et al [6], and can include four main aspects:

Mass balance - relates spray rate, suspension concentration and solids throughput
Heat balance - relates air flow rate, inlet and exhaust temperature and spray rate
Drying kinetics - calculates heat transfer and evaporation rates at the tablet surface
Spray effects - relates spray rate, spray area, coating film thickness and coating time.

Hwn e

The first two categories are routinely used in operation [7] — van den Ban et al. However,
little had previously been done to study tablet surface kinetics, although Ebey [8] noted that

[clocle)
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heat and mass balances could not explain all observations and proposed an Environmental
Equivalency (EE) factor to allow for this. Kemp et al [6] demonstrate that the locus of the
boundary where overwetting and other adverse effects occur is dependent mainly on
exhaust temperature and secondarily on spray rate. Again, this leads logically to the
conclusion that if the size of the design space is to be maximized, it will have a sloping
lower boundary. In practice, fixed operational ranges for exhaust temperature and spray rate
will usually be more convenient, but the model also demonstrates that the key point where
failure is most likely is the bottom right corner (low temperature, high spray rate). The
modelling at tablet level also explains the long-standing observation that the bed
temperature is significantly higher than the wet bulb temperature, unlike fluidised beds. At
the tablet surface, the heat for evaporation is coming not primarily from the hot air, by
convection, but by conduction from the warm tablet itself. The dry tablet bed is heated up
by the air. For example, a coater with an air inlet temperature of 60°C will typically have a
bed temperature of 40-45°C whereas the wet bulb temperature is 25°C.

4. Comparison between the processes

Although fluid bed granulation and tablet film coating show many similar effects, there are
some important conceptual differences. As noted above, in a fluidised bed of granules the
heat of evaporation comes by convection from the hot air and the bed is normally at Tup,
whereas in a rolling bed of tablets the heat to evaporate the surface liquid film comes
mainly by conduction from the tablet and the bed temperature is significantly above Tup.

4.1. Modelling

Kemp [9] noted the distinction between models that can be “used once” (complex models
to enhance process understanding) and “used regularly” (simple operational calculations).
Both types of model are useful in these processes.

For fluid bed granulation, the full model can be “used once” for scale-up calculations and to
establish the design space. A basic calculation of Qair/mse can be used to ensure that the
everyday operating conditions remain within the design space.

For tablet coating, the full model demonstrates the effects of surface drying kinetics, the
design space shape and the number of coating passes. For normal operation, the heat and
mass balance is sufficient, e.g. to give new coating times if the coating type is changed
(Opadry® 11 can work at higher concentrations than Opadry® 1), or required inlet
temperature for a given exhaust temperature and spray rate when developing a DoE.

4.2. Design space

The analysis shows that both processes can have a trapezoidal design space with a sloping
lower boundary regulated by overwetting effects [8]. However, the governing factors are
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different. For fluid bed granulation the boundary line is given by the Qair/mso Value which is
dependent on the macroscopic heat and mass balance. In contrast, for tablet film coating the
boundary is regulated by kinetic effects, balancing the incoming spray rate with the
evaporation rate at the tablet surface due to the local tablet temperature, and the slope is
given by the variation of vapour pressure with temperature.

5. Conclusions

Processes involving simultaneous wetting and drying have significant differences from
those involving only drying. Design, scale-up and control present specific challenges, and
operating windows are often narrower. These effects can now be modelled successfully.
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Abstract

Following background to the phenomenon of electrohydrodynamics with
concise review of basic features like shorter drying time, lower energy
consumption and better product quality, the selected key factors affecting
EHD drying are examined. These include the geometry of discharge
electrodes, effects of air humidity on drying rate, depression of material
temperature, and cooling effect of ionic wind.

Examples are given for: (i) prototype EHD dryers of multi-belt types, and (ii)
pilot-scale multi-belt EHD dryer in vertical arrangement that can be
aggregated into one unit of higher capacity, and vertical cylindrical EHD
dryer with vibrated shelves.

Keywords: ionic wind; corona discharge; drying; energy; quality.
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1. Introduction

Electrohydrodynamic (EHD) drying appears to be a viable technology alternative to
conventional thermal drying for certain thermally-labile materials, such as high-value
bioactive components of fruits and medicinal plants (polyphenols, flavonoids, dietary fiber,
etc.), living cells (bacteria, yeasts and viruses), and non-living substances of biological
origin (blood plasma, serum, hormones, antibiotics, probiotics, nutraceuticals, etc.).[*

The benefits of EHD compared to hot air drying on food quality include lesser shrinkage >
181 higher rehydration ratio *], preserved content of ascorbic acid (vitamin C) 1 and no
discernible color degradation (6% though Li et al- 1 reported distinctive browning of
okara cake just under the needle electrode. The quality-related benefits can be attributed to
increased drying rate respectively by 1.5 to 4 times at high (5 ms™?*) and low (1 ms™) cross-
flow air velocity, which translates into shorter drying time ?2 231 Although the sole ionic
wind can favorably affect mass transfer, the combinations of EHD with low-temperature air
dryingtl, vacuum freeze dryingt and auxiliary contact heating ® have also been reported.

Energy consumption in EHD drying is much lower than that in hot air drying, likely
because of targeted supply of energy for moisture evaporation and practically no heat lost
with exhaust air. However, the favorable low energy consumption given in published
papers is based on the "net" energy calculated from the applied voltage and current. Even
though the real energy consumption by EHD and peripheral equipment ranges from 90 to
5000 kJkg™ @ it is still attractive for end used of EHD dryers. The energy-related issues in
EHD drying have been reviewed by Kudra and Martynenko.[?!

Aside from purely experimental research on EHD drying of apples, carrot, potato, tomato,
mushrooms, spinach, rapeseed, grapes blueberry, cranberry, etc., as well as model materials
such as water, paper tissue, agar gel, wet sand and glass, theoretical studies on EHD drying
are focused on determination of the ionic wind characteristics, such as space charge and
corona current distributions ® 1 or numerical solution of the mathematical model with
experimental validation through drying experiments.[*-14

Electrohydrodynamic (EHD) drying relies on the so-called corona (electric or ionic wind),
originating from a sharp electroconductive needle or horizontal fine wire under high AC or
DC voltage.? As a result, ions leaving discharge electrode impinge the surface of the
drying material located on the metallic and electrically grounded plate-type electrode. The
partially ionized gas molecules along with residual non-charged molecules create a jet-type
gas flow between the discharge (needle or wire) electrode and the collecting (solid or
perforated plate) electrode. Since some factors affecting EHD drying (e.g., voltage, current,
temperature) are well presented in topical literature 2, this paper is focused on less
elaborated factors, such as desirable geometry of electrodes and air humidity on EHD
drying. Examples of large-scale dryers are also given.
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2. Key factors in EHD drying
2.1. Geometry of discharge electrode

The fundamental studies on EHD drying were performed mostly with a single pin or wire,
and only few of them used multi-pin electrodes, yet placed arbitrarily regarding geometrical
arrangement (e.g., rectangular or triangular) and spacing between pins. However, because
of conical form of the ionic wind 2, the impact surface of the wind from a single pin
electrode on the plate electrode is circular unless disturbed by the air cross-flow, for
example. Referring to multi-pin electrode it is intuitive to expect that the minimum distance
between pins at a definite pin-to-material gap should result in a series of circular areas on
the material surface which almost touch each other.[??

It should be noted that the gaseous jet of ionic wind impinging the material under drying
rebounds from the material surface along with the stream of evaporated moisture, which
affects the aerodynamics of neighboring jets emitted from a multi-needle or multi-wire
electrode. It means that the optimum spacing of pins is larger than theoretically predicted.
This conclusion is supported by our own research ! and literature data which indicate that
single-pin electrode performs better that the multi-pin electrode.’l The same effect is
expected for multi-wire discharge electrode.

2.2. Effect of air humidity

Even though the air humidity plays significant role in the process of drying, its effect on the
EHD performance has rarely been studied. Air humidity was measured in several studies by
Lail?! to calculate the Sherwood number but no explicit relationship for relative humidity
was given. Bai et al.?®! presented results of vacuum freeze drying, which revealed better
performance of EHD drying at ambient temperature 18°C and relative humidity of 45%
versus vacuum freeze drying (conditions were not specified, however).

To fill this gap in the knowledge we performed targeted research on EHD drying of sliced
white champignons at various humidity levels controlled by dehumidifier.B% The results
show that high air humidity is detrimental for the performance of EHD drying. Decreasing
air humidity from 70 to 30% significantly increased drying rate (drying rate constant
increased more than threefold from 0.12-0.13 to 0.45-0.5 h'). These experiments confirmed
that low air humidity is definitely desirable in EHD drying.

2.3. Depression of material temperature

Among various electrically-induced phenomena in EHD drying!> 2! is a noticeable
temperature drop in the boundary layer at the liquid-gas interfacel®: 33, which was
identified as large as 8 K per 100 micrometers.[*¥] Usually temperature depression of wet
material is a result of water evaporation, which depends on the gradient of water vapor
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pressure at the liquid-gas interface. The maximum value of temperature depression could be
calculated through absolute air humidity Y (kg H.0) (kg dry air)

Tos —Tws :AHi(YsWBT -Y) (1)

Ch

where Tpg, Twe denote respectively the dry- and wet-bulb temperatures (K), AHwg is the latent
heat of evaporation at wet bulb temperature (kJ kgl), cu quantifies the humid heat (kJ kg™ K1),
and Yswsr stands for the absolute air humidity at wet bulb temperature.®¥ Our own research
aimed at measuring temperature of the wet paper towel with thermal imaging camera revealed
noticeably difference between air/material temperatures during EHD drying under controlled
humidity of 11% and different air velocities.*!
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Fig. 1 Magnitude of temperature depression for paper towel exposed to forced air flow at 21.6°C

(blue points) and ionic wind (red points) generated at 9.5-15 kV.
It is evident that the temperature drop in humid air reflects typical psychrometric curve
leveling off at high air velocity (above 6 ms?). Thus, the cooling effect of air flow is
directly related to air velocity. In contrast, temperature drop due to ionic wind demonstrated
completely different behavior. The range of ionic wind velocities below 1.0 ms*
corresponded to electric field strength 3-4 kVem™ (9.5-12 kV), whereas ionic wind velocity
above 1.0 ms™ was induced by electric field above 4 kVem? (13-15 kV). Interestingly,
temperature drop due to ionic wind is larger than the effect of similar air flow at the range
of low velocities, while is smaller for the velocity above 1.0 ms™. However, it should be
noted that EHD-induced temperature of the material surface never attains the wet bulb
temperature at convective air flow, which in this case is 13°C at RH=11%. Interestingly, the
cooling effect of EHD was found practically independent of ionic wind velocity up to 1.5
ms? above which the breakdown occurred because of excessively high electric field
intensity.
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2. Large-Scale EHD dryers
2.1. Prototype EHD dryers

It appears that the first prototype EHD dryer has been designed in Ukraine, in 1989 and
tested for sliced apples.[*®! The dryer has been built as a three-band conveyor unit fed with
wet material at the upper band and discharged from the lower band. Although the dryer
operates continuously with respect to material flow down from band-to-band the air in the
dryer is basically stagnant. It means that moisture released from wet material builds-up air
humidity and concentrations of volatile compounds and ionization products such as ozone.
Therefore, after certain period the feeder is stopped and the empty dryer is blown with fresh
ambient by a draft fan. The drying cycle is then repeated with the new batch of a drying
material. The bands 0.8 x 0.3 m are driven at controlled velocity from 0.1 to 1 m/min. The
needles in discharge electrodes with optimum packing density of 500 needles per 1 m? are
made from molybdenum and powered with 10 to 30 kV AC at 50 Hz. The density of
current about 0.01 A m?2 and power of 100 W m™ results in apple temperature by 20 deg
higher than the ambient temperature. Energy consumption for drying apple slices from 85
to 20% wb is on the order of 0.95-1.1 kWh per kg of evaporated water.

Another prototype of EHD continuous dryer is based on two belt conveyors 0.3 m wide and
3 m overall length with inter-stage mixing of the material.F7 Belts tilted at 11.5° are driven
at fixed velocity of 0.33 ms?. Wire-type discharge electrode is made from stainless steel
wire 0.5 mm in diameter with 5 cm spacing between neighboring wires. The wires arranged
in parallel through a cable bus are connected to reversible polarity DC power supply with
regulated voltage from 1 to 50 kV and current from 0 to 0.3 mA.

Tests with wet sand at 8-12 % wb in a 2-cm layer with 2.52 cm gap between discharge
electrode and the material surface revealed drying enhancement by 1.35 at 12 kV and
throughput of 3.1 kg of evaporated water per 1 hour. This dryer can be used for processing
of granular materials in size up to 10 mm such as sand, gravel, preformed (extruded) pastes
as well as sliced or diced fruits and vegetables.

2.2. Pilot-scale EHD dryers

As of year 2018 there is no information on commercially available EHD dryers. However,
large EHD dryers of various designs have been custom-made in China for research
purposel®®. These dryers are basically of two types: (i) multi-band dryer in vertical
arrangement (GXJ-2) that can be aggregated into one unit (GXJ-16), and (ii) vertical
cylindrical dryer (GTJ-1.7) with vibrated shelves (Fig. 2).

The overall size is 1.6x1.7x 2.4 m (for GXJ-2) and 5.2x3.5x 3.1 m for GXJ-16 where
numbers in the model signify drying area in m2. Depending on the material, drying rate is
over 3 kg of water per m?h at corona power of 0.4 and 3.2 kW, respectively. The dryer is
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equipped with dehumidifier with power 0.37 and 5.5 kW, respectively. The dryer GTJ-1.7
is 1.7 m in diameter with 5 shelves with drying area of 10 m? vibrated with amplitude 0-4
mm. Drying rate is over 5 kg of evaporated water per m?h at corona power 2.2 kW. These
dryers were used to dehydrate various whole and cut fruits and vegetables including
specific plants used in Chinese medicine.

Fig. 2 The picture and schematics of the EHD dryer model GTJ-1.7. [38]
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Abstract

Convective drying is a common process for the treatment of particulate solids
also operated in continuous mode. Continuous operation is characterised by
operation in steady-state with constant product throughput and constant
product quality. Due to external influences, i.e. seasonal or local variations
in the properties of the initial wet material, deviations in the product quality
can result, for example over- or under-drying, or on-set of unwanted
reaction. In this contribution a new feedback control concept is developed
that is robust with respect to variations and uncertainties in the drying
kinetics of the material and can reject and attenuate process disturbances.

Keywords: Process control; drying kinetics; robustness; fluidized bed; yeast.
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Robust feedback control of continuously-operated convective dryers

1. Introduction

Drying, the removal of liquid from a solid material, is one of the major unit operations in
solids processing, e.g. chemicals, pharmaceuticals, food and paper™2. The liquid can be
removed mechanically, e.g. draining, wringing, filtering, or thermally by induction of a
phase change, e.g. by evaporation or sublimation of the liquid. Thermal drying is
extensively used and is one of the most energy-intensive processes, taking up
approximately 10-25% of a nation's energy output!*l.

Considering convective drying of particulate solids, characteristic evaporation rates as a
function of moisture content X, i.e. the mass of liquid per mass of dry solid, are shown in
Fig. 1: For moisture contents X > X, where X, is the material-specific critical moisture
content, a constant evaporation rate is observed; for moisture contents Xnyg < X < Xer @
material-dependent falling rate is observed. If the moisture content reaches Xy,
thermodynamic (adsorption) equilibrium is attained and the evaporation rate vanishes.

b Il. period | period

Evaporation rate

Xiyg Xerit
Fig. 1. Schematic overview of experimentally observed evaporation rates in drying of solids.

The first (constant) drying period refers to the surface-wet particle, i.e. direct heat and mass
transfer between liquid and gas. In this period, the heat and mass transfer is gas-side
controlled, i.e. the gas conditions, e.g. temperature and mass flow rate, directly determine
the evaporation rate. In the second drying period, the falling rate period, moisture is mostly
located in the (porous) interior -- heat and gas now have to penetrate the solid by
conduction and diffusion first in order to evaporate the liquid; also the vapour has to be
transported to the particle surface, e.g. by vapour diffusion or capillary pumping, before it
can be taken up by the main gas flow. The farther inside the moisture is located, the longer
diffusion and conduction processes take and thereby reduce the evaporation rate in the
second drying period.
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From this phenomenological description, two different aspects can be identified that
influence the drying process: (1) gas-side conditions and (2) material properties. A variation
of gas-side conditions only will yield different evaporation rates; the material-specific part,
however, remains the same, i.e. the evaporation rates are qualitatively but not quantitatively
similar.

An approachto model this effect is given by the concept of normalized drying curve v
(NDC), originally developed by van Meel®. Here, the second drying period rate is
expressed in terms of the (known and constant) gas-side controlled first drying period rate.
Main advantage of the NDC is that it can be obtained directly from considerably simpler
measurements than effective diffusivity; main drawback is that it only allows describing the
evolution of the average moisture content, X. However, as this value is of primary concern
in many practical applications, the concept of normalised drying curve has found wide-
spread use for dryer design, optimisation and troubleshooting.

The normalised drying curve is defined as:

o(n) = ﬂl’?fvap,” ‘ _ X - thg )

Mepap, 1 AXcr - JYhyg (1)
where n denotes the normalised moisture content, with values 0 < n < 1 denoting the
second drying period. Given experimental data, the normalised drying curve can be fitted
and used for process modelling and feedback controller design as will be shown in the
following.

In this work, we present a general approach to robust feedback control of continuously
operated convective dryers. In the following section, we present the dynamic drying model
equations. Afterwards, the robust controller is designed and its main features are discussed.
In the Results section, the performance of the controller, designed for a nominal operating
point, is presented with respect to model uncertainties and different operating points. The
work closes with Conclusions and Outlook on future work.

2. Process Modelling

For the purpose of this work, we pose the following assumptions: (i) The particulate phase
in the apparatus can be (at least theoretically) considered as well-mixed. (ii) The gas-phase
is also considered as well-mixed, i.e. no spatial gradients. (iii) The particulate phase is
either mono-disperse or represented by a constant Sauter mean diameter dsy, i.e. a particle
size distribution is not considered. Each particle dries as if it were a single particle. (iv)
Drying is kinetically-controlled, i.e. drying gas is not close to saturation. (v) Drying takes
place under approximately adiabatic conditions, i.e. sufficient insulation of apparatus
provided to avoid significant heat loss to the environment. (vi) Particles enter the apparatus
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with an average moisture content Xi, at a dry mass flow rate m’qry,in. (vii) Evaporation takes
place from the total surface area of all particles. (viii) The average residence time of
particles in the continuously operated dryer is t, which can be regulated, e.g. by speed of
conveyor, or hold-up mass control.

Then, starting from a mass balance of the wet solid mwe: = X Mgy, the following mass
balances for the dry solid (hold-up) and the average moisture content can be derived:

dX Mgy dmy
) . y . y
— = | Maryinin — X — 1hepap — X [ ey
dt ( Y T r dt v
dmigry . Mdry
= Myryin — .
dit T )

The evaporation rate is written as

?h'mrap = Th‘cyap,! Av = QQ.L?{}/;at(IE'ri) - }ri'n}"f“-} 3)
wherein A denotes the total particle surface area available for evaporation; and Ysu-Yin the
maximum drying potential of the gas, which is determined by the inlet gas moisture content
Yin and the inlet gas temperature Ti,. If significant heat losses occur (violation of
assumption (v)), then Ysu-Yin decreases in value to You-Yin; the model structure, however,
does not change.

The total surface area of particles can be determined from the hold-up mass
A = 6man/(p d32). The mass transfer coefficient 8 is in general a function of the Sherwood,
Reynolds, Prandtl and Schmidt number.

The normalised drying curve is denoted by v(n); in order to use the normalised drying
curve in process models, some functional form needs to be fitted. In this work, the
following form is used:

pn

vin) = —————
1+ (p—1)n @)

The virtue of this functional form is that one fitting parameter p suffices to describe the
different curvatures. At p=1, corresponding to the linear relation v(n) = n, a change in
curvature occurs that can be smoothly related to values 0 < p < 1 and p > 1. It has to be
noted that all material characteristics are lumped into the parameter p.

Under the stated restrictions, the presented model is able to calculate the dynamic and
steady-state behaviour of a continuous convective dryer.
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3. Robust Controller Design

The aim of the robust controller is to provide comparable performance of the uncertain
drying process with respect to the nominal process conditions and parameters. Specifically,
it should provide at different steady-states the required steady-state output (controlled
output), provide not too slow process dynamics in doing so, avoid excessive control action,
respecting known limits of the actuators and operating conditions, e.g. a maximum
operating temperature.

These requirements can be met in (linear) controller design within the H., frameworkl“l,
Within this framework, a (linear) controller with transfer function H..(s) is determined such
that a) the closed-loop process is asymptotically stable and b) the following functional is
minimised:

S(s) - Wi(s)
e 8y || Hoo(9)S(5) - Wa(s)
T(s)  Wal(s) N
- ©)
Therein, s denotes the variable of the Laplace domain, S denotes the closed-loop sensitivity

function, T* the closed-loop complementary sensitivity function, and W; (i = 1, 2, 3) are
weight functions.

To assess and quantify the process uncertainty, different models can be used. In this work,
we restrict ourselves to the multiplicative uncertainty model: Given a linear open-loop
stable nominal transfer function Gnom(s), and a second, uncertain but open-loop stable
transfer function G(s)$, the multiplicative model uncertainty can be expressed as

A (5) = (G(S) = Gy (8))Gron (5) (6)

A variation in parameters generates a family of transfer functions G(s) and a set of
multiplicative uncertainty models Am(s). Let the upper-bound of An(s) for a given set of
variations be denoted by Am(s).

For design of performance, the weights W; can be used: W, is used to design good
disturbance rejection over a wide frequency region; W, directly influences the controller
gain, thus limiting the control energy; and W5 is used to achieve good reference tracking.
For a multiplicative uncertainty model, W3(s) = A(S) is set.

Given the nominal model, the upper bound on model uncertainty and the weight functions,
a robustly stabilising feedback controller can be readily computed by established control
software, e.g. Matlab’s Control System Toolbox.
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4, Results

In the following, specific results of the design and performance of the controller are
presented for fluidized bed drying of spherical baker's yeast pellets. Uncertain parameters
are: p ranges in the interval [0.5, 2.5] with a nominal value of 1.5, and X, the point of on-
set of the second drying period which is known to slightly depend on drying temperature:
Xerit in the interval [0.8, 1.2] with a nominal value of 0.98.

The manipulated variable is the gas inlet temperature Tgas,in, the controlled output is the
average moisture content of the yeast pellets, X, i.e. a SISO control problem. Unmeasured
disturbances are the solids and gas inlet moisture contents, Xi, and Yin, respectively. For
reasons of comparison a standard SISO PI controller and a linear quadratic regulator (LQI)
are also designed for the nominal case.

Both controllers are applied to the nonlinear model to assess their performance and
robustness of the closed-loop. We start the presentation with the discussion of disturbance
rejection. At the nominal steady state, a stepwise disturbance (Xi» -15%) is applied at t= 30
minutes and ends after additional 10 minutes. At 50 minutes a second disturbance (Yin +
115%) is applied for 10 minutes. The closed-loop response under both controllers is shown
in Fig. 2. It can be seen that in the nominal scenario, both controllers have comparable
performance, i.e. the settling times after a disturbance.

To investigate the impact of the (uncertain) parameter p, additional simulations were
performed under otherwise nominal conditions. Figure 3 shows the results of a simulation
with the maximum value p= 2.5. One can clearly observe that the performance of the H.-
controller is constant in the parameter range, even at at a different set-point. Contrary, the
Pl-controller and LQI-controller lose performance at a non-nominal set point and the
decrease in performance is higher with increasing value of p.

5. Conclusions

We presented an application of robust controller design to a wide range of continuously
operated convective drying processes, where the main process uncertainty is in the
parameters of the kinetics of the second drying period. We could show that these processes
are asymptotically open-loop stable for practically relevant operating parameters. Suitable
feedback controllers can be designed in the H., framework given the knowledge of a
nominal operating point and bounds on the parameters.

Future work will focus on the extension of this approach to MIMO problems, considering
additional manipulated variables, e.g. the gas mass flow rate, and controlled outputs, e.g.
product temperature or water activity.
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Fig. 2. Response of the controlled nominal system (H., Pl and LQI controller) for the described
disturbance scenario for the set points X = 350 (g water)/(kg dry solid).
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Fig. 3. Response of the controlled system (H«, P1 and LQI controller) for the described disturbance
scenario for the non-nominal set-point X = 450 (g water)/(kg dry solid) and p= 2.5 (right).
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6. Main Nomenclature

A
d

Gv
T*

—

< x -

Greek letters

= ™

<

Subscripts

crit

hyg
sat
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Abstract

Two models of foam drying are presented in the paper: single droplet drying
and perfect mixing of phases spray drying models to describe mechanism of
drying of droplet containing bubble.

Analysis of drying curves shows that in constant drying rate period and in the
falling drying rate period, evaporation rate decreases due to particle
shrinkage and increasing of resistance of moisture diffusion inside the solid
crust. Increase of gas pressure in the bubble might cause particle breakage.

Slight differences between theoretical and experimental results caused by
disregarding broken particles in the simulations proves accuracy of the
developed model.

Keywords: spray drying, modeling, foamed materials, particle morphology
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1. Introduction

Foaming of slurry in spray drying processes is a method to control rheological properties of
feed like viscosity and density and morphology of powder. Powders obtained in foam spray
drying process are characterized by lower bulk density, high porosity and particle sizes,
enhanced solubility and wettability in relation to conventional spray drying. However, to
control product quality, foam spray drying process must to be carried out in specific window
of the process parameters selected individually for dried material.

In the literature there is lack of mathematical description of foamed spray drying process;
existing models refer only to the constant drying rate period [1].

The aim of this work was to develop and validate mathematical model of foam spray drying
process to determine morphological changes of particles and to estimate the quality of the
product.

2. Foam spray drying model

Two models of foam drying were developed in the frame of the work: single droplet drying
(SDD) model to check correctness of applied correlations and perfect phase mixing foam
spray drying model to simulate drying process. All calculations were performed in Matlab
and validated on a base of data obtained from the foam spray drying experiments performed
at Lodz University of Technology [2].

2.1. Single droplet drying model

SDD model describes moisture evaporation of maltodextrin solution (DE12) from stationary
droplet which contains a single saturated nitrogen bubble in constant ambient air temperature
Te, and humidity Y. In constant drying rate period, droplet shrinks due to water evaporation
whereas in falling drying rate period, particle shrinkage stops because of crust solidification.
In this period pressure in the gas bubble increases and might cause particle brakeage. The
model allows to determine drying curves, particle density, porosity, crust thickness and
pressure in the internal bubble.

2.1.1. Heat transfer

Moisture from the particle evaporates to surrounding air in temperature which, taking into
account heat capacity of air and internal bubble, can be calculated from equation (1):

dm dm b
p.a My,
ﬂ_Ap“p(Tp‘TG)"‘h( FTERAT: )

= @)

dt MmpCp+mpCp
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2.1.2. Mass transfer

Mass transfer model was based on the concept of characteristic drying curves [3]. Overall
evaporation from the droplet/particle is a sum of moisture evaporation to the surrounding air
and to the internal bubble, eq. (2):

dmp _ dmp_a + dmp,b (2)
dt dt dt

Evaporation rate to drying air is calculated from the equation:

dmpq

—t = My Ay (Cs = C) ©

where heat and mass transfer coefficients (ap and f,) were calculated from McAdams
correlations. Amount of water transferred to the bubble was determined from eq. (4):

dmpp = Mw (_PSt )l (4)
dt N pmy \Pg—Pg/ dt

To take into account decrease of drying rate (eq. (3)) in the falling drying rate period,
coefficient f defined by relation (5) was used [5]. In constant drying rate period coefficient f
is equal f = 1. After critical moisture content, due to increase in internal mass transfer
resistance, f decreases to f = 0 at the equilibrium point. According to Woo et al. [4] coefficient
f can be expressed as a function of moisture content:

Critical moisture content for maltodextrin was determined experimentally in a frame of this
work and calculated from eq.(5), (T in °C):

X, = 21555 - T; %106 R2=0.976 (6)

Equilibrium moisture content was calculated from GAB equation [5]:

XmoCkay,

Xea = a1t e—Dra]

()

Where constants ¢ = 10.866 and k = 0.971. Monolayer moisture content (Xmo) for
maltodextrin is equal to 0.0518 kg/kg.

2.1.3. Particle morphology

Particle diameter was calculated from the sum of the volumes of liquid and internal gas
bubble:
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3l6(VL+Vy)
d, = f% ®)

In the constant drying rate period, change of liquid shell volume resulting from evaporation
of moisture can be calculated from equation (9):

_pL,0(1+XCT)E 3
L™ pLa+xp) 6 PO

©)

In the falling drying rate period, particle can shrink due to thermal deformations of solidified
crust. Particle shrinkage can be determined using modified equation proposed by Chen [6]:

Vv, = %[dwr (b +(1-b) Xicr)]s (10)

Shrinkage coefficient b was calculated as a ratio of particle diameter when particle moisture
content is equal to critical moisture content, to the final particle diameter measured
experimentally. Equation (11) describes b as a function of drying air temperature
(Tein °C):

b = 0.41+ 0.0038T; — 6.97 - 107°T% R2=0.971 (11)

Volume of the internal bubble was calculated from the current bubble mass and density (12):

V, = =2 12
b= (12)

Density of the bubble depends also on the gas humidity and can be determined from equation
(13):

Py % 1
= 1+Y))— 13
Pp ML;\,TP 1+Y) 1+Y§ﬁ—x (13)

Equation (12) can be transformed to equation (14) to calculate bubble diameter:

dy, = /% (14)

Having diameter of particles (dp) and bubbles (dy), crust thickness (particle wall thickness)
can be determined.

In constant drying rate period, pressure inside the particle was equal to the ambient pressure
Py = Pa. To calculate gas pressure inside the bubble in the falling drying rate period, we
assumed proportional grow of pressure with particle temperature in isochoric process
according to the equation (15):
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P, = P, -2

a
Tp,cr

(15)

Selected results of calculations are presented in Fig. 1. Fig. 1 shows grow of solid
concentration and drying curve for the same initial bubble diameter and different initial
droplet diameters.

Fig. 1 Solid concentration and evaporation rate from SDD model.

We may observe that as bigger droplet contains more liquid to be evaporated (initial bubble
diameter is the same), particle solid concentration grows slower. Analysis of drying curves
shows that in constant drying rate period evaporation rate slightly decreases due to particle
shrinkage; in the falling drying rate period (X < X¢r = 0.5 kg/kg), drying rate falls down due
to increasing of internal resistance of moisture diffusion inside the solid crust. Shape of
drying curves is characteristic for evaporation from single droplets which confirms
correctness of physical model of the process.

2.2. Co-current foam spray drying model

In co-current foam spray drying model air temperatures, particle velocities and air humidity
were calculated from the heat, mass and momentum balance, equations (17) - (22) [7]. Foam
spray drying calculations were carried out for perfect mixing of phases, axisymetrical flow
of air and particles and monodispersed atomization. Momentum transfer between drying air
and particles was determined from classical equations:

Apx _ g (1 — p_¢;> — % Cp vp(Vpx—v6.x)PG (17)

dt Pp pPGdp

215" INTERNATIONAL DRYING SYMPOSIUM @@@@
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

95


http://creativecommons.org/licenses/by-nc-nd/4.0/

Mathematical modeling of moisture evaporation in co-current foam spray drying

dv 3 v (v e Ze] )pG
DT p\Yp1r s
dt 4D pcdp
av. 3 V. (v Vg )pG
p.z C r\Vp,z \Z
dt 4D d (19)
PGap

where v;, is relative particle velocity. Air humidity was calculated from mass balance:

. dm

dt Mgpg \ mpoCo+mpw

Particle moisture content was determined from equation (21):

dm
ax g+ Yegmy—mew)(1+X) o
dt - mp'0C0+mp_W

Air temperature was determined from heat balance (22):

dTg _ 1
at M(;CG

dYg
dt

(—MG(CUTG + h) — M, (Xc,, + c5) % — MLCWTp z—f) (22)
Selected results of calculations are shown in Fig.2. Figure 2 presents comparison of
theoretically and experimentally determined wall thickness and particle density for different
air temperatures and foaming gas rate. Final density of the material determined from the
mathematical model decreased from 1300 kg/m® to 600 kg /m3, which is in line with the
experimental results. Differences in relation to the experiments are caused by disregarding
broken particles in the simulations. Decrease in the wall thickness depends on the amount of
gas introduced into the interior of the droplet. The higher degree of foaming, the larger gas
bubble is trapped in the particle and the less material forms the particle.

Fig.2 Wall thickness and particle apparent density for a different air temperatures and
different foaming gas rate.
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3. Conclusions

Model of co-current foamed spray drying was developed to determine mechanism of droplet
drying containing a single bubble.

Analysis of theoretical and experimental results shows that particle solid concentration grows
slower for bigger droplet as it contains more liquid to be evaporated as initial bubble diameter
is the same. In constant drying rate period evaporation rate slightly decreases due to particle
shrinkage which typical for evaporation from droplets and confirms correctness of physical
model of the process.

Density of the material determined from the mathematical model decreased twofold in
relation to the initial which was in line with the experimental results. Decrease in the wall
thickness is a function of the amount of gas introduced into the interior of the droplet. Particle
wall thickness and particle density for different air temperatures and foaming gas rate are in
line with the experimental results. Differences in relation to the experiments are caused by
disregarding broken particles in the simulations.

4. Nomenclature

A surface m3 T temperature °C
c specific heat JkgtK?t |t time s
C  vapor kgmolm?3 | v velocity ms?
concentration
h heat of Jkg? V  volume m3
evaporation
m mass kg X moisture content kg kg!
M molar weight kg mol? Y*  saturated kg kg!
humidity
P pressure Pa R universal  gas J molK-?
constant
Greek letters
0 heat transfer coefficient Wm=2K:?
B mass transfer coefficient ms’t
c stress Pa
Subscripts
0 initial L liquid
a ambient N nitrogen
b bubble p particle
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cr critical S surface
eq equilibrium st saturation
G gas w water

5. References

[1]

(2]
(3]
[4]

[5]
[6]

[7]

D. D. Freyand C. J. King, “Experimental and theoretical investigation of foam-spray
drying. 1. Mathematical model for the drying of foams in the constant-rate period,”
Ind. Eng. Chem. Fundam., vol. 25, no. 4, pp. 723-730, Nov. 1986.

I. Zbicinski and J. Rabaeva, “Analysis of Gas Admixing Foam Spray-Drying
Process,” Dry. Technol., vol. 28, no. 1, pp. 103-110, Dec. 2009.

R. B. Keey and M. Suzuki, “On the Characteristic Drying Curve,” Int. J. Heat Mass
Transf., vol. 17, no. 12, pp. 1455-1464, 1974.

M. W. Woo, W. R. W. Daud, A. S. Mujumdar, Z. Wu, M. Z. Meor Talib, and S. M.
Tasirin, “CFD Evaluation of Droplet Drying Models in a Spray Dryer Fitted with a
Rotary Atomizer,” Dry. Technol., vol. 26, no. 10, pp. 1180-1198, Sep. 2008.

M. Jaskulski, P. Wawrzyniak, and I. Zbicinski, “CFD model of particle
agglomeration in spray drying,” Dry. Technol., vol. 33, no. 15-16, 2015.

X. Yang, J. Xiao, M.-W. Woo, and X. D. Chen, “Three-Dimensional Numerical
Investigation of a Mono-Disperse Droplet Spray Dryer: Validation Aspects and
Multi-Physics Exploration,” Dry. Technol., vol. 33, no. 6, pp. 742-756, Apr. 2015.
T. A. G. Langrish, “Multi-scale mathematical modelling of spray dryers,” J. Food
Eng., vol. 93, no. 2, pp. 218-228, Jul. 2009.

@@@@ 215" INTERNATIONAL DRYING SYMPOSIUM
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

98


http://creativecommons.org/licenses/by-nc-nd/4.0/

21st International Drying Symposium 1DS’2018 — 21st International Drying Symposium

I DS!’ 2 o 1 8 Valéncia, Spain, 11-14 September 2018
DOI: http://dx.doi.org/10.4995/ids2018.2018.7371

A mathematical model of spray drying granulation process in
formulation

Kagami, H.
School of Medicine, Fujita Health University, Toyoake, Japan

*E-mail of the corresponding author: kagami@fujita-hu.ac.jp

Abstract

In this study, we apply the drying model of polymer solution coated on a flat
substrate to the spray drying granulation process in formulation. In order to
apply the former model to the drying of this spherical object, we consider this
spherical object to be a stack of solution films applied on the spherical shell
and discuss the drying process of each solution film. As a result, we see that
the smaller the radius of curvature of the droplet, the more the fine particles
tend to be unevenly distributed on the surface of the droplets during drying.

Keywords: model, numerical simulation, spray drying granulation, spherical,
droplets
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1. Introduction

Drying process of polymer solution coated on a substrate is very important in various
industrial applications such as fabricating flat polymer thin films [1] and inkjet printing [2,
3]. Then we have proposed and modified a model of drying process of polymer solution
coated on a flat substrate for flat polymer film fabrication [4 — 14]. Then we have proposed
the method of thickness control of a thin film after drying [15 — 17]. And we have clarified
dependence of distribution of polymer molecules on a flat substrate after drying on various
parameters based on analysis of many numerical simulations of the model.

On the other hand, the demand that a flat polymer film should be formed not only on a flat
substrate but also on a three-dimensional uneven substrate after drying a polymer liquid
film coated on the substrate has been increasing with the advancement in microfabrication
technology. Therefore, we expanded the above-mentioned model into the drying model of a
polymer liquid film coated on three-dimensional structure. Then we analyzed dependence
of distribution of polymer molecules on the three-dimensional structure on various
parameters through many numerical simulations. The results were reported at IDS 2016
[18].

Then, in this study, we apply the drying model to the spray drying granulation process in
formulation. Spray drying granulation is a type of wet granulation method in formulations.
In the spray drying granulation, the slurry raw material is made into minute droplets and
dried. Therefore, the object to be dried is spherical. In order to apply the former model to
the drying of this spherical object, we consider this spherical object to be a stack of solution
films applied on the spherical shell and discuss the drying process of each solution film.
The difference in area between the upper surface and the lower surface in the minute
volume of each solution film can be represented by the radius from the center of the
spherical shell and is related to the difference in diffusion in the vertical direction.

As a result of numerical simulation of this modified model, it was found that the smaller the
radius of curvature r of the droplet, the more the fine particles tend to be unevenly

distributed on the surface of the droplets during drying.

2. Model
2.1. Theory and basic equations

As mentioned in previous papers, there are two dynamic models of the drying process of
polymer solution coated on a flat substrate, namely, an evaporation model and a transport
model for a non-equilibrium polymer solution (Kagami et al., 2002; Kagami, 2011; Kagami
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and Kubota, 2011). The latter can be divided into two basic types of transport, that is, the
following two diffusion paths (Kagami et al., 2002):

(1) Diffusion of solvent containing solutes (polymers) in the direction of evaporation of the
solvent

(2) Change in concentration in a solution

Because details of theory and the basic equations have been reported in previous papers
(Kagami et al., 2002; Kagami, 2011; Kagami and Kubota, 2011; Kagami, 2014a; Kagami,
2015), only the basic equations are shown here.

First, we consider the following evaporation model (Kagami et al., 2002).

G=(1-C) @
Here, G is the evaporation rate, C is the concentration of the solution, and g is a constant.
Furthermore,

Y
=K.|]—P @)
4 2/RT °

is a correction factor, where P, is the vapor pressure, M is the molecular weight, R is the
gas constant, T is temperature, and K is a correction factor for the theoretical evaporation
rate (Hickman and Trevoy, 1952).

Then, the two diffusion models are formulated as follows. First, the diffusion equation for
solvent containing solutes is written as

ﬂ = KVVZV 3
ot
where V is the volume of solvent containing solutes included in a space and K is the

diffusion coefficient of the solvent (Kagami, 2011). An evaporation term (Eq. (1)) is added
to Eq. (3), which describes the interface between liquid and gas (vacuum), so Eq. (3) is
modified to (Kagami, 2011)

Y ) @

Next, the diffusion equation governing the change in concentration in solution is written as
(Kagami, 2014a; Kagami and Kubota, 2011)
2K
@chva +E(KV—KC)V2V——CVN-VV ®)
ot \Y \Y

where N denotes the number of solute molecules included in a space and K. is the
diffusion coefficient of the solution.

In this study, we consider a solution containing one type of solute and one type of solvent
for simplicity. Therefore, we build our model mainly using Egs. (1)—(5).
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The diffusion coefficient, K, of the solution changes with time. As mentioned in previous
studies, is written as (Kagami, 2011)

Koo Kel (6)
67Rm{ln)C +1
where k, is the Boltzmann constant, 7, is the viscosity of the solvent, and [;] is the
intrinsic viscosity.

2.2. Improvement of the avobe model in the case of spherical dry solution

Now consider the drying of spherical solution as in the case of sray drying granulation. In
order to estimate the diffusion in each direction in the minute region in the spherical
solution, consider the minute region § in the spherical solution between the distance r and

1 + dr from the center O of the sphere.

For the sake of simplicity, let us consider a circle C of a cross section of this sphere cut by a
plane passing through the center O of the sphere. Considering the cross section
S of the micro region § cut off at the deviation angle @ in the circle C, it is as shown in Fig.

1, and the length in the circumferential direction and the length in the radial direction of the
cross section S can be expressed as shown in Fig. 1.

-+ dr)#
A s (r+dr)

§ ar

Fig. 1 The cross section S of the micro region § cut off at the deviation angle @ in the circle C

Now, if 8 = dg, the length of the circular arc of radius r and the length of the circular arc
of radius + 4 dr in cross section S can be represented as dg and dq (1 + ?) respectively.
Assuming now that dr = dgq, only the length of the arc of the radius r 4+ dr among the
lengths in the circumferential direction and the radial direction of the cross section S; is
other (1 —|—d?r) times.

By replacing the deviation angle 8 with the solid angle @ and doing the similar
consideration, only the area of the spherical surface with the radius r + dr among the areas
of each surface formed by cutting the minute region S at the solid angle © is other
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dry?,. e . o .
(1 —|-?r) times. Namely, in diffusion in the spherical object, it is estimated that the ratio of

2

the diffusion coefficients of the upper surface and the lower surface is (1 + df) .

3. Results and Discussion

3.1. Condition of numerical simulation

In order to discuss the drying of the solution film of thickness d+ coated on the surface of
spherical body with curvature radius r, 1 is regarded as a parameter and dr = 0.1[mm].
Solvent vaporizes only on interface between liquid and gas (vacuum) and boiling is out of
imagination. Volume of solvent V and the number of solute N in solution are
homogeneous except for surface coming in contact with gas (vacuum). Concerning surface,
10% unevenness about N is given only to the upper surface of the solution film by
homogeneous random number.

Simulation is ended when total volume of solvent become less than a fixed value, for it is
thought that drying is completed, that is, solutes can move in solution no more then.

Initial values of parameters are set as follows; K. =1.8750x10%[m?s], K =1.2500x 10"

8[m?s], y =5.7000x10[m?/s].

1.156+00
y
= e T —122.1,h=0.075720.100
2 @ 1.10E+00
= ® ——r=2.1,h=0.050~0.075
= v
& ——r=2.1, h=0.025~0.050
£ o 105E+00
5% ——r=2.1, h=0.000~0.025
= o
o = w _ _ —
£ § 100£:00 r=10.1, h=0.075~0.100
S 3 r=10.1, h=0.050~0.075
o 2
= O w HU
B E gcoron r=10.1, h=0.025~0.050
a
2 R R s— r=10.1, h=0.000~0.025

9.00E-01

0 05 1 15 2

Position [mm]

Fig. 2 The r dependence of the amount of solute present in each layer of height
from the bottom of the solution film after drying
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3.2. Results of numerical simulation

Figure 2 shows the + dependence of the amount of solute present in each layer of height h
from the bottom of the solution film after drying. From this result, it can be seen that as the
radius of curvature  is smaller, the uneven distribution of the solute (or the fine particles)
on the surface of the solution (or the slurry) film after drying becomes conspicuous.

4. Conclusions

In this study, we apply the drying model to the spray drying granulation process in
formulation. In order to apply the former model to the drying of this spherical object, we
consider this spherical object to be a stack of solution films applied on the spherical shell
and discuss the drying process of each solution film.

As a result, we see that the smaller the radius of curvature of the droplet, the more the fine
particles tend to be unevenly distributed on the surface of the droplets during drying.
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Abstract

The flow mechanics and heat transfer phenomena within a bed of milli-metric
size spherical beads rotated and heated by contact in a horizontal drum were
simulated by means of commercial discrete element software EDEM. Mono-
dispersed and bi-dispersed beds (two particle sizes or two particle densities)
were considered. The mechanical segregation index (standard deviation of
local bed compositions) and the thermal segregation index (standard deviation
of beads temperatures) were calculated for the different types of bed and same
operating conditions. The thermal segregation was found to be enhanced by
mechanical segregation and was much stronger for bi-dispersed beds than for
monodispersed one.

Keywords: rotating drum; particulate solid; segregation; contact heat
transfer; DEM simulation.
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Mechanical and thermal segregation of milli-beads during contact heating in a rotary drum. DEM modeling and
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1. Introduction

Modeling and simulation of processes involving stirred beds of particulate solids is a difficult
task. The classical macroscopic and continuous medium approach gives a global scope of
average trends but do not provide the local information which in some high added value
processes like the pharmaceutical ones may be critical. In some cases even tiny processing
discrepancies between individual particles must be avoided. During drying of granular beds,
stirring is very often combined with contact heating and the powder flow mechanics is then
coupled with heat transfer. For instance, vacuum contact heating is widely used in the
pharmaceutical industry to dry granular products which are sensitive to oxygen and
temperature. The vacuum contact drying of powder stirred bed has been firstly investigated
in a macroscopic way (“penetration” model) by Schliinder and Mollekopfl!! for a mono-
dispersed non sticky granular material. Kwapinska et al.[Zl compared results obtained by the
“penetration” analytical method with those obtained by numerical DEM.

More recently, several authors have independently investigated the effect of operating
conditions on mixing and heating rates of rotated monodispersed granular material. Figueroa
et al.®l have studied various tumbler filling levels and cross-sectional shapes; Chaudhuri et
al.l various revolution speeds, material types and baffles number and shapes; Gui et al.l]
and Komossa et al.[®1 different revolutions speeds; Emady et al.l’l different revolution speeds
and material thermal conductivities. However, to our best knowledge, no results were
published to date concerning dispersed beds composed of particles of different sizes and
materials. This is a major issue because real, industrial materials, even if carefully controlled
before processing, are always slightly dispersed.

Rotating mixing of unperfectly monodispersed solid particulate beds unavoidably leads to
mechanical segregation, i.e. to accumulation of smaller or/and denser particles in the core of
the bed. In the previous study!®, radial and axial segregations were experimentally observed
for a bi-dispersed bed with two particle sizes or two particle densities. The radial segregation
index was measured for different drum filling ratios and for differnet baffles numbers and
heights. The axial segregation index was found to be influenced by the friction coefficient on
both drum front and rear walls.

It is thus expected that the bed spatial heterogeneities will lead to thermal heterogeneities
because the beads temperature time evolutions depends on their trajectories and especially
on their cumulated contact times with the heating wall. The aim of this paper was to
investigate the impact of mechanical segregation on the thermal segregation in bi-dispersed
beds as compared to a perfectly monodispersed (not mechanically segregated) bed. DEM was
applied for modeling and simulation of spherical milli-beads flow and heat transfer in a
rotating ‘slice’ type (nearly bidimensional) drum.
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2. Materials and Methods

The simulations of the stirring and contact heating of milli-beads were realized with the
commercial software EDEM 2017 (DEM Solutions, Edinburgh, UK). This software is based
on the discrete elements method (DEM) which is a very powerfull modern tool to investigate
and develop granular solid processes. In the DEM framework, each particle of the granular
bed is considered to be distinct and has its own trajectory and speed. The particle-particle and
particle-boundary interactions are checked at each time step and the resulting individual
particle positions are updated. The main assumption of DEM modeling is that the particles
are rigid (nondeformable) solid bodies but have the capability of small interpenetration
during their contacts. The resulting decrease of the distance between the centers of two
adjoining particles is called the penetration depth (8) or overlap. The overlap is the
fundamental variable which is directly related to the normal contact (interaction) force
between the particles and the mechanical stiffness of the particles. This overlap is also the
basis for evaluating the heat conductance between the particles as described in the next
sections.

2.1 Mechanical DEM modeling

The determination of the position and speed of a given particle (identified by index i) is the
time solution of the Newton second law for translational and rotational movement of a solid
body. For translation, it writes :

d2g;

L dt2

=Y;Fj+mg 1)

where my is the particle mass, X; its position vector and the right hand side of the equation is
the resulting force, cumulating interactions with all adjoining (j) particles (and the wall of the
vessel) and gravity. A similar equation can be written for the rotational movement.

For the purpose of this study, default modeling option in EDEM, the Hertz-Mindlin contact
modell’l was used. In this model, the particle-particle mechanical interaction involves the
normal impact force and the tangential friction force. The normal force is essentially elastic
but both normal and tangential forces include damping components. The normal force is thus
expressed by means of non linear visco-elastic behavior law :

Fy = a8;/? — Bvy )

where a is the elasticity coefficient depending on the material Young’s modulus and particles
radius, B is the damping coefficient depending on the kinetic energy restitution factor of the
particles, &;j is the overlap between particle i and j and vj is the relative velocity of the two
particles. The maximal tangential friction force is given by the Coulomb law which involves
a material dependent friction coefficient.
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2.2 Thermal DEM modeling

In tumbler systems, several heat-transfer phenomena coexist between neighboring particles
and including walls : direct solid-solid heat conduction, conduction and convection through
the insterstitial fluid and surface radiation. In this study, convection and radiation are
neglected. The direct particle-particle conduction is expected to largely dominate due to the
high ratio of conductivity of particles to the conductivity of interstitial gas and due to
moderate surface temperatures.

In DEM framework, as already stated in the preceding section, two particles in contact
interpenetrate each other at a depth depending on theirs dynamics and mechanical properties.
For spherical particles, the contact radius Rc, which is the radius of the circle resulting from
the two particles (spheres) overlapping, can be straightly derived from the penetration depth.
Approximate analytical solutions of the Fourier conduction equation between two smooth,
elastic particles with a finite small contact area have been proposed in the literature>’1 and
applied to evaluate the thermal conductance Kj; between the two particles centers :

Kij = 2AeffRe = ZAij\/ Rij\/S_ij 3)
where Ajj is the harmonic mean of the thermal conductivities of the two materials, R;; is the
harmonic mean of the particles radii. The conductive heat flux between particle i and particle
j writes simply :

Qi = Ky(T, — T)) 4)
The total heat flux transferred to or from a given particle (i) is the sum of heat fluxes
exchanged with all neighboring (j) particles and the thermal energy balance of a single

particle writes :
dT; s
m;cpi —= = %5 Qj; ®)

where ¢y is the particle specific heat capacity. The time integration of the above equation
provides the thermal history of the considered particle.

2.3 Particulate bed global caracteristics

In order to caracterise globally and macroscopically the geometrical distribution (mechanical
segregation) of each kind of beads and their temperature distribution (thermal segregation)
within the bed, statistical indexes already introduced in the literature® were used. The
mechanical segregation index was defined by :

MSI' = [Z=%N,(C] - (C))? (6)
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where C;’ is the number fraction of one kind of beads (of the considered size or density) in a
control volume i among N other control volumes, <C> is the average number fraction of this
kind of beads in the entire bed divided in N equal size control volumes. By analogy, the
overall thermal segregation index was defined as :

TSI = [y S (T — (1)’ (7)

where T; is the temperature of the bead i among all other beads, <T> is the average
temperature of all N beads of the bed. This index represents simply the standard deviation of
beads temperatures. However, in case of bi-disperded beds, two beads populations coexist,
according to their size or density. These two populations are mechanically separated
(segregated) by the drum rotations and this will influence directly their thermal dispersion
(segregation). In order to observe separately the thermal evolution of the two populations, a
population (density or size) specific thermal segregation index was therefore defined :

1

TSI = 2T —(T))? ®)

where Tj’ is the temperature of bead j of a given kind among M other beads of the same kind.

2.4 Solver settings, material properties and process parameters

The simulations were realized on a DELL workstation (T7910) with two 10 cores processors
(Intel Xeon E5-2660v3). The maximum processing time step was set at 40 % of the
theoretical Rayleigh time step. This is the time taken for a shear wave to propagate through
the particle which depends on the particle size and mechanical properties. The adjoining
particles numerical search distance was set at 5 fold particle radius. The “Hertz-Mindlin with
Heat Conduction model” was selected and a user defined routine called “Heat conduction for
Geometry” was incorporated for implementing particles-wall direct heat conduction.

Table 1. Beads number for different bed types.

Mono-dispersed Bi-density Bi-size
CA-2 - - 27905
CA-3 16366 8183 8183
PP-3 - 8055 -

Polypropylene (PP) and cellulose acetate (CA) spherical beads of millimetric size (2 mm and
3 mm diameter) were used. The compositions of the three studied particulate beds are shown
in Table 1. All materials mechanical and thermophysical properties needed for EDEM
simulations are given in Table 2. The friction coefficients for pairs of materials were obtained
by model identification (fitting experimental data) and are given in Table 3. The drum used
in this study was a ‘slice’ type one with a large diameter to depth ratio. It had an internal
diameter of 300 mm and an internal depth of 42 mm.
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Table 2. Materials thermal and mechanical properties

BEADS | Property Units CA PP
Density 2 [kg/mq] 1280 910
Poisson's ratio 2 [-1 0.4 0.42
Elastic modulus 2 [MPa] 1.0 1.0
Shear modulus 2 [MPa] 2.8 2.8
Thermal conductivity 2 [W/(m.K)] 0.36 0.22
Specific heat capacity ° [I/(kg.K)] 1200 1700
Coefficient of rolling friction ¢ [-] 0.01 0.01
Coefficient of restitution ¢ [-] 0.3 0.3

DRUM Steel Glass
Density ° [kg/m?3] 7800 2500
Poisson's ratio P [-] 0.3 0.21
Elastic modulus ® [GPa] 182 94.3
Shear modulus ® [GPa] 70 39
Thermal conductivity P [W/(m.K)] 15 0.93
Specific heat capacity ° [I/(kg.K)] 502 /
Coefficient of rolling friction ¢ [-] 0 0.01
Coefficient of restitution ¢ [-] 0.3 0.3

a - manufacturers data (M&L, CIPAM and other), b - web data (Azom, Engineers Edge)], ¢ - data from this study

The front panel was made of glass, the rear one and the peripheral wall were made of stainless
steel. The drum was equipped with 4 equidistant straight baffles with a height of 15 mm. All
these dimensions corresponds to the set-up used in the previous experimental study!®. The
default revolution speed was 3 rpm which corresponds to very slow rotations often
encountered for drying of pharmaceuticals. The initial beads temperature was 25 °C and the
peripheral heating wall temperature was 50 °C.

Table 3. Solid-solid static friction coefficients

Bead-Steel Bead-Glass Bead-Bead
CA PP
CA 03 0.2 0.3 0.6
PP 0.3 0.2 0.6 0.6

3. Results and discussion

The simulations were realized for the 3 types of bed presented in Table 1. The mechanical
segregation index (MSI) and the thermal segregation index (TSI), as defined in section 2.3,
were calculated with MATLAB from EDEM data extracted for each simulation and were
plotted as function of time on Figures 1 and 2.

According to Figure 1, except for a very short initial period, thermal segregation was the
most important for the bi-density bed. Moreover, from the moment the bi-size bed MSI
approached the bi-density MSI, the bi-size TSI fell below the mono-dispersed TSI. The bi-
density bed TSI was significantly higher than the bi-size TSI, while the the MSI for both bi-
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dispersed beds were rather close to each other near the simulation end. The correlation
between MSI and TSI is thus not straightforward and must be further investigated.
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Fig. 1 Mechanical and thermal segregation indexes for different bed types.

As observed on Figure 2, the small beads specific TSI followed closely the overall TSI. The
reason could be that the bi-size bed contained much more small than big beads (see bed
compositions in Table 1). Therefore small beads thermal dispersion would have a much larger
impact than the dispersion of big beads.
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Fig. 2 Mechanical and thermal segregation indexes for the bi-size bed.

For the bi-density bed, the overall TSI was practically the average of the two specific TSIs
(Figure not shown) because there was an equal number of light and heavy beads. As concerns
average bed temperatures, plotted on Figure 3, the heating rate (curve slope) was stronger for
the bi-size bed than for bi-density and mono-disperded beds and this deviation increased with
time. This seemed rather odd because for the bi-size bed the small beads were in the core and
the big ones at the periphery.
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Mechanical and thermal segregation of milli-beads during contact heating in a rotary drum. DEM modeling and
simulation.
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Fig. 3 Average temperatures for different bed types.

As there was much more small beads than big ones in the whole bed, one could expect that
the average bed temperature would rather follow the temperature of the small ones which
were colder and that the overall heating rate would be slower than for a bi-density bed. These
results must be confirmed by carrying out the simulations for much longer times.

4, Conclusion

The mechanical segregation index (standard deviation of local bed compositions) and the
thermal segregation index (standard deviation of beads temperatures) were calculated for
mono-dispersed, bi-size and bi-density beds of spherical milli-beads submitted to same
operating conditions. The thermal segregation was found to be enhanced by mechanical
segregation and was much stronger for bi-dispersed beds than for monodispersed one. The
bi-density bed exhibited unexpectedly stronger thermal segregation than the bi-size one.
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Abstract

The aim of present research was to measure and analyze the dynamic
changes of internal pressure in shrinking vs. non-shrinking materials during
convective drying for the use as a possible process control method.

Drying experiments were carried out on wet and fired clay at 50°C and 60°C.
In addition, the shrinkage curve was investigated. Experimental
measurements show the existence of 4 stages of the process. The comparison
of the results for wet and fired clay shows differences in pressure trends.

During drying the internal pressure changes from underpressure to
overpressure at the level of 3+5kPa, what correlates well with transition from
the first to the second drying period.

Keywords: ambient pressure drying; clay; shrinkage; pressure evolution
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1. Introduction

Ceramics is one of the oldest man-made materials and finds wide applications eg. in
building sector (bricks, tiles), electric power industry (insulators), home and garden utensils
(pottery) and advanced industries (ceramic filters, refractory materials etc.) [1].
Traditionally the cost of a product of the ceramic industry includes 30-40% of energy costs.
The mass of which green ceramics is formed is based on clay, a natural aluminosilicate
mineral, with necessary additives and water.

The removal of water from green ceramics consists of several stages, each of them requires
properly selected drying process parameters in order to avoid deformation and cracking of
the preformed elements [2]. Although the shrinkage of green ceramics in drying is small it
is enough to cause these adverse effects if the evaporation rate is too high or uneven.

The losses caused by cracking in the production of ceramic tiles in the EU countries alone
are estimated as 200 million euro per annum. Losses due to cracking and deformation are
also inevitable in the production of decorative ceramics — stove tiles, ornaments or
sculptures [3].

Literature survey and industrial experience indicate that this negative outcome of drying
can be eliminated by slow or better intermittent drying. In intermittent drying the ceramics
is dried in two repeating cycles: in hot air and in ambient air. During hot air drying the
processs is fast, which causes shrinkage and resulting build-up of internal stresses, while in
ambient air the process is slow and the stresses relax. The cycles are repeated and may be
of equal or of variable duration. The time of each cycle is set on the basis of on-line
measurement of drying kinetics and/or the exiting air temperature and humidity. The time
of the cycle is calculated on the basis of an earlier developed drying model [4].

Drying related stresses in shrinking solids are important in drying many industrial products.
Gradient of moisure content and related stresses lead to deformation and cracking [5].

From theoretical analysis it follows that internal pressure in the wet solid varies during the
process of drying. So far the values of capillary and liquid pressure in the wet solid were
predicted [6,7]. The direct measurement of this pressure was difficult. One of the first
works published in 1996 used a complex experimental procedure to measure drying
induced stresses in colloidal capillary-porous solids such as peat. To measure the internal
pressure 4 to 5 mm rubber hollow spheres filled with water were placed in the sample
during casting. They were connected by thin lines to external manometers. Stresses were
measured with microtensometers. The distributions of capillary and internal pressure as a
function of moisture content were presented [8]. Experimentally the internal capillary
pressure was measured by Holt [9] in autogeneous shrinkage of concrete. Using a thin tube
immersed in the middle of the block height and an external pressure transducer it was found
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that the internal pressure is initially negative in the CRP and then turns positive in the FRP
and at the end of the proces this pressure relaxes to the ambient value. In general, due to
wide variety of wet solids an universal method of internal pressure measurement and
interpretation is still being sought. Such measurement may provide valuable information on
development of stresses in the material during drying [10].

The aim of this work is the analysis of transport of moisture in drying using the evolution
of experimentally measured internal pressure in both wet green and fired clay. By using
minature pressure transducers and telemetry such pressure can be messured in situ an the
results transmitted to the required place. The obtained results may be used for control of the
drying air parameters in response to the developing stresses in industrial scale, possibly also
for many other shrinking materials.

2. Materials and Methods
2.1. Material specification

In the experiments performed in this work a clay material produced by Bolestawiec
Refractory Materials Works, Bolestawiec, Poland was used. It is commonly used for
manufacturing of artwork pieces, sculptured tiles etc. As plastifier 0.25 to 0.3% w.b. of
water glass is added to mineral clay by the manufacturer.

The skeletal density of dry (non fired) clay measured by helium pycnometer is 2626.96
kg/m?® and its porosity 0.3. The purchased press formed clay block of moisture content 0.3
kg/kg was directly used (in order to eliminate introduction of additional stresses) to cut
cylindrical samples of 32.2 mm diameter and 27 mm tall.

2.2. Drying experiments

The convective drying experiments were preformed in a drying tunel described in detail
elsewhere [11].

Two samples were used simultaneously in the experiment. One of them was placed on
a rotating tray suspended under an electronic balance. This sample was armed with two
thermocouples, one with its bead close to the periferal surface of the sample and the other
placed axially. Both were connected to a transducer/transmitter situated on the tray and
their signal transmitted to the computer. Both bases of the clay cylinder were covered
tightly by perspex disks to eliminate heat and mass transfer to these surfaces.

The tray slowly rotated in order to equalize heat and mass transfer of the peripheral surface.
The actual mass of the sample was continuously monitored by an electronic balance. The
other sample was stationary and had a syringe needle with miniature pressure transducer
inserted axially to measure axial pressure variations in time. Accurcy of measurements
was: weight 10 mg, temperature £1°C, pressure £16 Pa.
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Drying experiments were performed in temperatures of 50°C and 60°C with air velocity 1
m/s. Each experiment continued for ca. 10 hrs until equilibrium. The dried samples were
then dried in an oven at 105°C to measure the remaining moisture. The difference of
measured internal absolute pressure and actual atmospheric pressure was used for the
analysis in Section 3.

3. Results and discussion
3.1. Shrinkage curve

The value of moisture content where shrinkage stops is on the level of critical moisture
content ca. 0.19 kg/kg. All data points show a characteristic linear shrinkage behavior
which is reported in literature for many other clays[13,14].
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Fig. 1. Shrinkage curve

The dependence of sample dimension on its moisture content can be approximated with a
straight line of the following form:

i:0.855+0.4852x 1)

By theory the linear shrinkage coefficient £.=0.4852 which will be used in drying process
simulation, is one third of the volumetric shrinkage coefficient ey. During drying the linear
shrinkage is only ca. 5%, yet it is enough to create stresses above the strength of the solid.

3.2. Results of drying experiments

Fig. 4 presents the experimenal results (only data points —no curves fitted) for green clay at
50°C and 60°C. Fig. 4a and 4c contain the internal pressure (gray), moisture content (blue)
and solid temperature in the axis of the sample (red) evolution. Fig. 4c and 4d show the
external conditions in the tunnel. The air temperature was the only controlled parameter.
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Fig. 4. The results for green clay drying at: (4a) 50°C (4c) 60°C where internal pressure (gray),
moisture content (blue) temperature in the axis of the sample (red) and drying agent parameters
for (4b) 50°C (4d) 60°C where atmospheric pressure (gray), water activity (black) gas temperature
(red)

Four distinct stages can be identified in the process. First for 1.5 hr (from 0 to M1) an
overpressure up to 2 kPa at 50°C and 3kPa at 60°C develops during the heating-up period
when the sample reaches the wet-bulb temperature and during a short CRP. It is a result of
sample heating and thermal expansion of water. Second stage begins at transition from CRP
to FRP (Xit=0.19 kg/kg) when a rapid fall of internal pressure is observed leading finally
to underpressure (M1 to M2). Third stage (M2 to M3) starts after the shrinkage ceases i.e.
after ca. 2 hrs and pressure begins to rise again simultaneously with solid temperatrure,
which approaches the external temperature. The maximum of pressure is observed after 6-7
hrs and reaches 3 kPa at 50°C and 5kPa at 60°C. In the final stage pressure is relaxed to
atmospheric pressure. For the fired clay wetted with distilled water, which shows no drying
shrinkage, the results are shown in Fig.5. In this case three characteristic stages are
observed. Here during heating stage (0 to W1) the internal pressure rises rapidly (there is no
initial sustained overpressure as for green clay) and then falls to underpressure of -2kPa at
50°C and -0.8 kPa at 60°C which is less than for green clay. CRP begins after ca. 0.5 hr and
lasts longer thn for green clay. At that stage the internal pressure begins to rise. When FRP
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is reached (Xcit= 0.165 kg/kg)) rises to a maximum of 2.5 kPa at 50°C and 3 kPa at 60°C,
however, at 60°C the maximum is reached at the final segment of this stage when the solid
temperature approaches air temperature (W1 to W2).

So far the evolution of internnal pressure was only predicted by some advanced models. No
experimental work, including [9], so far has presented the evolution of internal pressure in
such detail as the present work.
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Fig. 5. The results for fired clay drying at : (4a) 50°C (4c) 60°C where internal pressure (gray),
moisture content (blue) temperature in the axis of the sample (red) and drying agent parameters
for (4b) 50°C (4d) 60°C where atmospheric pressure (gray), water activity (black) gas temperature
(red)

4. Conclusions

Based on the presented results, it can be concluded that the internal pressure is more
sensitive to changes occurring in the material than the temperature or mass changes are.
The analysis of pressure changes inside the drying both in non-shrinking and shrinking
material, enables more precise observation of phenomena of moisture transport and changes
in the nature of stresses generated in the dried material (initially compression and then
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stretching of the material). The obtained results will enable us to build a mathematical
model to describe the convective drying process taking into account the internal pressure
rate of change. Due to that, it will be possible to monitor the drying stresses generated in
the material on a regular basis and control the process parameters so as to obtain the desired
product without defects. Due to miniaturization of pressure sensors and the use of
telemetric measurements, the method can be easily applied in an industrial scale to control
the drying process.

5. Nomenclature

L sample length m

t time h

P pressure kPa

T temperature °C

X moisture content kgkgan.?
Greek letters

€ shrinkage coefficient -
Subscripts

L linear

\% volumetric

0 initial value
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Abstract

Due to the ongoing development and implementation of process control and
observation techniques in production processes of particulate products, the
research on complexly designed process apparatuses has become of great
interest. The work presented in this paper is focused on a model-based study
on a multi-chamber horizontal fluidized bed apparatus for fluidized bed
layering granulation. The model for the solid phase is extended by a new
drying model. Because of the great variety of parameters that influence this
complex system a preliminary model-based study on a simplified setup shall
show which construction or process parameters influence the product quality.

Keywords: fluidized bed granulation; population balance modeling; surface
moisture content; drying
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Multi-zone & multi-compartment model for dynamic simulation of horizontal fluidized bed granulator

1. Introduction

The demands on industrial processes in terms product quality are increasing due to continuing
implementation of process control and observation techniques in production processes. In
order to meet the quality requirements developed particulate products should consist not only
of specified composition, but they should also have defined size distribution and structure.
One process widely used for particle size enlargement and coating is the fluidized bed
layering granulation process [1]. In earlier works on this issue a multi-zone and multi-
compartment model for the dynamic simulation of a horizontal fluidized bed spray granulator
has been derived and described [2,3]. In this paper the extension of this model by an
additional drying model considering the wetted surface area is presented. The novel drying
model is integrated in the existing dynamic multi-zone and multi-compartment layering
granulation model.

2. Dynamic model and parameter study

The full model for the fluidized bed granulation plant includes the dynamic model for the
time dependent particle and gas properties in the fluidized bed. The purpose of the fluidized
bed model is to calculate quality features of the product, e.g. particle size distribution n,
particle moisture content X, and relative wetted surface area of the particles i, as well as
the outlet gas properties such as temperature T, and moisture content ¥,. A detailed
description of the population balance model of the multi-zone and multi-compartment model
for spray layering granulation used in this study can be found in [2,3].

Most dynamic drying models for fluidized bed drying and granulation contain mass and
energy balances for the description of gas and particle phase. Greatest differences between
these models can be found in the calculation of the evaporating mass flow rate or the assumed
gas flow pattern. Established drying models for fluidized bed drying and layering granulation
are presented in [5, 6, 7]. In this work a novel drying model is presented which takes the size
of the initial spray droplets and the geometry of sessile droplets on the particles surface into
account. In contrary to common models it allows a consideration of the wetted surface area
as transfer area of the heat and mass flow due to evaporation.

In the following the main assumption and simplifications of the regarded model are stated.
The particles of each compartment are considered to be ideally mixed. The gas phase in each
chamber is also assumed to be ideally mixed. Heat losses to the environment are neglected.
The spray droplets are distributed monodipersly. They will exclusively attach to the dry
particle surface in a monolayer; overlay of sessile droplets is not considered. Also no
percolation or diffusion of surface water into the core particle takes place. The impact area
of single droplets on the particle surface as well as the contact area between gas and liquid
remains constant during the drying process. Evaporation will only change the number of
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droplets deposited on the particle surface and therefor the total wetted surface area. Sessile
droplets have the shape of a ball scraper, therefore three parameter are sufficient to describe
the geometry of the sessile droplet, the maximum height of the droplet h,,., the contact angle
04, and the radius of the impact area a ;..

Mass and energy balances for the solid phase, the liquid film and the gas phase for each
chamber and compartment have been derived. Heat transfer coefficients between either the
dry particle surface and the gas phase and the liquid film and the gas phase are calculated by
standard Nusselt correlation for forced convection around a sphere under fluidized bed
conditions. Whereas the heat transfer between the liquid film is assumed to be free convection
around a sphere and the respective heat transfer coefficient is calculated with Nu = 2. The
corresponding transfer areas are determined by the geometric specifications of the sessile
droplets and water mass of the film.

To investigate the influence of the separation properties and the novel drying model on the
product quality a parameter study is carried out. The model system consists of an apparatus
divided in two chambers.

T
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Fig. 1. Schematic representation of the apparatus used in parameter study.

Each chamber is divided into two compartments. The lower compartment is the spray zone,
i.e. only particles contained in this compartment are directly in contact with the spray solution
or suspension. In the upper compartment, the drying zone, particles are mixed and dried. In
presently studied case the particle transport between the chambers can only take place
between the upper compartments, the drying zones, of the chambers accounting for the use
of overflow weirs.

In order to evaluate the influence of the shape factor of the separation function and the outlet
probability on the product quality are studied. To show the dependencies of the drying model
water mass flow rate of the spray, the initial droplet diameter, and contact angle of the sessile
droplets are varied.

The following particle properties and process conditions at steady-state are observed within
the scope of the parameter study. To represent the product particle size distribution particle
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Sauter diameter and standard deviation are chosen. Furthermore the properties of the outlet
flow, temperature and moisture content, as well as the product moisture content and the
relative wetted surface area are recorded to show the main influence of the introduced drying
model.

3. Results and Discussion

This section shows selected results of the 14 simulations that have been carried out. In this
paper the results for the three influencing factors, k, Mg,,, and dg;., are shown and discussed
in the subsequent paragraphs.

The shape factor of the SF k has an effect on particle Sauter diameter and the particle
diameter standard deviation. The model results for particle Sauter diameter and the
corresponding standard deviation of particle inlet, chamber 1 and 2, as well as particle outlet
for the three examined shape factors for the SF are presented in Figure 2 and 3. Particle
processing leads to an increase of particle Sauter diameter and standard deviation of the
particle diameter. During the process the particle Sauter increases in each subsequent
chamber and reaches the highest value at the outlet. Due to the separation effect of the weirs
between the chambers and at the outlet the standard deviation of the particle dimeter
decreases on the particles’ path through the plant. Increasing the shape factor k leads to more
narrow separation functions and results in higher product Sauter diameters and decrease of
the standard deviation particle diameter on the particles’ path through the plant. The
manipulation of the shape factor k shows no significant effect on gas outlet conditions,
particle moisture content and wetted particle surface.
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Fig. 2. Particle Sauter diameter for different Fig. 3. Standard deviation of particle diameter
shape factors of SF. for different shape factors of SF.

Figure 4 to Figure 7 show the simulation results for outlet gas temperature and outlet gas
moisture content, product moisture content and wetted surface area depending on the mass
flow rate of water contained in the spray. Increasing the mass flow rate of water in the spray
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decreases the outlet gas temperature and increases the outlet gas moisture content due to the
increased evaporation rate.
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Fig. 4. Gas outlet temperature depending on Fig. 5. Gas outlet moisture content depending
water mass flow rate. on water mass flow rate.

Product moisture content and the corresponding wetted surface area are increasing with
higher water mass flow rates of the spray. Due to the enhanced relative humidity of the
process gas at higher water mass flow rates more water accumulates on the particle surface.
Thus both product moisture content and wetted surface area are increasing.

The model results for product moisture and wetted surface area depending on the initial
droplet diameter are presented respectively in Figure 8 and Figure 9. An increase of the initial
droplet diameter leads to an increase of the product moisture content and wetted surface area.
A reduction of the initial droplet diameter increases the contact area between the liquid film
and the gas phase which leads to an enhancement of the evaporation rate and consequently
to a reduction of particle moisture content and wetted surface area. An effect of the initial
droplet diameter on gas outlet conditions cannot be observed.
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Fig. 6. Product moisture content depending on Fig. 7. Wetted surface area depending on
water mass flow rate. water mass flow rate.
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4. Conclusions

The aim of the presented preliminary study was to identify what and how the chosen model
parameters influence the most important product properties.

Manipulation of the parameters of the separation function only affects the particle growths
and has no influence on thermal gas phase and particle properties, such as gas outlet
conditions, product moisture content and wetted particle surface. However, a significant
effect of the shape factor of the SF on the particle size distributions of the chambers and the
product has been observed. Additionally a variation of the thermal process conditions in form
of the water mass flow rate of the spray solution has been performed. The introduced water
mass flow rate affects the outlet gas properties as well as the product moisture content and
wetted surface area. Furthermore the influence of the initial droplet diameter on the product
properties has been examined. Results show that the variation of the spray droplet features
only influences product moisture content and wetted surface area and has no significant effect
on the gas outlet conditions.

5. Nomenclature

Radius of impact area
d Diameter
h,H Height

k Shape factor of separation -
function

l length m

M Mass kg

M Mass flow rate kg st
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Subscripts
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Number distribution m?
Number distribution rate mts?
Number -
Pressure bar
Discharge probability st
Temperature °C

Separation function -
Width m

[

Relative size of drying zone
Contact angle

Density kg m3
Standard deviation m

residence time S

Start
Sauter
Fluidized bed
diameter
droplet
Gas phase
inlet

outlet
particle
reference
separation
shell
suspension

water
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Abstract

The reaction engineering approach (REA) has been proposed and
implemented for modeling a number of challenging drying cases. While the
modeling is simple and accurate, it is effective to generate the drying
parameters. The relative activation energy is the fingerprint of the REA
which describes the changes of internal behaviors inside the materials during
drying. In this paper, a new method, based on combined heat and mass
balance, is proposed and implemented to retrieve the relative activation
energy of flat materials. The results indicate that the new approach can be
used to retrieve well the activation energy of flat materials. The relative
activation energy retrieved by the new approach is independent on the
external drying conditions. This new approach can also potentially be used to
evaluate the change of surface area of materials during drying

Keywords: reaction engineering approach (REA); modeling; relative
activation energy; mass transfer;, heat transfer.

215" INTERNATIONAL DRYING SYMPOSIUM @@@@
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

131


http://dx.doi.org/10.4995/ids2018.2018.7499
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xdchen@mail.suda.edu.cn

Measuring REA-based drying kinetics through temperature-moisture content relationship

1. Introduction

The reaction engineering approach (REA) is a ‘middle path’ approach to model drying in
which the changes of material structure during drying is encapsulated in the relative
activation energy. It has been successfully applied to model a number of challenging drying
cases including intermittent drying, infared-heating drying and microwave drying [1].
While the modeling is accurate, it has been found that the REA is effective in terms of
generating the drying parameters. The relative activation energy calculated based on one
accurate drying run can basically be used to project drying at other conditions since the
relative activation energy is independent on the drying conditions. The relative activation
energy of different drying conditions would collapse to the similar profiles [2]. In these
studies, the activation energy is retrieved based on the mass balance where measurements
of surface area, temperature and surface area of materials being drying are required.

In this study, for the first time, a new approach based on combined heat and mass balance is
proposed and implemented for retrieving the activation energy of flat materials. The study
is aimed to evaluate the applicability of the new approach to generate the relative activation
energy as well as assess its applicability to mode drying kinetics of flat materials. Initially,
the reaction engineering approach is reviewed briefly followed up by the proposal of new
approach and applications of the new approach for generating the relative activation energy
and modeling of drying of flat materials.

2. Materials and Methods

The reaction engineering approach (REA) was first proposed as a lumped parameter model
where the drying rate (flux multiplied by surface area) of the moist materials can be
expressed as the following:

mch:NcA:hmA(pv,spv,m) (1)

Equation (1) is basically correct for all cases where water leaves solid in vapor form. Even
in the case of the lumped approach, there is no assumption of uniform moisture content in
this REA approach. It was characterized with the mean moisture content.

The surface vapor concentration (pvs) can be correlated in terms of saturated vapor
concentration of water (pvsa) by the surface relative humidity (RHs) in the following
equation [3]:

plgs: H-’s.pv,.ﬂ(-’;):exp{_%Jpv;d(-’;) (2)

5

One can see that the surface RH is represented in an Arrhenius form. 4Ey represents the
increasing difficulty to remove moisture from materials as moisture content reduces (in
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addition to the free water effect). Being a semi-empirical model, 4E, is ideally to be the

mean moisture content ( X ) dependent. Ts is the surface temperature of the material being
dried (K). For a small temperature range say from 0°C to just over 100°C, pysat (kg.m3) can
in fact be approximated with the following equation [3]:

E
Pus(T)= Kvexp[— R;'] ®3)

The approach of the activation process for moisture removal is thus claimed. On the other
hand, condensation is a kind of precipitation process thus is not an activation process. The
activation energy of the pure water evaporation reaction is equivalent to the value of the
latent heat of water evaporation, which is also in line with the classical physical chemistry.

By using the REA, equation (1) can be expressed as:

— AEV
= _hmA(exp(?)pv,ﬂ ( 7;) - Pv,m] (4)

Noting that the above equation has a parameter that is the surface temperature (Ts) for the
moist porous material being dried, it can be troublesome to measure under certain
circumstances.

It has been found, based on many previous practical experiences of using the REA
approach, that drying experiments for generating the REA parameters need to be conducted
where the air (or gas) humidity is very low in order to cover the widest possible range of

AE versus X.

The dependence of the additional activation energy on moisture content can then be
normalized as:

AE'If
AE

Vo0

=6(X=X,) )

where ¢£'is a function of moisture content difference (the current moisture content less the

final equilibrium one), 4Ey,c0 is the maximum when the moisture concentration of the

sample approaches relative humidity and, for convective drying, the temperature of the
drying air (gas):

AE,.,=—RT,In(RH.) (6)
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Xoo is the equilibrium moisture content corresponding to RH. and Teo, which can be

related to one another using the equilibrium isotherm. It is noted again that so far the
experiments for gaining the relevant equation (7) has to be under the very dry condition so
the final water content attained in experiments is usually fairy small.

For convective drying, the Ilumped energy balance can be represented as:

dar ax

The relative acti\iation energy is usqally found by rearranging equation (4) into:
dX
m—
B hmf\t i
AEV=—RT Inf| —& (8)
Pust(T)

If the surface area A and the mass transfer coefficient hy, are known, or measured by
separated experiments, one good run of drying experiment under the same drying air (gas)
condition is sufficient for establishing equation (6), which is the core of the REA approach.

Here, now, we introduce another kind of approach based on the temperature-moisture
content relationship. The lumped energy balance can be written as:

. X 1 |dT - dxX
ms(1+x)(cf’”1+x+0“1+xJEzhA(T"_T)+ H,, L )

On both sides, we now divide them with the rate of drying, incorporating equation (9), we
can obtain:

dr_ [ h h(T.-T)
m exp( RT )pugﬂ ( ) _pv,nu
For flat sample geometry and parallel flow, one may have:
Nu=TE _ CRemprt (1)
Ikf
@ ';Ji _CR"S” (12)

T
Combining equations (10) and (12) results in the expression of relative activation energy
retrieved by the new approach:
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o n
L(E) @-n
ky \Sc Pu.b
ﬂEu = _RTIH a7 —+ . (14)
Pysar DHy— (XCpy +5P3)E Py.sat

3. Results and discussion

The new method (based on equation (14)) is implemented to generate the relative activation
energy of a mixture of polyvinyl alcohol (PVA) during drying at 35 and 55 °C [4-5]. The
experimental details are presented previously [4-5] and reviewed briefly here in order to
better understand the modeling framework. Materials used in this experiment were a
mixture of equal proportion of partially hydrolyzed polyvinyl alcohol (80 wt%) and
glycerol which has 88 wt% of water. 8 mL of the mixture was poured into a 90 mm
diameter of Petri dish so that the initial thickness of sample was 1.3 mm. The velocity of
the drying medium was set to 1 m.s. The experiments were undertaken at drying air
temperature of 35°C and 55°C.

Figure 1 indicates the relative activation energy of polyvinyl alcohol (PVA) during drying
at drying air temperature of 55 °C. By using the new method (combined heat and mass
balance, equation (14)), the relative activation energy of drying at drying air velocity of 1
and 2.8 m s collapses to the similar profiles. As expected, similar profiles are also
produced based on the calculation using the mass balance only (equation (6)). Comparing
the relative activation energy retrieved using the heat and mass balance with the mass
balance only indicates that the profiles are very similar. The results suggest that the new
method can produce well the relative activation energy of polyvinyl alcohol at drying air
temperature of 55 °C.

Figure 2 shows the relative activation energy of polyvinyl alcohol (PVA) during drying at
drying air temperature of 35 °C. The new method generates the very similar profiles of the
relative activation energy for drying at drying air velocity of 1 and 2.8 m s%. In addition,
the profiles of relative activation energy generated using the combined heat and mass
balance collapse to those retrieved using the mass balance only.

The relative activation energy generated by the new method can be represented as:
AE,
AE,

The similar expression is also shown for the relative activation energy retrieved by the mass
balance only [6]. This is also supported by the profiles of relative activation energy
generated by both methods as show in Figures 1 and 2. Therefore, the expression of the
relative activation energy is independent on the retrieving method.

= exp[-1.0794(X — X, )**"]
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Figure 1. The relative activation energy of PVA mixture during drying at 55 °C
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Figure 2. The relative activation energy of PVA mixture during drying at 35 °C

Based on the generated relative activation energy, the new method can also be used to
evaluate the change of surface area of materials during drying. Measurements of areas of
materials (such as dairy droplets, fruits and leafy vegetables) can sometimes be difficult due
to highly deformation during drying and irregularity of the materials. The accuracy of the
measurements is needed in order to project the drying kinetics accurately. This new
approach offers advantage of ability to measure the surface area during drying by
combining the generated relative activation energy of specific materials with the mass
balance or heat balance. Nevertheless, it is still uncertain whether the new approach can be
implemented to generate the relative activation energy for spherical or cylindrical materials
where the heat and mass transfer correlations are more complex.

4. Conclusions

In this study, the new approach to generate the relative activation energy of the reaction
engineering approach (REA) is proposed and implemented. In the new approach, the heat
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and mass balance is combined to yield the activation energy. Only a set of experimental
data of moisture content and temperature during drying time is required to generate the
relative activation energy. The results indicate that the new approach is applicable to
retrieve the relative activation energy of flat materials. Different drying conditions result in
the similar profiles of the relative activation energy. It is independent on external drying
conditions which has also been highlighted for the relative activation energy retrieved using
the mass balance only. The relative activation energy retrieved using combined both heat
and mass balance gives the similar profiles of that evaluated based on mass balance only.
Implemented in the REA, the relative activation energy evaluated by the new approach
projects well the drying Kinetics of flat materials.

5. Nomeclature

X Moisture content on dry basis, kg.kg*
X Mean moisture content on dry basis, kg.kg™
N Drying flux, kg.m2.s!

A Surface area of single droplet or particle, m?
Bi Biot number (for heat transfer Bi = hL/k)
Ch-Bi Chen-Biot number

D Diffusivity, m?.s?

Dy Vapor diffusivity in air, m2.s

E Activation energy, J.mol*

f Relative drying rate function

g Gravitational acceleration, m.s

Harying Heat of drying/wetting, J.kg*

h Heat transfer coefficient, W.m2K!

hm Mass transfer coefficient, m.s

k Thermal conductivity, W.m™.K™!

M Molecular weight, g.mol

ms Mass of solids, kg

Nu Nusselt number (Nu = hL/k)

Pr Prandtl number

R Ideal gas law constant

Re Reynolds number (Re = pulL/ 1)

RH Relative humidity

Sc Schmidt number (Sc = v/D)

Sh Sherwood

T Temperature, K

t Time, s

Ts Surface temperature, K
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Tsat Adiabatic saturation temperature of drying air, K
u Gas velocity, m.s?

Xeo Equilibrium moisture content on dry basis, kg.kg™
Symbols

P Density or concentration, kg.m

7 Dynamic viscosity, Pa.s

1) Thickness, m

T Dimensionless time

o Vapor concentration, kg.m-3

@ Dimensionless water content

S Relative activation energy function

& Relative rate of drying
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Abstract

Dryers are used for removal of moisture from an raw materials (such as
effluent) to form a dried solids as per the requirements. For removal of the
moisture, energy requirement is huge. Therefore, in this paper, methodology
for heat recovery in one of the type of dryers as spray dryers is developed,
which is simple and easy to apply. The proposed methodology is illustrated
with the help of an example taken from literature. It is observed that the
indirect heat recovery method could save energy maximum up to 82 % as
compared to literature and 41 % higher than without heat recovery.

Keywords: Spray dryer, pinch analysis, heat recovery, effluent drying, energy
saving.
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1. Introduction

Spray dryer has been used for the removal of liquids by evaporation from concentrated
solid solutions giving product out in the form of powder with various grain sizes. In recent
years, it also become part of waste management treatment employed for removal of water
part from effluent getting dried solid waste. Industrial effluents (dissolved liquid wastes)
are produced as a waste from industrial and commercial activities from diversed field such
as food, textile, oil, chemicals, pesticides etc. [1]. Effluents production in India will rise per
capita rate of around 1 to 1.33 % annually from 2021 to 2031 [2]. In spray dryers, fluid
atomized through the atomizer in the form of fine droplets, which instantly comes into
contact with a flow of hot air, results in vaporization of liquid part of it. Spray dryers
consume substantial thermal energy around 10 - 20 % of total industrial energy usage in
most of the developed countries [3]. It is observed that a significant heat energy is wasted in
the form of gases, exhaust from industrial effluent dryers. Many researchers have studied
recovery of waste heat by different methods such as partial recirculation of exhaust gases as
direct heat recovery, heating inlet fresh air by exhaust gases as indirect heat recovery, etc.
Kilkovsky et al. [4] studied indirect heat recovery from flue gases of waste and biomass
incinerator plant. Ogulata [5] investigated the potential of heat recovery in textile drying by
using heat exchangers such as recuperators, regenerators and heat pumps. The methodology
proposed for the determination of Performance characterstics and efficiency of heat
exchanger, heat pump and combined system (heat exchanger and heat pump) are desciribed
in details [6]. Johnson et al. [7] discussed various techniques of thermal system analysis to
optimize drying process for spray dryer of air and superheated steam types and illustrated
with case study of milk powder plant. Golman and Julklang [8] reported exhaust gas heat
recovery through partial recirculation of exhaust air in spray dryer of alumina slurry plant.
In this plant, alumina slurry is atomized and dried in spray dryer, recovering value added
product from it. Bade and Bandyopadhyay [9] proposed methodology for targeting the
thermal oil required for process heating using pinch analysis and extended it for integration
of other thermal systems. There is a paucity of information in literature for heat recovery
and energy analysis of industrial effluents spray dryer. The purpose of the current work is
to develop mathematical model of spray dryer based on mass and energy balance equations
and to propose simple methodology for indirect heat recovery of spray dryers depends on
pinch analysis.

Feed supplied to dryer contents moisture in range of 30-40 % reduced from as high as 99 %
[1] present in effluent by concentration in mechanical vapour recompression (MVR) and/or
thermal vapour recompression (TVR). To analyze the energy performance of the dryers and
to have simplicity for individual mass balance of solids in waste feed and dried powder as
well as water in waste feed and moisture in exhaust and fresh air, each stream is shown
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with mass of individual constituent content in it as shown in Fig. 1. Further, complete spray
dryer is considered as control volume boundary with inlet and outlet streams and energy
interaction with surrounding systems. The mathematical model is formulated on the basis of
overall mass and energy balance equations applied to control volumes of dryer.

Qin
IMha = Mwvha + Mdaha
STy m— < ms = M + Mdada
peSscai B TR W ppn e
Mswf | :

1 - . 1 g

H ... Hgratomize] | Heater Exhaust

| CEREREILE k= Control volume

1 B : H

H ! Bag filter

i 1

1 1
Waste feed | : i

- I\ Spray Dryer J7 I IMea = IMda,ea + IMww.ea

tank ’ 1

! i

! 1

1 1

P i (S

Dried powder Mdp = Ms.dp + Mw.dp

Fig. 1 Hlustrative diagram of spray dryer.

2. Model of spray dryer without heat recovery

One of the approach to improve energy efficiecy of spray dryers is by recovering waste heat
in exhaust either by indirectly or directly and recirculation of this thermal energy in to
dryer. This energy recovery will be best analysed by developing the model of spray dryers.
Model developed here is simple based on mass and energy balance equations. Overall mass
and energy balance equations for the spray dryer is denoted as:

(m w,wf + ms‘wf )+ (m wv,ha + mda,ha ) = (mwv,ea + mda‘ea)+ (ms,dp + mw‘dp) (1)

Qin =My *dea,ha * (Tda,ha - Tref )+ My ha *cpwv,ha * (va,ha - Tref ) (2)

Energy content in various streams of total control volume of spray dryer and energy transfer
for spray drying system are summarized as follows:

Heat input; Qin = Qour + Quunr + Quana + Quuvna 3)
Heat OUtpUt’ Qout = Qda,ea + Qwv,ea + Qs‘dp + Qw.dp (4)
Where,

Qs,wf = ms,w‘f *Cps,w‘f *(Ts,wf -Tref.); (Ba) Qw,w‘f = mw,w‘f *pr‘wf *(Tw.wf -Tref ) (3b)

Quana = Maapa *dea,ha*(Tdama -Tref.) ; (3c) Qe = Mo o™ (va‘ha-Tsa'@dp')+ (3d)

mwv‘ha*Lvap@dpt+mwv4ha*cpwl* (pot- Tref )

Qda ea = mda ea *dea ea * (Tda ea _ Tref,) (4a) va,ea - mwv‘ea *prv‘ea *(va,ea ) Tsal@dpl )+ (4b)
' ' ' ' Moes * Lo * Mo *CPo * (T - T

wv,ea vap@dpt T,
Qs,dp = ms,dp *Cps,dp *(Ts,dp - Trefv) (4C) Qw‘dp = mw,dp *Cps,dp *(Ts‘dp Tref.) (4d)

dpt
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The difference between the quantity of water in the waste feed and water in the dry product
is termed as water evaporated from the dryer. Mass of dry air is constant at inlet and outlet
shown in Eq. (6a), only mass of water vapour are changing in air stream. Relations of
humidity and dry air at various locations in the dryer are given by Equations (6b, ¢) and (7).

=@ * My (Gb) m =m + Oy * My (6C)

wv,ea wevap.

mda,ha = mda‘ea (Ga) m

wv,ha

The humidity ratio at exhaust is given as:  w,, = (M., + My, )/ M (7

However, the minimum mass flow rate of dry hot air at inlet to drying chamber can be
determined by simplifying mass and energy balance equations as:
(M * Copmen * (T~ Teoto |+ M * (Lot + Mo * Cowt * (T~ T ) + M)
B [*c,,s‘dp(Ts_dp T )+ Mo * Comn (Toto = T )= (Mot = ot (Tart = Tt )= (Mo *Cope (T — T ))] (8)

Maara = 7C (Tout Tt )+ Opa * Conrana Toare — Testagpt )+ Ora *L *ConTa=Ter ). = (Coiaen *(Tiaea = T ))
pdana\lswr = Drer )T @na ™ Cpunnadana = Tsar@apt )+ @ra ™ Luap@dptia TOha ~ Cpui\ L apt = Trer hy = \Cpaaea daea — lref
(0 *Cpre * (T,

dae — Tsa@ant ))_ Wy *(Lvap@dpl )ea — 0, *Cy *(po, — Tt )ea

The proposed methodology for evaluating the mass flow rate of hot air (mna) and humidity
ratio at exhaust air (mes) are summarized in the form of flowchart in Fig. 2. This
methodology is validated by illustrative example 1 [8] for without heat recovery (base case)
taken from literature in following sub-section 2.1.

|

2.1. Hlustrative example 1: Without heat recovery [8]

An illustrative example 1 taken from literature [8] to explain and validate proposed
methodology. Process parameters in Table 1 are reproduced from [8]. Problem is to
determine minimum mass flow rate of drying air keeping moisture removal constant. In this
calculation, the exhaust gas temperature is assumed to be constant.

As hot air inlet temperature increases, the mass flow rate of hot air and total heat supplied
to the dryer reduces resulting in increasing efficiency of drying process as shown in Fig. 3.

Input process data Using Psychrometric chart Difference between
v calculate Tyyca at 0 & Tes [P Ifli‘rénV\ilts Taptea Within
Mass & Energy A
balance eg. (1) & (2) Using Mgana calculate Myyna Yes
4 & me, by €q. (6b) & (7) v

A

Categorising variables

I | Calculate mgaha by €q. (8) for evaporation &

Calculate heat required

I I 7y efficiency
Design variables: T, Process variables: Propert iables:
My ea, mwv,dpv Mha M, mdpv Mea, Crp(tjpng Valél:% Ie%pd
ay WV Wiy )]
v A\ 4
Unknown variables: Known variables: myy, | ) -
Muwv,ea, Mha Map, Tor, Tdm Tea, Tha | Assume pot.ea In €g. (8) No

| ks

»

Fig. 2 Flow chart of spray drying computation.
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Table 1. Process parameters [8].

Parameters Data Parameters Data
Drying air temperature 230 °C Temperature of slurry 20 °C
Slurry feed rate 50 kg/h Reference temperature 20°C
Slurry water content 40 % Relative humidity 70 %
Ambient temperature 30°C Moisture content in dried prod. 3%

Vol. flow rate of drying air 3200 m%h

2100 100
—&—Mha (kg/h)

.-
-
2 1800 + - e Gini (IV/S) I
‘2 1500 —e— Efficiency (%) ; =
LERr=y = -
£ Epl200 60 o
= —
k=) 2900 w BB
bl -=|
2 600 = o
2 20
300 - ==
0 . . v . o 0
200 210 220 230 240 250 260

Temperature of dry air (“C)

Fig. 3 Effect of temperature on mass flow rate of hot air, heat load and efficiency of the dryer.

3. Model of spray dryer with indirect heat recovery

Indirect heat recovery (IHR) is applicable when mixing of exhaust air is not permitated
with feed or direct mixing of exhaust air is not possible. Heat exchager is assumed as
counter flow with suitable minimum approach temperature between exhaust air and inlet
fresh air. The schematic diagram of IHR is shown in Fig. 4. Heat energy is transferred from
hot fluid to cold fluid. Subsequently, temperature of preheated air is raised up to required
by heater. In this case, heat is recovered from entire exhaust air with minimum approach
temperature. The main drawback of IHR is deposition of agglomerates on the surface of the
tubes, which is high mainly when the mass flow rate and moisture content of exhaust air is
higher causing increased operating and maintenance cost of the heat exchanger.

3.1. Methodology for indirect heat recovery

The proposed methodology for determination of total heat supplied by heater and drying
efficiency are summarized in Fig. 5. In this methodology, to determine maximum possible
heat recovery from exhaust air, pinch analysis a well known heat recovery tool is applied
[10]. Property data such as specific heat of water vapour and dry air is taken from property
table, which is used to calculate enthalpy change for water vapours and dry air as:

AH = 0| e *CP s * (T *Lpacet + Muen ¥ CPu * (o = o) 9

AH = Meyaea * dea,ea * (Tda‘ea - Tref) (10)

wv,ea wvea "~ Tsat_) + M yea
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With the help of Illustrative example 1 applicability of proposed methodology given in
Section 3.1 is demonstrate as following section.

ha = 240 °C
Waste feed in Hot air in
C

Heater Preheated
alr Exhaust

Teaout
/ 70°0C

Spray dreyr

Heal exchanger

— WWWANAANNANA

Exhaust air
Tea=186°C
Ta=20°C

Dried product out Fresh air in

Fig. 4 Schematic diagram of indirect heat recovery through heat exchanger.

p
[ Start ] Calculate heat recovery and minimum End
+ hot and cold utility requirement
.
Data extraction for process streams: ( . .
supply temperature, target temperature Construction of hot and cold composite
mass flow rate of streams, & specific | curve
heat of water vapour and dry air. *
-
+ Selection of approach temperature (ATmin)
. then shifting of stream temperatures with
[ Calculate heat capacity flow rate the subtraction and addition of (ATmin/2) in
hot and cold stream respectively.

Fig. 5 Flowchart for indirect heat recovery through pinch analysis.

3.2. lllustrative example 1 revisited: Indirect heat recovery [8]

Input process data is same as given in Section 2.1. As outlet temperature of exhaust gas is
higher than the dew point temperature, only sensible heat will be recovered from exhaust.
Using pinch analysis hot composite curve (HCC) and cold composite curve (CCC) are
plotted [3] as shown Fig. 6. After matching of the HCC and CCC for minimum approach
temperature of 50 °C, the overlapping between the composite curves represents the
maximum heat recovery 27.372 kJ/s between hot exhaust air and incoming fresh air and the
uncovered upper section of the cold composite curve shows external heating requirement of
10.38 kJ/s for the fresh air. It is observed that the indirect heat recovery method could save
energy maximum up to 82 % as compared to literature (for same without heat recovery
configuration) and 41 % as compared to without heat recovery (base case) as shown in
Table 3 for spray dryer with inlet hot air temperature of 240 °C.
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Table 2. lllustrative example 1 revisited for indirect heat recovery.

Actual temp. (°C) Shifted temp. (°C) Mass flow Humidity ratio

Streams T, T T, T, rate (kg/s) (kg/kg dry air)
Exhaust air, dry 186 70 161 45 0.2225 0.037
Water vap.,ea 186 70 161 45 0.00834
Fresh air, dry 20 180 45 205 0.2225 0.019
Water vap.,fa 20 180 45 205 0.00422

Table 3. Comparative results for drying air temperature of 240 °C

Methods —p Indirect heat

SN. P t Without heat Without heat recovery (pinch
N Farameters + recovery (Literature) recovery (Base case) anal};//siz )
1 Heatload (kJ/s) 60 35.29 10.38
2 Mass flow rate of
hot air at inlet (kg/h) 2100 813 813
3 Energy saving (%) -- 41 82
250

o Heat Load = 10.38 kJ/s

- 200 e

g i

£ 150 | r

8_ Hot composite curve

=

ﬁ 100 | B

E 50 4o == . Heat recovery = 27.372 kl/s

%5 o \_---"’:?‘:;I old L'm.upnmile curve i i ] i Al = 5.0“('

0 5 10 15 20 25 30 35 40 45

Heat Load (kI/s)
Fig. 6 Hot and cold composite curve for illustrative example 1 revisited.

4. Conclusions

In the present work, fundamental approach of mass and energy balance equations is
applied to develop the mathematical model of spray dryer. Proposed methodology for
indirect heat recovery of spray dryers is based on pinch analysis. Each process stream
is divided into separate stream for constituents content in, which is helpful to apply
pinch analysis and to consider variation in heat capacities mainly of moisture and dry
air. It is observed that heat recovery could reach up to maximum of 82 % as compared
to literature results for same case. Additonally, this approach helps to reduce the
operating cost of dryers by reducing the flow rate of air and the capital cost by
reducing heat transfer area. Further, compared to base case (without heat recovery), 41
% energy saving is possible with reduction in mass flow rate of hot air.
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5. Nomenclature

m  mass kg/horkg/s T  Temperature °C
Q  Heat load kd/s H  Enthalpy kd/kg
Cp Specific heat kJ/kgk °C L  Latent heat of vaporization kd/kg

CP  Heat capacity flowrate  kJ/K °C

Greek letters

@ Humidity ratio kg water/kg dry air

Subscripts
da dry air in input vap  vaporization
dp dry product min  minimum w water
dpt  dew point temperature out  outlet wf  waste feed
ea exhaust air ref  reference wv  water vapour
evap evaporation S solid
ha hot air sat  saturation
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Abstract

A thermodynamic model employing the UNIFAC (Dortmund) method was
developed to determine the currently unavailable partial vapor pressures of
the binary gas mixture of water and tert-butyl alcohol (TBA) in equilibrium
with their frozen solid mixtures. The results agree satisfactorily with the
experimental data and indicate that TBA has higher vapor pressures which
lead to higher total pressures at the moving interface that could result in
larger total pressure gradients and convective mass transfer rates in the
dried layer during primary drying. But the higher total pressures reduce the
magnitude of the bulk diffusivity of the gas mixture and combined with the
smaller Knudsen diffusivity of TBA could significantly impact the competing
mass transfer mechanisms during freeze drying.

Keywords: Freeze drying; Water and tert-butyl alcohol (TBA); UNIFAC
(Dortmund); Partial vapor pressures; Convective flow and bulk and Knudsen
diffusion
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Thermodynamic expressions for the evaluation of the freeze drying process of pharmaceutical solutions employing
tertiary butyl alcohol as a co-solvent

1. Introduction

The presence of organic solvents as co-solvents with water in pharmaceutical and
biological solutions could reduce the degradation rate of the pharmaceutical/biological
product in water and/or increase its solubility. It has been shown experimentally [1] to
affect the freezing characteristics of the solution during the freezing stage as well as during
the primary and secondary stages of the freeze drying process. In the production of a
number of anti-cancer drugs, the tertiary butyl alcohol (TBA, or 2-methyl-2-propanol)
represents the organic co-solvent in the water solutions with varying concentrations
dependent on the biotechnology method of production and the nature of the anti-cancer
drug. Currently due to strict quality and toxicity standards required by the Food and Drug
Administration (FDA), most of TBA is removed prior to the freeze drying of the drug
solution. In order to ascertain if this is the only or best strategy, it is of paramount
importance to acquire both physical and quantitative knowledge of the unsteady state
variations and their interactions that occur during the freeze drying process in the (i)
temperature and heat transfer rates in the frozen and porous dried layers of the product, (ii)
mass transfer mechanisms and rates in the porous dried layer, (iii) relative residual amounts
of frozen water and TBA in the frozen solid layer which affect the partial pressures of the
vapors of water and TBA at the moving interface separating the frozen and porous dried
layers during the primary drying stage, and (iv) the amounts of sorbed (bound) water and
TBA on the surface of the pores of the dried layer during the primary and secondary drying
stages. Because these data cannot be measured experimentally during the freeze drying
process, it becomes necessary to construct and solve an unsteady-state and multi-
dimensional in space mathematical model of the freeze drying process in order to
determine, evaluate, and analyze the dynamic behavior of items (i) — (iv) for ascertaining
whether or not the presence of TBA in the drug solution could reduce the drying times of
the primary and secondary drying stages of the freeze drying process and, furthermore,
whether the presence and distribution of the residual TBA in the three-dimensional space of
the product being freeze dried could result in the violation of the strict quality and toxicity
standards required by the FDA for the freeze drying of pharmaceuticals.

The mathematical model required to be constructed and solved for the freeze drying process
of frozen solutions of pharmaceuticals involving water and an organic co-solvent like TBA
has now to consider the vapor pressures and mass transfer rates of a ternary gas mixture
(inert gas, water, and TBA) in the porous dried layer of the product, which is more complex
than the models [2-6] for a binary mixture (inert gas and water) system. The off-diagonal
terms of the diffusivity tensor for the three species will require careful examination of the
relative concentrations of water and TBA vapors in the pore structure of the dried layer at
different temperatures, in order to ascertain whether or not these off-diagonal terms and
their effects on the heat and mass transfer processes need to be included in the structure of
the mathematical model. The construction and solution of this new class of freeze drying
models and the achievement of its aforementioned purposes require the following two
pieces of fundamental physical information: (a) the thermodynamic model whose
expressions provide the partial pressures of water and TBA vapors in equilibrium with the
binary frozen mixtures of water and TBA as a function of temperature and of the mole
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fractions of water and TBA in the frozen solid phase, and this necessary information also
provides the important partial pressures of the vapors of water and TBA at the moving
interface separating the frozen and dried layers of the product being freeze dried during the
primary drying stage of the freeze drying process, and (b) the equilibrium
adsorption/desorption isotherms of the sorbed (bound) binary mixtures of water and TBA
on the surface of the pores of the dried layer which provide the concentrations of water and
TBA in the binary sorbed (bound) mixture as a function of the temperature and of the
partial vapor pressures of water and TBA in the gas phase in the pores of the dried layer,
and this provides in the mathematical model the quantitative expressions needed to
represent binary competitive adsorption/desorption through which the residual amounts of
sorbed water and TBA as well as their distributions in the three-dimensional space of the
dried layer of the product at any given time and especially at the end of the secondary
drying of the freeze drying process could be calculated, so that we can determine whether
the strict quality and toxicity criteria of the FDA are properly satisfied.

In this work the UNIFAC method coupled with the Dortmund parameter values for the
subgroups of the binary mixture comprised of the species of water and TBA is employed
and a thermodynamic equilibrium model is constructed. This model can provide the partial
pressures of the vapors of water and TBA in equilibrium with the frozen solid phase of the
binary mixture of frozen water and TBA, as a function of the temperature and of the mole
fractions of water and TBA in the binary mixture of the frozen solid phase. The results
obtained from the thermodynamic equilibrium model constructed and solved in this work
are compared with the experimental results of Kasraian and DeLuca [7] and the agreement
between the theoretical and the experimental results is found to be good. Therefore, this
work considered the necessary and very important research problem stated in item (a)
above and provides a satisfactory solution to this important research problem.

2. Thermodynamic Models and Methods

The thermodynamic equilibrium of a species between its pure liquid phase and its frozen
mixture can be represented by

fus sI*
In(xiyi)z%(l—%j—%{l—%ﬂn(%ﬂ : 1)

tri
where x; and » are the mole fraction and activity coefficient of species i, respectively, and
I* represents its subcooled liquid state at a temperature below its triple point (Twi). Equation
(1) has also been used as a means to predict solid-liquid equilibrium for mixture systems.
For the binary frozen mixture of water and TBA, its experimental solid-liquid equilibrium
phase diagram as demonstrated by Kasraian and DelLuca [7] is quite complex and has two
eutectic points. The water-rich region forming pure solid ice and the TBA-rich region
forming pure solid TBA were first read from the phase diagram [7] to estimate y based on
Eq. (1) and compared with those estimated by the modified UNIFAC (Dortmund) group
contribution method [8]. For this purpose, the needed triple point and molar heat of fusion
at Tui (AHwi) are 273.16 K and 6004 J/mol for water and 298.96 K and 6700 J/mol for TBA
(National Institute of Standards and Technology, NIST WebBook), respectively. Within the
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temperature ranges, the heat capacity difference, Ac;‘* =C,': —C;, for water is correlated

into (_234.784
T -229.760

on C; =C,, =2125.37 J/mol-K (NIST WebBook) and C: interpolated from the reported

experimental data [9]. The activity coefficients are shown in Fig. 1 where the levels of
agreement could be considered practically satisfactory, especially for the water-rich region,
when there is a lack of both experimental data and an alternative theoretical approach.

+69'924J_(0'1051T +8.323) J/mol-K, T in K, while for TBA it is based

Despite their importance to the freeze drying operation as well as to the intended
mathematical modeling, the partial pressures of the water and TBA vapors above their
frozen binary mixtures appear not to have been measured experimentally or reported in the
literature. Instead, only the total pressures of the eutectic mixtures at 90 wt% TBA (Xtga =
0.6863) have been measured and correlated [10]. In order to further verify the practical
usefulness of the thermodynamic methods and models employed and presented in this
work, the UNIFAC (Dortmund) method was applied in the following approach to estimate
the total eutectic pressures,

Pot = P + Prea = 7w Xw Pvl\; + V1A (1_ XW) P‘I!;A ' (2a)

B! (Pa)=612exp| - 2202411 Tk . (2b)
R \T 273.16

Prea(Pa) = eXp[—@+ 27.925} , TinK . (2¢)

It is clear from the results presented in Fig. 2 that the thermodynamic approach presented
here is able to produce the eutectic pressures satisfactorily within the ranges measured by
experiments. The approach presented here could thus be considered a useful and reasonable
one, especially in the absence of experimental thermodynamic data as currently is the case,
for estimating the partial pressures of water and TBA vapors at other compositions in
equilibrium with their binary frozen solid mixtures.

2.0 8
—~ 8]
= ]
- e
g 1549 Yo EXP. 2 i
o
S 2 |
;q:) ® v,y Dortmund @D g 2
8 1.0 —feee eoees | o
*5 O Yrga Exp. g 100 ic liquid
= ™ D d © 81 — Eutectic liqui
£ 054 Trealomund | > 1 Eutectic solid
: £ ,] e UNIFAC (Dortmund) )
[ [ ]
0.0+ T T T | | T T T T | T .
0 20 40 60 80 100 38 39 40 41 42 43x10°
TBA concentration (% w/w) UT(K)
Fig. 1 Activity coefficient as a function of Fig. 2 Total pressure of eutectic mixtures at
the TBA concentration xt8A = 0.6863
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The partial pressures of water and TBA vapors resulting from the approach presented here
at different temperatures and water mole fractions in the binary frozen solid phase are
plotted in Fig. 3, while the total pressure resulting from adding the two partial pressures
together is plotted in Fig. 4. It should be noted that the highest temperature selected to be
considered here is -8.3 °C because this is the lower eutectic temperature below which the
binary mixtures are frozen solids over the entire compositional range [7,10]. To incorporate
the results of the partial vapor pressures into a future mathematical modeling study of the
freeze drying process, well-correlated analytical expressions are much more desirable. For
this purpose, only the activity coefficients, as indicated by Egs. (2a)-(2c), need to be
correlated. The functional form of the Non-Random Two-Liquid (NRTL) activity model
was found to provide excellent correlations for the partial pressures with the following
temperature-dependent parameters where R is the ideal gas constant and T is in K,

2
In Yw = In [P_WJ = x%BA h[ GZl J + Glzblz [RT 5 ) (361)
X RT \ Xy + X;54Gs1 (Xrga +XwGr)
2
In }/TBA _ In[ PTBA ]: st h{ G12 j + G21b21 / RT . , (3b)
1-Xy RT { Xrga +XuGy, (Xw +XrpaGyy )

G, - exp(_a hj o =1.628—0.00992T +1.860x10°T2
ET + {b,, (/mol-K) = ~11874.652+101.182T —0.120T> - (3¢)
21

G,y =exp (—a ﬁj by, (J/mol-K ) = ~7429.529 + 58.534T —0.108T 2

It is worth noting here that, as pure species or as components with the same mole fractions
in the frozen solid mixtures, water has noticeably lower sublimation partial pressures (see
Fig. 3) than those of TBA vapor and the resulting total pressure in the porous dried layer of

700 -8.3°C: — Water ; TBA 700
-10°C: — Water ; TBA
-15°C: — Water ; TBA
600+ -20°C: — Water ; TBA [
-25°C: — Water ; TBA
500+ -30°C: — Water ; TBA
-35°C: Water ; TBA
4004 - -40°C: — Water ; TBA |

TBA partial pressure P, (Pa)
Water partial pressure P, (Pa)
Total vapor pressure P, (Pa)

e—/— 0 ——
00 02 04 06 08 1.0 00 02 04 06 08 10
Water mole fraction (x,,) Water mole fraction (x,,)
Fig. 3 Partial vapor pressure as a function of Fig. 4 Total vapor pressure as a function of
temperature and water mole fraction in the temperature and water mole fraction in the
binary frozen solid mixture binary frozen solid mixture
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the product being freeze dried is significantly higher than in the case where water was the
only solvent and, thus, the resulting total pressure gradient between the moving interface
and the drying chamber pressure could be larger and provide an increase in the total
convective mass transfer rate of the water and TBA gas mixture due to the presence of
TBA. Therefore, TBA could sublime faster during primary drying and facilitate the mass
transfer of water vapor from the frozen product and possibly reduce the primary drying
time. But there are additionally two diffusion mass transfer mechanisms occurring
simultaneously with convective mass transfer in the porous dried layer of the product,
namely Knudsen and bulk diffusion. The Knudsen diffusivity is independent of total
pressure, but it has dependencies on temperature and molecular mass. Taking a
representative pore radius of 1000 A, the Knudsen diffusivities [11] of water and TBA
vapors in the porous dried layer were calculated and plotted in Fig. 5. As expected, water
being lighter than TBA by a factor of approximately 4, has a Knudsen diffivisity about two
times larger than that of TBA. The binary bulk diffusivity [11] is affected by both
temperature and total pressure, which are both varying during freeze drying. Given the low
total pressure condition (see Fig. 4) and considering the effective collision diameters of
water and TBA being 2.64 A [12] and 5.40 A [13], respectively, the binary bulk
diffusivities were calculated [11] and are represented by solid curves in Fig. 6 where the
total vapor pressures are also included (dashed curves) for reference. Even the lowest bulk
diffusivity in the range occurng at -8.3 °C and Xtea ~ 0.85 is still 50-100 times greater than
the Knudsen diffusivities of water and TBA vapors.

Enthalpically, water and TBA have very similar heats of sublimation, both around 51
kJ/mol [10,14], so their frozen binary mixtures also require a similar heat of sublimation
[10]. This fact likely reduces the number of variables to control when devising an optimal
heating strategy for the freeze drying process. In this respect, the system temperature cannot
exceed -8.3 °C as it is the lowest melting temperature of the frozen water-TBA mixtures
over the entire compositional range, which is also an eutectic point [7] occurring at 17.8 wt%

=] — i L —
A Ef'_ @ 700 3
NQ é . I‘: — 600 8
3 ”_‘./.———0—""""’4’—. < o
> = ‘- 500 o
= = 4 =
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g 2 g e ] %
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= =
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-40 -35 -30 -25 -20 -15 -10 00 02 04 06 08 10
T (°C) Water mole fraction (x,,)
Fig. 5 Knudsen diffusivity of water and Fig. 6 Binary bulk diffusivity and total vapor
TBA as a function of temperature pressure as a function of temperature and water

mole fraction in the binary frozen solid mixture
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TBA (xtea = 0.05). Similar heats of sublimation also attest, from the viewpoint of the
Clausius—Clapeyron equation, the constantly higher pressures of TBA vapor over those of
water vapor, and hence faster removal of TBA than water could occur during the primary
drying stage of the freeze drying process. But the above data still point to water being a
major process controlling species with respect to system constraints that have to be satisfied
in the freeze drying process of pharmaceutical water solutions with TBA as a co-solvent.

3. Conclusions

Due to the limitations of current experimental techniques, a new class of physicochemical
mathematical models is needed in order to enable rational physical and quantitative
evaluation of the freeze drying process of pharmaceutical water solutions involing tertiary
butyl alcohol (TBA) as a co-solvent. The construction and solution of such models require
knowledge of the vapor pressures of water and TBA in equilibrium with their binary frozen
solid mixtures, but these pressure data were not available to date. A thermodynamic
approach based on the UNIFAC method coupled with the Dortmund parameters was
developed to provide the needed pressure data as a function of temperature and of the mole
fraction of the binary frozen solid mixture of water and TBA. The results have further been
correlated into analytical expressions using a NRTL type model function. The results
indicate the TBA vapor pressues to be constantly higher than those of water vapor and this
leads to higher total pressure gradients in the porous dried layer of the product that could
increase the convective mass transfer rates and support the experimental observation that
TBA is removed relatively faster than water during the primary drying stage. When the
bulk and Knudsen diffusion coefficients were evaluated under the temperatures and total
vapor pressures that could be encountered in freeze drying, the former was found to be at
least 50-100 times higher in magnitude than the latter. But the higher in magnitude total
pressures of the binary gas mixtures of water and TBA which are due to the significantly
larger vapor pressures of TBA, reduce the magnitude of the bulk diffusion coefficient.
Furthermore, the Knudsen diffusion coefficient of TBA vapor is significantly smaller than
that of water vapor. These effects on the magnitudes of the diffusivities could affect the
mass transfer rates due to bulk and Knudsen diffusion during the primary and secondary
drying stages. To ascertain the relative importance of the competing mass transport
mechanisms of convection and bulk and Knudsen diffusion on the drying rates, one has to
construct and solve an unsteady-state and spatially multi-dimensional freeze drying model
that accounts for the effects of TBA presented here, while the thermodynamic expressions
developed and presented in this work are a necessary component of the mathematical
physics structure of such a model.

4. References

[1] Rey, M.; May, J.C. Freeze Drying/Lyophilization of Pharmaceutical and Biological
Products; Marcel Dekker: New York, 2004.

[2] Millman, M.J.; Liapis, A.l.; Marchello. J.M. An analysis of the lyophilization process
using a sorption — sublimation model and various operational policies. AIChE Journal
1985, 31 (10), 1594-1604.

[3] Sadikoglu, H.; Liapis, A.l. Mathematical modelling of the primary and secondary

215" INTERNATIONAL DRYING SYMPOSIUM @@@@
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

153


http://creativecommons.org/licenses/by-nc-nd/4.0/

Thermodynamic expressions for the evaluation of the freeze drying process of pharmaceutical solutions employing
tertiary butyl alcohol as a co-solvent

[4]

[5]

6]

[7]

(8]

[9]

drying stages of bulk solution freeze drying in trays: Parameter estimation and model
discrimination by comparison of theoretical results with experimental data. Drying
Technology 1997 (3-4), 15, 791-810.

Liapis, A.l.; Bruttini, R. Exergy analysis of the freeze drying of pharmaceuticals in
vials and trays. International Journal of Heat and Mass Transfer 2008, 51, 3854-3868.

Liapis, A.l.; Bruttini, R. A mathematical model for the spray freeze drying process:
The drying of frozen particles in trays and in vials on trays. International Journal of
Heat and Mass Transfer 2009, 52, 100-111.

Bruttini, R; Liapis, A.l. The drying rates of spray freeze drying systems increase
through the use of stratified packed bed structures. International Journal of Heat and
Mass Transfer 2015, 90, 515-522.

Kasraian, K.; DelLuca, P.P. Thermal analysis of the teriary butyl alcohol-water system
and its implications on freeze drying. Pharmaceutical Research 1995, 12 (4), 484-490.

Gmehling, J.; Li, J.; Schiller, M. A modified UNIFAC model. 2. Present parameter
matrix and results for different thermodynamic properties. Industrial & Engineering
Chemistry Research 1993, 32 (1), 178-193.

Oettin, F.L. The heat capacity and entropy of 2-methyl-2-propanol from 15 to 330 K.
Journal of Physical Chemistry 1963, 67 (12), 2757-2761.

[10] Bogdani, E.; Daoussi, R.; Vessot, S.; Jose, J.; Andrieu, J. Implementation and

validation of the thermogravimetric method for the determination of equilibrium
vapour pressure values and sublimation enthalpies of frozen organic formulations used
in drug freeze—drying processes. Chemical Engineering Research and Design, 2011,
89 (12), 2606-2612.

[11] Geankoplis, C.H. Transport Processes and Separation Process Principles; Prentice

Hall: Upper Saddle River, New Jersey, 2003.

[12] Hirschfelder, J.O.; Curtiss, C.F.; Bird, R.B. Molecular Theory of Gases and Liquids;

Wiley: New York, 1954.

[13] Westgate, P.J.; Ladisch, M.R. Sorption of organics and water on starch. Industrial &

Engineering Chemistry Research 1993, 32 (8), 1676-1680.

[14] Murphy, D.M.; Koop, T. Review of the vapour pressures of ice and supercooled water

for atmospheric applications, Quarterly Journal of the Royal Meteorological Society

2005, 131 (608), 1539-1565.

@@@@ 215" INTERNATIONAL DRYING SYMPOSIUM
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

154


http://creativecommons.org/licenses/by-nc-nd/4.0/

21st International Drying Symposium 1DS’2018 — 21st International Drying Symposium
I DS! 2 o 1 8 Valéncia, Spain, 11-14 September 2018
DOI: http://dx.doi.org/10.4995/ids2018.2018.7536

Implementation of P-Controller in Computational Fluid Dynamics
(CFD) Simulation of a Pilot Scale Outlet Temperature
Controlled Spray Dryer

Afshar, S.&°; Jubaer, H.2; Metzger, L.?; Patel, H.¢; Selomulya, C.?; Woo, M.W. 2

aDepartment of Chemical Engineering, Monash University, Clayton Campus, Victoria 3800, Australia
bDepartment of Dairy Science, South Dakota State University, Brookings, SD 57007, USA

°Dairy Foods Research and Development, Land O’Lakes Inc, USA

*E-mail of the corresponding author: sepideh.afshar@monash.edu

Abstract

Most of the CFD simulations of spray dryers reported in the literature utilizes
a fixed air inlet temperature numerical framework. In this paper, a numerical
framework was introduced to model spray drying as an outlet air temperature
controlled process. A P-controller numerical framework was introduced
which allows the inlet temperature to be automatically adjusted based on the
required outlet temperature set point. This numerical framework was
evaluated with a simulation of a two-stage pilot scale spray drying system at
the Davis Dairy Plant (South Dakota State University) which is used for
commercial contract spray drying operation.
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1. Introduction

Spray drying is a popular unit operation in drying industry in which dry powder can be
produced by removing moisture from a liquid material using a hot gas. This is a preferred
method where heat sensitive material are used in food and dairy industries. The spray drying
involves multiphase flow with heat, mass and momentum transfer between drying gas flow
and the discrete phase. Therefore, controlling and designing spray dryers is time-consuming
and complicated task particularly where the intent is large-scale production volume [1].

The use of CFD simulations for the design and analysis of spray dryers have been widely
reported in the literature [2-5]. A survey of the simulation reported so far revealed that all the
simulations employed a fixed inlet conditions (temperature) from which the outlet conditions
(temperature) will be predicted. In actual commercial operations, the spray dryer is mainly
outlet temperature controlled where the inlet temperature is adjusted (by the control system
or sometimes manually), accounting for the evaporation within the chamber, to meet the
desired outlet temperature. Such backward computation of the inlet temperature is not trivial
in a CFD simulation. Therefore, there is a need for the development of a numerical
framework to capture the outlet controlled operation of spray dryers.

In this work, to address this gap in knowledge, a numerical P-Controller was developed for
implementation in a CFD simulation of a spray drying system. An industrial scale two-stage
spray drying system at Davis Dairy Plant located at South Dakota State University (SDSU)
with an external vibrating fluidized bed was modelled where the operation was outlet
temperature controlled. In the operation of the SDSU dryer, spraying micellar casein
concentrate, the desired temperature of side outlet was set at 82.2°C. Numerical challenges
in the development of the P-Controller framework will be further discussed in this paper.

2. Description of the SDSU spray dryer system

Fig. 1 shows the dimensions of the spray drying unit modelled in this paper. The bottom
outlet from the chamber leads to the external vibrating fluidized bed as the second stage
dryer. The actual mass flow rate of the drying air entering the chamber was not measured or
monitored as part of the control system. From the manufacturer’s blower performance curve
and the measured average pressure at the chamber inlet, the air mass flow rate was determined
to be 1.1 kg/s.

The combined operation of the inlet air blower and the main outlet suction blower was used
to maintain a negative pressure of approximately 677 Pa (gauge) within the chamber. This
negative pressure was measured at approximately the middle elevation of the top conical
region of the drying chamber. The bottom outlet pressure was unknown. Simulation of
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airflow and particles trajectories ratios between two outlets revealed that the -250 Pa pressure
would be a reliable prediction for the bottom outlet [6].

In the startup of the spray dryer, the dryer is firstly heated up with the inlet hot air without
spray. At this stage, the automatic system will be manually overridden and a higher
temperature, typically at around 161.1-214.4°C to achieve an outlet temperature of 82.2°C,
will be used depending on the intended spray rate. Once the dryer reaches the desired outlet
temperature, feed spray will be initiated and the automated inlet temperature control will be
activated. By intuition, evaporation would have provided cooling to the hot air stream and
this would have led to the need for a higher temperature to compensate in maintaining the
outlet air temperature. The automatic control system will then increase the inlet air
temperature to maintain the outlet temperature at the set point.

3. Modelling approach

The 3D simulations (Fig. 1) of spray dryer with a mesh size of 275764 elements were
undertaken using ANSY'S Fluent VV17.1. [7]. The details of mesh dependency is described in
[6]. Boundary condition for air inlet was mass flow inlet that was entered according to the
manufacturer’s blower air flow specifications (mass flow rate=1.1 kg/s). The walls of the
chamber were specified as non-slip insulated wall boundaries. The side outlet (-677 Pa) and
the bottom outlet (-250 Pa) were specified as pressure outlets. This approach allowed
numerical capturing of the negative pressure within the drying chamber. The pseudo tracer
analysis and how to predict the bottom outlet pressure is explained in [6]. Convergence
criteria was 1x1073 for all scaled residuals.

Transient simulations were undertaken. The Reynolds-time averaged Navier—Stokes
conservation equations were used to describe the airflow field. The turbulence in the air was
modelled using the standard k- model. It has been demonstrated that k—e model performs
much better in transient simulations than steady-state simulations particularly in spray drying
systems [8]. For pressure—velocity coupling, the coupled algorithm was used. The transport,
turbulence and species equations were discretized using a second-order upwind scheme.
Pressure equation was discretized using the PRESTO scheme. A time step size of 0.05s with
10 iterations per time step was sufficient to capture the transient self-sustained central jet
flapping behavior of the flow field. This time step size was also adopted by past reports
simulating industrial scale spray dryers with inlet air flow of the same magnitude in velocity
[9,10]. Particle injection time step sizes were set 0.05s. The *“escaping wall” boundary
condition was employed at the dryer walls, which assumes that all the particles deposit at the
wall upon collision with the wall.
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Fig. 1 Dimensions of spray drying chamber

3.1. Equations

Continuity equation is described in Equation (1):

a(aqpq) +V. (aqpq q) -0 (1)
where q is either gas or solid.
Gas phase-momentum is described in Equation (2):

( PV Y. (agpy ¥y D)= V. T, — ayVP + ayp g+ (¥ — ¥y) 2)
Droplet trajectorles were captured by the Lagrangian framework. This formulation
(Equations (3) to (5)) tracks each discrete droplet individually within the air flow by
integrating the motion equations governed by Newton’s second law and including the
influence of the relevant drag force interaction with the air.

%_ 18u Re (g vs)+g(%) (3)
Cp = E [1 + 0.15(Re)°-687] 4)
where

re = Pt (% — %) ©)
The heat trgrﬂsfer model is explained in Equation (6):

drT. drT, 6
" d; =hA(T, - T,) - V. Hwapmsd—ts (6)

The heat transfer coefficient was calculated using Ranz-Marshall equation:

Nu = 2+ 0.6Re®5pro33 @)
The distribution of droplet diameters in the spray is assumed to obey the Rosin—-Rammler
distribution function [11]. The Rosin-Rammler model is given by Equations 8-9:
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where Y is retained mass fraction of particle, d is the particle diameter, d is the mean
particle diameter and is 394x107um, n is the size distribution parameter and is 2.4. The
corresponding maximum and minimum droplet size are taken as 200x10-%um and 672x

108um. User-defined functions (UDFs) in Fluent were developed to describe the shrinkage

behavior of particles and Reaction Engineering Approach (REA) models. The particle
mixture density was modified using linear shrinkage model [12, 13] (see Equation 10):

diozb+(1+b)xio (10)

where d,, is the initial diameter of the particle/droplet, X, is the particle/droplet initial
moisture (kg kg?) on dry basis, and for MCC particles, b is 0.59 [14]. The Reaction
Engineering Approach (REA) [15] model for 20 wt% solid content MCC is presented in

Equation (11):

AE,
T = 0012(X = X0)° — 0.142(X — X,)° + 0.6142(X — X.)* — 1.2944(X — X.)* + 1483((X — X,)? ~ L0771(X — X,) + 1.0023 (11)
ve

This equation was determined from single droplet measurements in SDSU. The equilibrium
moisture content (X,) for MCC was calculated using Guggenheim-Anderson-de Boer (GAB)
model. The constants were taken from [16], and described in Equation 12:

_ (0.564 x RH) (12)
¢ 1+46.01RH —5RH?

4. Results and Discussion

4.1. Development of the P-Controller numerical scheme

As mentioned in Section 2, the essence of the P-Controller is the continuous adjustment of
the inlet temperature based on the outlet temperature relative to the desired outlet temperature
set point. In this study, the desired outlet temperature was 82.2°C. In the Fluent framework,
the UDF is implemented (hooked) to provide input to the air inlet temperature. The first key
aspect of the numerical implementation is that there is a proportional gain parameter
embedded into the code which subsequently translates to the step adjustment to the inlet
temperature. From trial and error, there was a need to implement an arbitrary maximum
possible change to the inlet temperature to ensure stable numerical computation. This limiter
to certain extent will be affect by how the simulation is initialized prior to the activation of
the P-controller (in case the initial outlet temperature difference relative to the set point is
large). The second key aspect to the
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numerical implementation is that a response time of the controller was embedded into the
framework.

A ‘counter’ approach was used in the current code corresponding to the enforced number of
flow field iterations per time step in the simulation. Both parameters, proportional gain (and
the arbitrary limiter) and the response time will affect the simulation time required to achieve
a stable air flow outlet temperature. In this work, only the response time was evaluated while
keeping the proportional gain parameter constant.

4.2. Evaluation on the effect of different controller response time

Preliminary transient simulations with a fix inlet temperature (without P-controller) showed
that characteristic response time of the simulation was approximately 10 seconds. In other
words, it takes 10 seconds until the outlet temperature reaches 82.2°C. Therefore the number
of time steps to receive a feedback from P-Controller, between the initial inlet temperature
and the calculated outlet temperature was 200, as each time step size was set 0.05 second.
The time-step response of 10 seconds was taken as the base study, and the 25s and 35s time-
step responses were also investigated. For the brevity, the 25s time-step results were not
presented here. Fig. 3 (a-d) shows the inlet and side outlet temperature profiles where time
responses are 10s and 35s respectively.
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Fig. 3 Temperature profiles (a) inlet temperature: 10s time-step response (b) side-outlet
temperature: 10s time-step response (c) inlet temperature: 35s time-step response (d) side outlet
temperature: 35s time-step response

As can be seen from Fig. 3(a,b), the temperature profiles kept fluctuating where the time-step
response is 10s and the final inlet tempeture is not predictable. However, at 35s time-step
responses (Fig.3(c,d)) the temperature profiles were stabilized after approximately
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750seconds. The temperature profiles were stabilized after 970 seconds where time-step
responses were 25s (For the brevity the figures are not shown here). The measured
experimental inlet temperature was 447K, and the predicted CFD inlet temperature was 463K

(Fig. 3(c)). The corresponding error is 3.5%, and it could be due to the uncertainties in other
parameters of the simulation such as the atomization parameters or the estimation of the
bottom outlet pressure. Nevertheless, this is the first reported attempt in the implementation
of the P-Controller for a CFD simulation of spray dryers.

3. Conclusions

CFD simulations of two-stage spray dryer were performed where the inlet temperature was
estimated using a P-Controller. The crucial step to estimate the inlet temperature was to
predict the proper time-step responses between the inlet and the side-outlet. Comparison of
three different time-step responses showed that the longer the time-step responses are the
shorter the time required to achieve stabilized temperature profiles. It was found that the
time-step response of 35s is adequate to achieve the stabilized temperature profiles. It was
proved that the presented P-Controller approach was reasonably able to predict the inlet
temperature, however the corresponding error can be due to the uncertainties in obtaining
operating parameters from the semi-commercial plant. Future applications of this approach,
for faster computation, may require an initial overall black-box mass and energy balance to
provide the initial inputs to the dryer from which the P-Controller can then be used for further
refinement to the CFD analysis.

Nomenclature P pressure, [Pa]

A Area, [m?] Re Reynolds number, [-]
b constant value in Eq. 10 RH relative humidity

Cp drag coefficient, [-] t time, [s]

Cy specific heat capacity, [J.kg.K] T  Temperature, [K]

d diameter, [m] v velocity, [ms?]

d mean diameter, [m] Greek symbols

AE,  apparent activation energy, [J.mol] a  volume fraction, [-]
g acceleration due to gravity, 9.81[ms?] p  dynamic viscosity, [Pas]
h heat transfer coefficient, [Wm?K-1] p  density, [kgm]
Heyqp Heat of evaporation [0.kg!] T stress tensor, [Pa]

m mass, [kg] Subscripts

Nu Nusselt number, [-] e equilibrium

Pr Prandtl number [-] g  gasphase

s particle phase
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Abstract

A new Process Analytical Technology (PAT) has been developed and tested for
on-line process monitoring of a vacuum freeze-drying process. The sensor uses
an infrared camera to obtain thermal images of the ongoing process and
multivariate image analysis (MIA) to extract the information after automatic
detection and segmentation of the region corresponding to the product in every
vial. A reference model was built, using the information of six batches, and
different kind of anomalous events, involving either single vials in the batch or
the whole batch, were simulated to test the capacity of the MIA-based
monitoring system to promptly identify them.

Keywords: freeze-drying; process monitoring; infrared image; multivariate
image analysis.
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1. Introduction

Vacuum freeze drying (VFD) is a highly attractive process for the water removal in thermal
sensitive products, mainly pharmaceutical ones, since water is removed at low temperature
by sublimation. Monitoring of critical quality attributes of the product, e.g. its temperature,
is required to guarantee that the desired characteristics are obtained in the final product.
Besides, it is required that the monitoring system does not interfere with product dynamics.

In the past, many approaches to this problem, based on the measurement of product
temperature, sublimation rate, heat flux to the product, among the others, were proposed and
tested [1], in particular at lab-scale. The measurement of the temperature of the product,
possibly in a well-defined position (e.g. the bottom of the vial), was studied in detail and
successfully applied for process monitoring and control [2]. The main drawback, up to this
moment, of this approach is that the temperature measurement has to be performed using a
thermocouple stuck into the product and this does not guarantee neither the sterility
requirements nor that the sensor is not interfering with the ongoing process.

In this work we used an infrared camera, instead of a thermocouple, for temperature
measurement. Differently from the system proposed in the literature, we placed the camera
inside the chamber, thus being able to monitor the vials in several positions, and not only on
the top shelf of the freeze-dryer [3], thus extending the monitoring capacity of the system.
Unfortunately, thermal images include a lot of useless (i.e. everything that is outside the vial)
information and also the one directly related with the process is highly noisy, redundant and
correlated. The first problem is a matter of gray-scale image segmentation, and traditional
image analysis, as well as computer vision, supply a lot of tools for working out this kind of
matters; the second is a frequent problem when dealing with real industrial data, and latent
based multivariate statistical techniques can easily deal with this kind of problems.

The idea underlying the development of a latent variable multivariate monitoring system is
that only a few underlying events are driving the process, and all the measurements we obtain
are just a different sight on this underlying driving force. Multivariate statistical methods
allow us to obtain a model of the process by projecting the information into a low dimensional
space defined by latent variables and, in this reduced space, we can build control charts able
to detect any deviation from the normal operating conditions [4]. Principal component
analysis (PCA) has been widely studied and applied for this purpose being also able to
successfully deal with the highly auto-correlated and cross-correlated data typical of batch
processes [5] such as VFD intrinsically is. Multivariate control charts for batch process
monitoring have been proposed by Nomikos and MacGregor [6].
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2. Materials and Methods
2.1. Experimental

Drying experiments were carried out using a lab scale equipment LyoBeta 25™ freeze-dryer
(Telstar, Spain). In all tests ten vials (1SO 8362-1 8R) were placed at 30 cm from the camera,
and a new image was acquired every five minutes. Each vial in the batches has been assigned
with a number referring to the position in the shelf as Figure 1 shows.

The normal operating conditions (NOC) set was obtained processing a solution of 10% b.w.
sucrose (Sigma Aldrich, 99.5%), 5 ml per vial, at -20°C and 20 Pa. Six batches were
processed in the same operating conditions, thus obtaining 60 observations, corresponding to
the 10 vials monitored in the 6 tests. The detection ability of the system was evaluated in four
additional batches (i.e. observations from 61 to 100). In batch 7, after 5 hours of drying,
chamber pressure was raised to 50 Pa; in batch 8 the shelf temperature was set to -10°C while
in batch 10 a solution 5% b.w. of sucrose was used. Batch 9 aimed to prove the ability of the
model to detect faults affecting the single vials and, while shelf temperature and chamber
pressure were set to the NOC values, only four vials (corresponding to observations 81, 88,
89 and 90) were filled with the 10% solution. A piece of glass was inserted into two vials,
one was filled with pure water, one with the same 5% b.w. solution used for batch 10 and the
remaining two with respectively 2.5 and 7.5 ml of solution.

Due to the vibrations of the equipment, during batch three, vial 7 felt down and was
considered as a fault, while the remaining nine vials were considered successfully dried.

2.2. Image segmentation and data acquisition

The thermal images are 256x320 pixels. The camera is equipped with a 63°x50° lens which
leads to a slight optical distortion, known as barrel effect. This second order deviation from
the ideal rectilinear projection can be compensated remapping the pixels according to the
following equation:

Tnew = Tota +f° rozld 1)

where r is the distance from the center of the image of a generical pixel and f a correction
factor (negative in this kind of optical aberration) depending on the distance between the
camera and the object [7]. In all our tests the same distance was used this factor is
approximately constant and equal to -1.5.

After optical correction, the Hough transform [8] was used to detect the position of the vials
in the images, as shown in Figure 1. Being known the diameter of the vials bottom and the
length of the line detected by the Hough transform we were able to infer the width of a single
pixel and thus, as we know also the height of the vial, the height of the mask.
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The whole portion of the image corresponding to the product into every vial was segmented
and, to study the evolution over time of the temperature distribution, mean, standard deviation
(std), skewness and kurtosis of the temperature in this region were measured. The results
were collected into a three-dimensional data structure X (I x J x K) where | is the number of
observation, being each vial intended as a single observation, J is the number of variables
measured, and K is the number of time instants.

2.3. Batch process monitoring

The data structure was batch-wise unfolded obtaining a matrix X(I1xJK) [5]. After mean
centering and scaling X, a PCA model with A principal component was built using the
available observations, obtained in batch 1 to 6.

X=T-P'+E )

where T is the IxA score matrix, P is the AxJK loading matrix and E is the IxJK residual
matrix. The number of principal components that maximizes the classification skills of the
model was determined as that who maximizes the following function:

fa=Q-a)-1-p) ®)
where a is the overall type | error rate (i.e. false positive rate) and g is the overall type 11 error
rate (i.e. false negative rate). Once the latent variable sub-space is known, unusual behaviors
can be detected using two multivariate control charts: Hotelling T2 (T?) and the squared
prediction error (SPE) defined by equations 4 and 5 for each observation:

TZ — A ﬁ
a:lAa

) SPE = %1, e? ©)

c=1

where t, is the a-th score and e is the error obtained after predicting the measurement of
variable ¢ for a certain observation. Upper control limits (UCL) for these charts were
computed both empirically, that is taking the percentile of the actual values measured for the
same NOC observations, and using their theoretical statistical distributions [6]. Once the
number of principal components has been fixed, the possible outliers that would contribute
to raise the control limits have been detected and purged. Due to the reduced number of
batches available, a one-batch-out cross-validation approach was used: each batch is in turn
removed from the NOC data set used to build the PCA, all the observations are projected,
and those observations that prove to be outliers are removed.

The main issue when dealing with on-line multivariate SPC is the imputation of the missing
information [6], a good approach being regression on the available NOC data used to build
the PCA model [9]. In this work the Trimmed Score Regression (TSR) method has been used
[10]. In on-line monitoring the SPE is computed only on the information measured at instant
k, and for this reason is called instant SPE (SPEI):
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SPEI, = ¥X/ e? (6)

c=1+(k-1)J

Nomikos and MacGregor proposed to use the errors on a moving window of five instant
measurements to compute the UCL limits for this statistic [6]. The percentage of time instants
that SPEI overtake the UCL in in-control batches, also called Overall type | (OTI) risk, should
be lower than the imposed significance level (ISL = 0.5%) and for this reason the UCL have
been manually tuned [11]. Nf is the number of instantaneous faults for the overall trial set.

OTI = 100 - %% @

3. Results

Figure 2 reports an example of the 10 trajectories, one for each vial, described by the four
variables measured during the drying process in one of the reference batch. Average
temperature shows an asymptotic behavior up to the thermal equilibrium. The standard
deviation (std), after a sudden decrease, grows up until a maximum is reached at almost 9 h;
then, it slowly decreases again until reaching an almost constant value at 36 h. Both skewness
and kurtosis show a maximum, followed by a local minimum around 9 hours. An almost
constant value is kept from 36 h to the end. The local maxima (or minima) seems to
correspond to the first slope change of the Pirani/Baratron pressure ratio. The constant values
at the end indicates that the thermal equilibrium has been reached and the primary drying is
over. Significant differences in these thermal trajectories may reveal an abnormal heat
transfer, that is an anomalous drying kinetic and a lower product quality.

From the analysis of the scree plot and the cumulative variances plot (not reported) we
decided to evaluate fa for a number of components going from 5 to 13, that is from 83.9% to
95.4% of the whole variance. Figure 3 shows that fa clearly shows a maximum when 10 PC
are used (93.6% variance explained). Observation 21 appeared as the only outlier during the
one-batch-out cross-validation step, and for this reason has been removed from the final data
set. The UCL for T2, depending only on the number of PC extracted and the number of
observations, are constant but there is a remarkable difference between the theoretical and
the empirical value; being the former (20.9) always lower than the latter (36.3). On the other
hand, the UCL for SPEI computed with the theoretical distribution and the one obtained
taking the percentile of 99.5% are always very similar. After tuning the control limits, the
obtained OTIs were 0.496% for SPEI and zero for T2,

The classification performance of this monitoring system has been evaluated by projecting
all the batches (one hundred vials/observations) on the obtained model. Tuned empirical
limits performed slightly better than the theoretical ones and have been used. Figure 4 shows
an example of the resulting control chart for three observations: number 5, a vial of the NOC
set, always below the UCL; number 21 that was removed as an outlier and has been detected
as a fault by the SPEI control chart only; and number 75 dried at a higher shelf temperature
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and lies over the control limits of both statistics almost all the time. The control charts for
SPEI detected 10 false positives observations in the trial set (6, 9, 10, 15, 16, 19, 25, 31, 40,
50). Observations 21 and 27 (the one that felt down in batch 3) have been detected as faults
as well as all the observations of the anomalous batches 7, 8 and 10. In batch 9 six vials were
tampered and all of them have been correctly discriminated, while all the remaining good
vials resulted into false positives. The T2 control chart reported thirteen false negatives. Only
two of the four vials of batch 9 dried with the original 10% sucrose solution (observations 81
and 90) have been correctly found to be successful drying tests. Observations 88 and 89 have
been highlighted as faults.

Looking at the observations that appeared as false positives in SPEI (they are 6, 9, 10, 15,
16, 19, 25, 31, 40, 50) we can notice a certain periodicity in the results. Position 1 and 10 in
every batch corresponds to the external vials, directly radiated by the chamber walls.
Observation 21, as well as 81 and 90, appear to support this hypothesis. In the first three
batches a thermocouple was located inside the vials in position 5 and 6, see Figure 2. This
slight difference into the data structure of observation 6, 15, 16 and 25 might be due to the
influence of the thermocouple on the drying kinetics.

These observations overtake the control limits on a limited number of time instants. If we
accept these spurious errors as part of the unavoidable statistical error rate, that is, we
consider the phenomena responsible for these instantaneous faults cannot jeopardize the
quality of the resulting product, the fault detection performance could be further optimized.
This new relaxation of the control limits was achieved by considering faults only the
observations that cross the control limits in more than 5% of the time instants. In this way all
the false positives in SPEI where properly classified as successful tests except observations
81 and 90. No further improvement was possible for Hotelling T? control charts since
lowering the UCL to include the false negatives raises new false positives. This lower
detection ability of T2 control charts, when dealing with data from batch processes, has
already been reported in the literature and is basically due to the strong auto-correlation in
the data [11].

T -
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Fig. 1: Image preprocessing and segmentation.
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Fig. 4: Control charts for observation 5 (black line) and 21(signaling only in SPEI, green line) and
75 (signaling in SPEI an T2, blue line). Red line tuned empirical UCLs.
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4. Conclusions

In this work MIA techniques have been applied to thermal images of the VFD process and a
PAT for real time monitoring have been developed and successfully tested. The sensor, using
an infrared camera, is completely non-invasive and have no side-effects on the process
kinetics. This technology proved to be quite sensitive being able to discriminate the slight
effect on the product of either a thermocouple inserted into some vials or chamber walls
radiation. Future works will aim to prove the possibility to use this PAT and the infrared
imaging technology for process control and optimization purposes.
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Abstract

Drying is a complex, dynamic, unsteady and nonlinear process that, when not
optimized on a system level, may be responsible for (1) significant quality
degradation and (2) energy wastage. Consequently, new drying technologies
must be designed combining non-invasive at-/on-/in-line advanced
measurement and control systems with models cross-linking all relevant
aspects of product quality changes and heat and mass transfer phenomena.

This paper presents preliminary results on the use of RGB imaging, NIR
spectroscopy and Vis-NIR hyperspectral imaging for real-time monitoring of
physicochemical changes of apples and carrots during drying.

Keywords: chemometrics, artificial intelligence, deep learning
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1. Introduction

Commercial drying of apple and carrot produce is generally conducted according to drying
strategies developed decades ago. These strategies operate to a large degree based on strict
control of the characteristics of raw material at the input stage. This strict sorting, however,
results in a significant proportion of produce being wasted prior to any processing. This
coarse sorting at the input stage, however, does not guarantee that, after the set drying
process, the entire produce will be of the same quality or will even fulfill the minimum
quality required by consumers. In recent years, the organic sector has put significant efforts
into the development of clear definitions for gentle and quality oriented ways of processing
plant based foodstuffs to supplement existing regulations and guarantee premium quality of
the product whilst reducing resource depletion [1].

The use of non-invasive measurement and control systems have shown a great potential for
improvement of the product quality [2]. Simple solutions can readily be implemented into
existing processes (e.g. dynamic control of product temperature [3]), while integration of
advanced solutions is not possible nor financially viable in practice. Thus, there is a need
for smart processing systems which allow for simultaneous multi-factor control (i.e. air
temperature, velocity, humidity) to guarantee high-value end products, while enhancing
energy demand and resource efficiency, by implementing innovative and reliable
microcontrollers, sensors, resources, tools and practices at low cost and embracing various
R&D areas (e.g. computer vision, hyper-/multispectral imaging, deep learning, etc.) [4].

Aim of this study was, therefore, the development of non-invasive measurement systems
based on RGB imaging, Vis/NIR Hyperspectral imaging and NIR spectroscopy in
combination with analysis algorithms to determine colour development, water content and
chemical components throughout the drying process. These technologies and techniques are
essential to provide inputs for the development of product quality driven adaptive control
systems for drying. Eventually, these systems are intended to be transferred to simpler
solutions and integrated into smart control systems for product quality oriented drying.

2. Materials and Methods
2.1 RGB imaging study on apples

Organic apples var. Red Delicious with the origine Italy were sourced from a local supplier
(Trondheim, Norway) and stored at 8°C until processing. For the trials slices of 5 mm were
cut. Core and skin were not removed.

Drying experiments were conducted at 20 and 40 °C with relative air humidities of 25, 40
and 60 % using an experimental drying chamber built at SINTEF. The chamber was
equipped with a camera system, including an LED barlight for illumination. Details on the
experimental set-up and conduction of trials are presented by Bantle [5].
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Analysis of optical alterations was conducted using the OpenCV libraries for image
processing, using images taken every 5 minutes during the drying tests. RGB values were
transformed into CIE-XYZ color space according to the ISO Standrad 13655 and then
further processed to receive the CIE-L*a*b values. A detailed procedure is given by Bantle
et al. [5].

2.2 VisINIR Hyperspectral imaging study on apples

Apples var. Golden Delicious were sourced from a local retailer (Witzenhausen) and stored
at room temperature until use. The apples were de-cored and sliced to 5mm thickness and
cut to a uniform outer diameter of 65mm. Drying was conducted in a hot air convection
oven at 50°C.

Drying tests were conducted using a convective air cabinet dryer (HT-Mini, Innotech
Ingenieurgesellschaft mbH, Altdorf, Germany) at 50 and 70°C. Measurement protocols
followed those described by Crichton et al. [6].

Samples were imaged using a Specim V10E PFD hyperspectral camera (Schneider Optics
Xenoplan 1.9/35) in conjunction with a linear translation stage (Specim Spectral Imaging
Ltd., Finland). Three 60W halogen GU10 bulbs were used for illumination. A detailed
description of the image processing moisture content prediction protocols followed is given
by Crichton et al. [6].

2.3 Near infrared spectroscopy study on carrots and apples

Organic carrots (Daucus carota L., var. Romance) and apples (Malus domestica B. var.
Gala) were purchased and immediately stored at 4 + 1 °C until processing. Carrot slices and
apple wedges were prepared by washing and cutting samples using a sharp ceramic knife.
The slices and wedges were subjected to 8-h hot-air drying and batch sampling was
performed at every hour of drying. The dehydration process was conducted at 40°C (carrot)
and 60°C (apple). Samples were divided into two groups, one of which was subjected to a
blanching pre-treatment before hot-air drying and one that was dried without pre-treatment
(i.e. hot-water blanching at 95°C for 1.45 min for carrots and microwave blanching at
850W for 45 sec for apples). Each batch was subjected to both NIR spectral data
acquisition and determination of CIELab colour, moisture content (wet basis), water
activity (aw), soluble solids content and total carotenoid content (carrot only).

Absorbance spectra were acquired using a spectrophotometer mod. Luminar 5030
(Brimrose Corp., Baltimore, USA) (range 1100-2300 nm, 2-nm resolution). Each sample
was measured in duplicate on two opposite sides of each slice/wedge (i.e. 4 spectra per
sample).

Chemometric analysis was performed following spectral pre-treatments including Standard
Normal Variate, Multiplicative Scatter Correction, Savitzky-Golay first and second
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derivatives with a second or third order polynomial fitted over a window of five, seven,
nine or eleven features, as well as Mean Centering [7, 8].

Regression models were computed using the partial least squares (PLS) regression through
the SIMPLS algorithm [9]. The samples were randomly split as calibration set (C) and the
prediction set (P). The venetian blinds cross-validation with 10 data splits was performed.
Root Mean Square Error (RMSE), BIAS and coefficient of determination (R?) were
employed as model performance metrics [10]. PLS models were computed to predict
changes in chemical and physicochemical attributes during 8-h dehydration process.

3. Results
3.1 RGB imaging-based analysis of color changes in apples

The employed camera system and associated developed codes allowed for the reliable real-
time measurement of changes in product quality at the set measurement intervals. Fig. 1
shows the impact of drying conditions on the resulting changes in the a* and b* values. It is
evident that all settings led to an increase of both a* and b* values, signifying the change of
visual appearance of the samples. The most beneficial drying conditions for maintenance of
the appearance were at 20 °C (T) and 25 % RH.

The developed real-time monitoring system for color (and shape) changes will make it
possible to include information of the current color changes in the control consideration of
a smart drying system. This is of particular importance as consumers tend to judge a
product’s quality by its visual appearance.

45

Fig 1: Development of CIE-a* as a function of CIE-b* for different drying conditions, tempertures
are given as T and relative humidity as RH in the graph
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Vis/NIR hyperspectral water content determination in apples

PLSR analyses with the full reflectance spectra were carried out across the complete data
set. For both conditions PLSR was performed for models varying from 1-20 components
with 10-fold creation and testing. The 3-component [540 nm, 817 nm, 977 nm] PLSR
model satisfied the minimal RMSE criterion. Table 1 gives an overview of the results for
full and reduced spectra.

Table 1: Performance of moisture content PLSR models

Full Spectrum Reduced (3-wavelength set)
Setting (°C) Calibration Test Calibration Test
¥ RMSE(glg) r» RMSE(glg) r* RMSE(g/g) ¥  RMSE(g/g)
[M.C. %] [M.C. %] [M.C. %] [M.C. %]
50 1.00 0.01[0.12] 1.00 0.11[1.32] 0.99 0.18 [2.16] 1.00 0.09 [1.08]
70 1.00 0.03[0.36] 1.00 0.07 [0.84] 1.00 0.18 [2.16] 0.98 0.05 [0.60]

For the deeper understanding of the drying behavior of foodstuffs in terms of heat and mass
transfer, and the performance analysis of the applied drying devices, a spatial and temporal
evaluation of moisture content development during the drying process is intrinsic. Thus, the
spatial variation of reflectance spectra at different times of the drying process was used to
visualize the development of moisture content throughout the drying process as well as the
spatial difference of said moisture content (Fig. 2).

Fig 2: Normalised moisture distribution for apple slices before (left), during (middle) and at the
end of the drying process.

Further studies using hyperspectral imaging on apples [11], meat [12] and potatoes [13, 14]
show similarly promising results. A reduction of the wavelengths needed for detection of
product features will allow for the transfer to simpler systems, e.g. colour or black and
white cameras in combination with either selective lighting or band pass filters. This could
then also be combined with full color detection described above, as well as physical feature
detection, as described by Bantle et al. [5] if sequential feature detection is implemented.
This method will in turn open new possibilities for deeper analyisis of the drying process
and consequentlythe integration of feature analysis into smart drying process control.
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3.2 Near infrared spectroscopy study on carrots and apples
3.2.1  Regression models (carrots)

Poor results (R?> < 0.70) were obtained for the prediction of soluble solids content for the
unblanched treatment. Conversely, regression models with good (R? > 0.80), very good (R? >
0.90) or excellent (R? > 0.95) predictability were obtained to monitor changes in soluble solids
content (only for blanched carrots), aw (Fig. 3a), moisture content (Fig. 3b), total carotenoids
content (Fig. 3c) and color changes (Fig. 3d) of carrot slices during drying, regardless of
thermal treatment. Except for the calibration model for color changes, the coefficient of
determination (R?) was higher than 0.90 for the parameters. Thus, for the test set validation
with one quarter of the data (randomly selected) RMSEPs ranging from 0.03-0.04 for a,
0.03-0.04 for moisture content and 22.62-29.51 for total carotenoids content were obtained.
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Fig 3: PLS regression plots of Y-measured (reference) and Y-predicted (NIR) values for water
activity (column a), moisture (column b), total carotenoids content (column c¢) and colour changes
(column d) monitored during 8-h drying in both unblanched (row 1) and blanched (row 2) carrots.

PLS regression plots refer to models based obtained from the full spectrum.

3.2.2  Regression models (apples)

PLS regression models with good or excellent predictability were obtained to monitor
changes in aw (Fig. 4a), moisture content (Fig. 4b), chroma (Fig. 4c) and SSC (Fig. 4d) of
apples wedges during drying, regardless of type of thermal treatment. Except for the
calibration model for chroma, the coefficient of determination (R?) was higher than 0.96 for
all the aforementioned quality parameters. Thus, for the test set validation with one quarter
of the data (randomly selected) RMSEPs ranging from 0.03-0.04 for aw, 0.04-0.05 for
moisture content and 4.54-4.99 for SSC were obtained. The latter performance parameter
was comparable with both calibration and cross-validation results.
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Fig 4: PLS regression plots of Y-measured (reference) and Y-predicted (NIR) values for water

activity (column a), moisture (column b), chroma (column c) soluble solids content (column d)

monitored during 8-h drying in both control (row 1) and microwave (row 2) treated apples. PLS
regression plots refer to models based obtained from the full spectrum.

4 Conclusions

In this study, the potential of single-point NIR spectroscopy, Vis/NIR hyperspectral
imaging and RGB imaging was evaluated to proactively and non-destructively detect and
monitor changes in quality parameters (i.e. water activity, moisture content, total
carotenoids content, colours and SSC) of both apples and carrots. For this purpose,
regression and classification models were successfully developed obtaining either very
good or excellent results in terms of R2 and RMSE. These promising results encourage
additional research to develop low-cost dynamic multi factorial process control strategies
(based on a Quality by Design approach) using machine learning architectures to produce
quality dried products while reducing the environmental impact of the drying processes.
Future research should include features not covered by the instrumentation used for this
study, increasing the light-beam intensity, and/or combining other chemometric methods, as
these could improve the performance of the measurement systems and, thus, the robustness
of the smart-drying system under development.
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Abstract

A mathematical model that simulates atmospheric freeze-drying for apple
slices was developed based on the classical mass and heat balance equations.
When operated above the glass transition temperature, product shrinkage and
micro-collapse due to the glass-rubber transition occurred. So, instead of
assuming formation of dried and frozen zones, a glassy matrix with particular
vapor pressure was assumed. Apparent vapor pressure of apple slices in the
glassy state was experimentally measured and summarized in a diagram, and
the values in this diagram were employed for the simulation. This approach
well predicted drying kinetics with reasonable accuracy with simplified
equations.

Keywords: atmospheric freeze-drying; food; mathematical model; glassy state
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1. Introduction

Freeze-drying is known as one of the best drying methods in terms of preservation of product
qualities. Vacuum freeze-drying (VFD) process is widely implemented in food and
pharmaceutical industries, and variations of products are commercialized. Atmospheric
freeze-drying (AFD) is basically equivalent to vacuum freeze-drying, where the ice
sublimation is the major dehydration mechanism. The water vapor pressure difference
between the frozen zone and the ambient gas is the driving force of the mass transfer. In order
to operate drying at below sub-zero temperature, the air humidity must be low at appropriate
level. A heat-pump system is commonly used to make low humidity air. The condenser
temperature of the heat-pump unit is necessarily set lower than the product temperature
during drying, and the dehumidified air must properly be heated up to realize appropriate
drying rate. Numbers of studies on AFD process were motivated to optimize this heat-pump
drying system in terms of the energy consumption and drying rate.[*!

Drying temperature (air temperature) applied for AFD is usually at around —10 to 0°C. So,
the product temperature during drying, that could be several degrees lower than the drying
temperature depending on the drying rate, is much higher than the case of VFD. When drying
agricultural products, a typical AFD run places the products above their glass transition
temperatures (T’g). For example, the T’4 value of strawberry ranges from —33 to —41°C, that
of apple is at around —42°C, and peach at around —36°C.[*I Considering that the drying rate is
not rapid as the case of a hot air drying, product temperature could be several degree below
the air temperature that is far above the glass transition temperature. At this temperature, the
product deformation such as shrinkage and/or micro-collapse occur as a consequence of the
glass-rubber/ glass-liquid transitions. In such cases, the dried cake layer, that commonly
forms during a typical freeze-drying run, does not clearly separate from the frozen zone. In
order to simulate this drying system, it is necessary to develop a model that is different from
commonly employed two zone models consisted with frozen and dry zones.

In this study, mathematical model that simulates atmospheric freeze-drying for apple slices
was developed. This study was targeted for an atmospheric freeze-drying process operated
far over the glass transition temperature of the products, where we must admit the product
deformation such as shrinkage and micro-collapse due to glass-rubber transition.

2. Mathematical Model

A product placed in the atmospheric freeze-dryer is dried by convective air. A product (i.e. a
slice of apple) has porous structures derived from cellular microstructures. The external and
some parts of the inner pore surfaces contact to the external air flow. Whereas, the other parts
of the surfaces contribute to the convection with the internal air flow (Fig. 1). The surface
that contributes to the internal convection is written with the total product surface, namely:
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Ain = yAtotal (1)

Here, y is the coefficient that gives the surface that is not influenced by the convective air.
The surface that effectively contributes to the external convection can be written as:

Aets = (1 — V)Atotal @)

The mass transfer equation of the vaporized water vapor can be written with the mass transfer
coefficients of the external and internal boundary layers, namely:
am _ Fifp =Paicye M

m z ©)

1 1 R
/(1_Y)At0talkgex /YAtotalkgin

The heat transfer equation can be written with the heat transfer coefficients of the external
and internal boundary layers:

Ti—Tair

(4)

=1 1
/(1_Y)At0talhex+ /yAtotalhin

Assuming that the system is at a quasi-steady state, the heat flow is balanced with the mass
flow.

Pi/ _Paj

Q/ - am — l/Ti_ alr/Tair M —_ Ti—Tair 1 (5)
AH ~— gt — 1 1 1 1 AH

at /(1_V)Atotalkgex+ /YAtotalkgin R /(1_Y)Atotalhex+ /VAtotalhin AH

The solution of this equation provides the value of Ti. The calculation was performed with
spreadsheet software (Microsoft Excel®) by non-linear regression using solver add-in. It
should be noted that the water vapor pressure P; at the temperature T; was given as a function
of the moisture content of product as the detail explained in the later section.

Fig. 1 Schematic illustration of AFD model.
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3. Materials and Methods

3.1. Atmospheric freeze-drying

The atmospheric freeze-dryer that composed with a condenser and heating devise was set-up
as schematized in Fig. 2. The condenser temperature was set at around —30°C, and the out-
gas temperature could be controlled by the heating devise in the range of —20 to 5°C. The air
flow rate in the drying room was controlled by an electric fan in the range of 0.1 to 0.5 m/s.
Four slices of apple (15x15x5 mm) were set in a plastic tray and suspended from a load-cell
(A&D, Japan). The weight loss during drying was monitored with the load-cell. Apple slices
were first frozen with the convective air at —30°C, and then the air temperature was increased
at a selected heating rate from —10 to 5°C and the weight loss was recorded with data logging
system.

a —

|

Product

Fig. 2 Drying apparatus.

3.2. Ice sublimation test

The ice sublimation test was conducted in order to determine mass and heat transfer
coefficients. Distilled water was filled in a plastic tray and frozen in the devise. Weight losses
were monitored at selected temperature and air velocity settings. The temperature of the
sublimating ice (T,) and the sublimation rate (dm/dt) were collected with the selected
operating conditions. The obtained values were applied to Equation 5 to estimate Kgex and hex
values by applying Ain=0, Aex=Atotal.

3.3. Measurement of apparent water vapor pressure of apple slice

The use of apparent water vapor pressure as a function of the temperature and moisture
content was a key part of this study. The relationship among these parameters were
determined by the pressure rise test with a specially designed experimental set as illustrated
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in Fig. 3. An apple slice was first vacuum freeze-dried, and then placed in a desiccator with
a solution saturated with various salts (LiCl, MgCl,, KNO3z and Mg(NQgs)2) in order to
humidify the dried product. The moisture content of the humidified sample was measured by
a moisture meter (A&D, Japan), and the other portion was set in the sample room and the
measurement devise was immersed in a cooling bath of which temperature was set at a
selected temperature in the range of —30 to 0°C. The external room that was separated with a
bellows valves was first evacuated with a rotary type vacuum pump. After stabilizing the
temperature and pressure, the bellows valve was rapidly opened for 2-3 seconds and
immediately closed. The pressure rise due to the vaporization was monitored for 1 hour with
a pirani gauge that was set in the sample room.

Fig. 3 Pressure rise measurement set-up.

4. Results and Discussions
4.1. Apparent water vapor pressure of apple slices

Some selected results of the pressure rise test were shown in Fig. 4. One can clearly see that
the pressure rose just after opening the bellows and stabilized at a certain pressure level. Fig.
4A shows the dependency of the vapor pressure on the temperature; the pressure, as expected,
was higher at higher temperature. However, the absolute values of the pressure were
significantly lower than the equilibrium vapor pressure value of pure water. It means that
several hours was not enough for the system to reach at an equilibrium state. Fig. 4B
suggested that the time required for reaching at an equilibrium state was greatly affected by
the moisture content of the apple slice; the apparent vapor pressure was higher for the sample
with higher moisture content. The effective vapor pressure that a product shows during drying
could be the pressure that was measured by the pressure rise test. We thus employed the value
of the pressure from the pressure rise test at the point of 1 hour, and the values were plotted
as a function of temperature and solid content (converted from the moisture content value).
As summarized in a diagram in Fig. 5, this is a key characteristic of the present apple that is
distinguished from the other products showing different drying kinetics. The solid line in the
diagram correspond to the glass transition line; the closer the glass transition line, the
apparent vapor pressure significantly decreases.

215" INTERNATIONAL DRYING SYMPOSIUM @@@@
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

183


http://creativecommons.org/licenses/by-nc-nd/4.0/

Modeling of atmospheric freeze-drying for sliced fruits

Vapor pressure [Pa]

350 |de P— | I \ 200 \ I I I
id content = 0. 02°C
300 - Lnn— A ﬁ ' 204%
2% . g™
ot 10.2%
200 - i |
o 100 - 204%
150 - a
-82°C -]
100 —{r'—“— - §' 50
50 -189°C—
T | Temperature=-9.2°C
o | 1 | 1 | 0 | T T T T
[1] 02 04 06 08 1 12 1] 02 04 06 08 1

Time[h]

Time[h]

Fig. 4 Pressure rise of apple slice under sub-zero temperature.
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Fig. 5 Apparent water vapor pressure contour lines as a function of temperature and solid content.

4.2. Freeze-drying run

12

A result of the atmospheric freeze-drying run is shown in Fig. 6. The air flow temperature
was operated as shown in this figure by the present drying apparatus, and the consequence of
the weight loss was plotted in the same figure. Air temperature was programmed to increase
as the progress of drying in order to reduce total drying time. A simulation was carried out
based on the mathematical model by applying the experimentally obtained air flow
temperature. The water vapor pressure value, that is dependent on the temperature and
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moisture content, was estimated from the surface plots shown in Fig. 5 by applying a
simulated product temperature and moisture content values. The parameters applied for the
simulation were listed in Table 1. The simulated drying curve is compared in Fig. 6 with the
experimental curve. It was obvious that the simulation well predicts the experimental drying
kinetics. The present simulation is based on a mechanistic mathematical model, so it
simultaneously gives the other important values such as product temperature, mass and heat
flow rates, etc. The simulated product temperature during drying plotted in Fig. 6 suggested
that the drying progressed far above the glass transition temperature of apple, so some
phenomena that may occur in a rubbery system (e.g. shrinkage, micro-collapse) are not
avoidable in this drying system. The simulation could thus be more accurate by introducing
a variable drying surface area instead of mean total surface area (Awta) and mass transfer
coefficient values (kgin). The air temperature was well programed to realize the driving force
for heat transfer until the final stage of the drying. This simulation approach would be useful
to design favorable drying protocol.
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Fig. 6 Drying curves; comparison between experimental and simulated curves

Table 1. Parameters for simulation

Parameter Value Parameter Value
Avtotal [mz] 9.7x107? hgex [Wm'ZK'l] 49.2
7 [ 0.99 hgin [WM2K-1] 137
Kgex [mS'l] 1.01x107? Pair [Pa] 104.9
kgin [ms™] 1.47x1072 R [J mol-1K-] 8.314
AH [J kg 2.4x108 Tair [K] 253
M [kg mol] 1.8x107?
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5. Conclusions

A mathematical model that simulates atmospheric freeze-drying for sliced fruits was
developed and applied to apple slice drying. Apparent vapor pressure of the apple slice was
measured by the pressure rise test and the obtained values were summarized in a diagram.
The pressure values were dependent on the temperature and moisture content; the closer the
glass transition line, the apparent vapor pressure significantly decrease. Simulations carried
out with this diagram well predict drying kinetics with reasonable accuracy with simplified
equations.

6. Nomenclature

Adotal total surface area m?

v [-] inner surface ratio -

Kgex mass transfer coefficient ms!

Kgin mass transfer coefficient ms?

AH latent heat of vaporization Jkg?!
Ngex heat transfer coefficient Wm2K1
Ngin heat transfer coefficient Wm2K1
M molar mass of water kg mol*
m mass of product kg

Pair water vapor pressure in the air flow Pa

Pi water vapor pressure at the drying interface Pa

Q heat flow Jst

R ideal gas constant J molK-?
Tair temperature of the air flow K

T temperature at the drying interface K

t time S
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Abstract

Food dehydration is one of a main process to preserve meal. In order to
optimaze a freeze-drying operation a physic model is needed to well describe
the thermodynamic behaviors involved in this process. In this work, a
thermographic camera and different physico-chemical determinations are
used to monitor many phenomena that occur during the lyophilization of
poultry breast. Finally, a non-continuous irreversible thermodynamic model,
based on thermal infrared measures and in shrinkage/swelling mechanism, has
been developed, wich explains the behaviours produced throughout the meat
freeze-drying process.

Keywords: freeze-drying, thermodynamic model, infrared thermography,
poultry.

215" INTERNATIONAL DRYING SYMPOSIUM @@@@
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

187


http://dx.doi.org/10.4995/ids2018.2018.7756
http://creativecommons.org/licenses/by-nc-nd/4.0/

Thermodynamic model of freeze-drying of poultry breast using infrared thermography

1. Introduction

Lyophilization is a drying process that consists in sublimate ice into vapour, producing water
desorption, and one possibility can be to bring the product below the triple point (273.16 K
and 611.73 Pa) of the water state diagram. This process gets very low water activities and
does not heat the product, which is an advantage when thermolabile compounds are
presentl231, Once the product has frozen below its eutectic point and generated vacuum, the
product begins the elimination of water in two consecutive phases: sublimation and
evaporation. When the frozen product reaches the vapor pressure, the freezing water fraction
of the product is sublimated starting from the surface, creating a sublimation front that
advances towards the center. With the advance of the front, there is a zone that has sublimated
the freezing water, but still has water adsorbed as liquid phase*®l. The steam, coming from
the front, causes a mechanical drag of the adsorbed water, which removes it and causes its
desorption by evaporation.

Considering the importance of dehydration processes to conserve food, it is necessary to
study them closely. For this, the process can be modeled with equations such as the Gibbs
free energy, which can describe the thermodynamic behavior of the food throughout the
process. These equations have been used previously in orange peell® and pork meatl’). The
water transport its also modeled in pork meatl® and tomatol®. Also, another freeze-dried
products has been modeled like Strawberries™ or black currant juicel* as well as generic
mathematical models?,

Infrared thermography is a technique that allows to predict the temperature along a surface
by receiving the flow of photons emitted by a body. Therefore, the possibility of monitoring
the process with this technology gives us the ability to develop kinetic models of drying,
thanks to the possibility of follow the temperature distribution over a surface, over a period
of timel®3l,

The aim of this research is the development of a thermodynamic model of freezedrying
process of poultry meat using infrared thermography.

2. Materials and Methods
2.1. Experimental procedure

For the experimental phase, poultry breast samples (Pectoralis major) were used. Cylinders
of 2 cm in diameter and 2 cm in height were obtained by a punch. The cutting of the cylinders
was perpendicular to the fibers. Two cylinders were used for each lyophilization and this
operation was carried out in triplicate. The samples were frozen at -40 °C and introduced into
the dry chamber of the lyophilizer, at a distance of 1.5 cm between them. During the
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Iyophilization, the temperature of the surface in one of the two chicken cylinders, as well as
the reference material and the environment was controlled by type K thermocouples. In
addition, the thermographic camera was introduced inside the lyophilizer for a continuous
recording of the process.

In order to characterize the samples, this determinations were made before and after the
lyophilization: mass, water activity, humidity and volume. In addition, the density of frozen
and lyophilized product was determined.

2.2. Physico-chemical measurements

The mass of the samples was determined with a Mettler Toledo AB304-S balance, with an
accuracy of £ 0.001 g. The humidity of the sample was obtained following the 1SO 1442
(1997) standard for meat products, drying the samples at 110 °C and atmospheric pressure
for 48 hours until reach a constant mass. The water activity was determined with a dew point
hygrometer Aqualab®, series 3 TE, with an accuracy of + 0.003. The volume was determined
by image analysis, using Adobe © Photoshop © CS6 software. The density of frozen and
lyophilized sample was determined by the pyknometer method. All measurements were made
in triplicate.

2.3. Freeze drying operation

The thermographic camera was placed at 15 cm from the samples, with an angle of 0° and
focusing the flat surface of the cylindrical samples. A reference material of known emissivity
(e = 0.95) (Optris GmbH, Berlin, Germany) was placed between both samples.

The control of the temperature during the lyophilization, the inside, the reference material
and the sample, was carried out with three K-type thermocouples, all of them connected to
an Agilent 34901A multiplexer (Agilent Technologies, Malaysia); for the automatic
recording of the measurements, the Agilent data acquisition equipment 34972A (Agilent
Technologies, Malaysia) was used. The internal pressure control was carried out with the
lyophilizer's own pressure sensor.

The lyophilizer used for the experimental was the Lioalfa-6 from Telstar, Germany. With a
working pressure of 35 to 50 Pa and a cooling circuit at -45 °C. All the cables and sensors
necessary for the data collection were introduced in the dry chamber replacing the original
stopper of the lyophilizer with one of rubber, and filled in with silicone to achieve the
necessary vacuum.

2.4. Medida de infrarrojos

The thermal images were acquired using the Optris Pl 160 termographic camera (Optris
GmbH, Berlin, Germany). It uses a two-dimensional focal plane array with 160x120 pixels,
a spectral range of 7.5 to 13 um, a resolution of 0.05 °C and an accuracy of + 2 %. The camera
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covers a temperature range of -20 to 900 °C. It has a field of vision of 23°x17° with a
minimum distance of 2 cm. The camera uses Optris Pl Connect software (Optris GmbH,
Berlin, Germany).

3. Results and discussion

The temperature values obtained from the thermographic camera are not real, therefore, the
correction developed by Traffano-Schiffo et al., 2014 was applied.

When the sublimation front advances, it alters the composition of the sample. The areas that
have already been sublimated reduce their heat transmission because a loss of water, which
causes a change in trend in the evolution of temperature with respect to time. Figure 1 shows
this change in trend. So, the sublimation temperature and the process time can be extracted
for each point of the sample’s profile.

T(°C)

0 50 100 150 200 250 300
t (min)
Fig. 1 Evolution of the temperature for different points of the profile over time.

With the sublimation temperature it is possible to calculate the water activity (aw) using the
Fontan and Chirife equation (1981) (Eg. 1).

—In(ay) = 9.6934-107% - AT; + 4.761 - 107¢ - AT? (1)
Where: ATf = difference between the initial freezing temperature and the the sample (K).
From this aw and the poultry sorption isotherm at low temperatures, it is possible to obtain
the non-freezeable water fraction (x,\7) of the product at the sublimation time. The isotherm
parameters modeled by GAB are xwo = 11.009 - 0.4589T + 0.0116T?; C = -3423.2 + 1144T

— 77.248T2% + 1.4357T3; K = 0.9419 — 0.0034T + 0.0006T2 — 0.00001T2. Substracting to the
overal water fraction, the non-freezeable water, it is possible to obtain the ice fraction.
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Once the lyophilization process has begun, sample can be divided in two volumetric areas:
the sublimated zone (partially dehydrated) and frozen zone, separated by the sublimation
front (Fig. 2). When the frozen water sublimates, appears a vapour flux from the sublimation
front to the surface, crossing the sublimated zone and evaporating a part of adsorved water
by mechanical dragging. Mass of each zone throughout the process has been estimated using
the volume difference between cylinders and the density of freeze-dried and frozen product.

Outer oEdes oy JESub
surface Frak e TS Center
T d
4JL oM wes jvsub
q at
——»

Fig. 2 Diagram of the different zones and phenomena. (| Sublimated area; a Sublimation front;

= Frozen zone. The limits of the system are highlighted in red, enlarged to the right with the
molar and energy balances.

In order to obtain the different mechanism involved in the freezedry process, it is hecessary
to estimate the water flux, using a molar water balance in the sublimated zone (Eqg. 2).

T sub aM\‘}/es
Jo = Sext =15+ Ssun +m 2
When the vapor flux comes from the sublimation can be calculated as follows (Eq. 3):
g _ shoustr ®

v At-Myy,

Where: J," = overall vapour flux leaving the system (mol-s*-m2); S = external surface of
the cylinder (m?); J,*° = sublimated vapour flux (mol-s*-m?); Sqp = surface of the
sublimation front (m?); M, = evaporated water mass (kg); t = process time (s); Xws = freezed
water mass fraction (kg-kg?); pwr = density of frozen water (kg-m); Mny = Molecular water
mass (18 g-mol™?). The last term of mass balance represents the negative accumulation of
adsorved water molecules induced by mechanical drag of these molecules by the strong
vapour streams produced in the sublimation front.

In order to continue determine the mechanism of water dehydration, the equation 4 that
describes the free energy variation was applied.,

dG = —SdT + VdP + Fdl + Yde + ¥, u; dn; 4)
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Where: SAT = entropic term related to heat flux; VdP = mechanical energies related to the
variation of pressure; Fdl = mechanical energies related to the elongation force (resistance of

the tissue to expand); wde = effect of the electric field induced by ions; ), p; dn; = sumatory
of the chemical potentials of the species "i", with the rest of the variables state are constant.

When the variation of free energy is represented per mole of water, the extended water
chemical potential is obtained (Eq. 5).

Ay, = 2= (5)

Any,

Where: Apy = water chemical potential (J-molt); AG = Gibbs free energy variation (J); Any
= water moles (mol).

Combining the equations 4 and 5, the equation 6 is obtained, which describes the water
chemical potential in the system described in figure 2 (sublimated zone) . In this equation,
the last term is not included, because the desorption caused by the difference between water
activities in the sample is negligible compared with the entropic term and those of mechanical
energies. Moreover, yde term also is negligible since the sample only presents native ions.

Aples = s, AT + v, AP + F,,dl (6)

Where: s,, = partial water molar entropy (J-K*-mol™); AT = gradient of temperature between
surface and sublimation front (K); vy = partial water molar volume (m*-mol™); AP = pressure
variation (Pa); Fwdl = elongation force (J). It is possible to estimate the entropic and the
pressure term by using the sublimation temperature and its corresponded sublimation
pressure obtained from Fig. 2.

Applying the Onsager relations*4l, the water molar flux is related to the water chemical
potential, working as a driving force for water transport, through the phenomenological
coefficient (Eq. 7).

]vTI; = L, Ay, (7)

Where: J,, = water molar flux (mol-s*-m2); Ly = phenomenological coefficient (mol?-J-%-s°
L.m?); Apw = water chemical potential (J-mol?).

From the equation 7 it is possible to calculate the phenomenological coefficient after 200
min, where value remains constant because the sublimation front is reaching the center and
the swelling resistance of the tissue is negligible (Lw = 1.14-10"° mol?J's*m2). Therefore,
applying this value along the treatment it is possible to estimate the elongation term (Fig 3a).
Using the expansion of the sublimated area, and estimating the ice space loosed in the
sublimation it is possible to calculate the increment of the porosity (Ag). Fig. 3b shows the
relation between the elongation term and the increment of the porosity, where it is possible
to observe that the swelling process of tissue is proportional to the reduction of the elongation
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term, reducing the swelling resistance of the tissue reaching its maximum expansion in its
minimum resistance.

500 400
a) b)
FuAl(/mol) | Fell/mol

0,00 50,00 10000 150, Ag(m?/m?)

-200
-400
-600
-800
2000 -1000
-1200
-2500

-1400

3000
1600

-3500 1800

Fig. 3a Elongation term vs process time; 3b Elongation term vs increment of the porosity.

4. Conclusions

Has been developed a non-continuous irreversible thermodynamic model based in thermal
infrared measures and in shrinkage/swelling mechanism that explains the behaviours
produced throughout the meat freeze-drying process.
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Abstract

This study models the internal fluid flow from the center to the edge of a rotary
atomizer wheel, the flow out of the atomizer, including the film, rivulet and
ligament formation, as well as the subsequent atomization process associated
with the atomizer outflow using computational fluid dynamics with a volume
of fluid approach.

The model shows how fluid exits through the overflow and not through the
bushing at high inlet fluxes and can reproduce experimental results of power
consumption. Furthermore, the drop-size distribution at a given distance from
the bushing exit is in good agreement with experimental results.

Keywords: Spray drying; Rotary Atomizer; CFD; Droplet size; Volume of
Fluid.
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1. Introduction

Feed atomization is one of the most important process steps in spray drying. In the chemical
industry, rotary atomizers are often used because they are flexible, can handle abrasive
materials and operate at very large capacities. Although development of atomizer wheels is
usually based on a trial and error approach current designs are very advanced. New tools, like
tailored computer simulations, are therefore needed to design a new and significantly
improved generation of atomization wheels. These wheels will reduce atomizer power
consumption, suffer less wear and can operate at higher capacity while avoiding overflow as
described below. All this while improving the droplet size distribution which is the most
important output from the atomizer. The size distribution influences every downstream
aspect of the powder production process, ranging from drying chamber depositions to
cyclone and bag filter efficiency and further on to packing, and of course, final powder
characteristics and properties [1,2].

The fluid flows into the rotary wheel nearly at the center, from here the fluid enters narrow
channels or bushings. From the entrance into the bushings to the exit of the atomizer the fluid
and the air is accelerated towards the exit due to the centrifugal force and is at the same
subject to a substantial Coriolis force. In addition, there are internal forces within the fluids
e.g., surface tension and viscous forces. The combination of these forces and the complex
geometry makes understanding of the fluid flow within a rotary atomizer extremely difficult.

Computational Fluid Dynamics (CFD) as a numerical method for solving the equations of
motion gives an opportunity to directly simulate the flow under various operating conditions
and various geometries. This will be the focus of this paper and will be thoroughly elaborated
in the next section. Previous studies where CFD is used to model various aspects of spray
drying includes [3,4,5,6].

The results obtained from this study is then compared to existing in-house atomization
experiments where the power usage and droplet size distribution are measured. Furthermore,
it should be noted that this study is a continuation of previous studies [7,8,9,10]. Here
information about the method used in the experiments, that are referred to in this study, can
be found.

2. Materials and Methods

Albeit, several different wheels have been modelled, and results will be presented
accordingly. We will, in this paper, only present the CFD-model for one geometry. We will,
however, present results for other geometries since these have been simulated in a similar
way. The differences in geometry for the rotary atomizer wheels presented in this paper
consists of different diameters of the rotary wheel, different number of bushings in the rotary
wheel, as well as slight deviations in the geometry of the cavity of the wheel.
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One of the wheels modelled consists of eight bushings equally distributed over the
circumference of the wheel. Hence, symmetry considerations allow us to model a subdomain
of the wheel, i.e., 8¢ [-n/8: ©/8] with a bushing at the center of the domain, i.e., 6=0, where
0 represents an angle (rad).

Fig. 1 Hlustration of the geometry of the simulated part of a wheel. Indicated by numbers and
arrows are 1) inlet, 2) overflow, 3) cavity, 4) bushing 5) exit. Notice, how water enters through the
inlet and exits through the overflow and the bushing.

In Fig. 1 the geometry of the modelled domain is shown. The modelled domain consists of
the inlet, the wheels cavity of the wheel, the bushing, the ‘overflow area’ and the outside of
the bushing, i.e., the drying chamber.

To give realistic flow distributions to the inlet, the flow in the liquid distributor prior to the
inlet has, although not shown in this paper, been modelled for different feed rates. The
solution to these prior investigations have been used as boundary conditions for the inlet
flow.

Under normal operating conditions the fluid will move from the inlet through the cavity of
the wheel, through the bushing and out into the drying chamber. Under abnormal operating
conditions, i.e., very high values of the feed rate, part of the fluid will exit the wheel through
the overflow. In the small part of the drying chamber included in this model, the breakup of
the exiting jet and thin film annulus is modelled. Here the resulting drops are accounted for
and the size distribution a size distribution is calculated.

All simulations presented in this study have been performed using ANSYS Fluent with a
volume of fluid (VOF) approach.

2.1 Governing equations
The governing equations for fluid and the air are the Navier-Stokes equation and continuity
equation of fluid and air where subscript j represents one of the fluid phases air (a) or water
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(w) and ¢, is the fraction of component j. Note that there are only two phases — hence, ¢, +
&y = 1.

0
E: (g5p7) + V- (gpju) =0 M

0

Here, u, is the velocity field (m/s), p, is the density (kg/m?), ¢, is the volume, p is the pressure
(Pa) and g, is the gravitational acceleration (m/s2) and f (N/m®) represents forces per unit
volume, not accounted for by the motion of the fluid, i.e., centrifugal force, surface tension
and the Coriolis force. Here, the stress tensor, ;, is given by

2
T = U ([Vu+VuT] —g(V-u)I>, 3)

where, u, is the viscosity (Pa-s) and I represents the unit matrix. Note that the water is
modelled as incompressible whereas the air is compressible. Turbulence is modelled with a
RANS (k, ®) model.

2.2 Boundary conditions

2.2.1 Walls

On the walls we impose a no flux condition in direction of the normal vector and a no-slip
condition in tangential direction. l.e., there is no transport of fluid through solid walls and the
relative velocity between the fluid and a solid wall is zero.

2.2.2 Outlet
At the surface of the domain where the fluid exits into the drying chamber a zero gauge
pressure boundary condition is imposed.

2.2.3 Periodic boundary conditions
At all boundaries normal in the direction of the rotation has a periodic boundary, i.e., what
exits on one side enters on the other. Hence,

o(rb)=elrlr).

Here a represents conserved properties, i.e., velocity field, u, the pressure, p, the volume of
fluid fractions, &¢, as well as the turbulence parameters k and w.
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2.2.4 Inlet

As mentioned the velocity field at the inlet for different volumetric inlet fluxes, V (m%/s) and
different geometries, Q, has been determined in a previous study. The velocity field, v (m/s)
at the inlet for different feed flows are used as a boundary condition at the inlet. Hence,

u; = vi(V, Q) (5)
2.3 Mesh

The mesh used is a swept mesh with the special ability of adapting size according to the
gradient of volume of fluid, i.e., the mesh has small elements in the interface between fluid
and air. This adaptive mesh ensures that the resolution of the air-water interface improved
without compromising the simulation time. An illustration of the mesh and the size adaption
is shown in Fig. 2.

Fig. 2 lHlustration of the mesh as well as how the mesh is refined depending on the VOF-gradient.
The red part of the figure represents water and the blue is air.

2.4 Drop size calculations

To estimate the drop size in the simulations, a virtual surface is included at a given distance
from the bushing exit. The volume of fluid droplets that passes through this virtual surface is
then directly related to the volume of a sphere and the radius is calculated accordingly. The
observation of droplets passing through the virtual surface is collected for enough time to
give a reasonable size distribution.

3. Results and discussions

As mentioned in the introduction the results from the CFD-simulations are compared to
experimental results. Firstly, we shall relate the findings from the simulations to experimental
power consumptions. Secondly, we shall relate the droplet size distribution from the
simulations to experimental results.

3.1 Power consumption and wheel capacity
The equation governing the power consumption is given by,

P = 1, (wR,)?* = (i, — m,) (WRp)% (6)
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Here, P is the power (W), m,, is the liquid mass-flux (kg/s) through the bushing, w is the
angular velocity (rad/s), R, (m) is the radius at the bushing exit, i, is the mass-flux of feed
(kg/s) and, m, is the mass-flux of liquid through the overflow (kg/s). Hence, a linear
dependency of power versus inlet flux is expected if no fluid passes through the overflow,
i.e., m, = 0. Furthermore, a larger power consumption is needed for larger angular velocities
of the rotary atomizer. Trivially, the linear dependence between power and feed flow ceases
to exist when fluid passes through the overflow — which will happen at a sufficiently high
inlet-fluxes.

It is, however, not trivial that simulations from CFD and experiments performed on the
wheels simulated are able to produce overflow for the same values of the influx.

The power distribution is a function of inlet flux, both experimental and from simulations,
are presented in Fig. 3 for three different angular velocities. As seen there is a good agreement
between experiment and simulations. For small values of the inlet flux there is a linear
tendency between power consumption and inlet flux. Increasing the inlet flux even further
causes a higher fraction of the fluid to pass through the ‘overflow’ inducing a larger deviation
from the straight line.

Data for threo RPM s

Experimental data domain |
== Experimental data paints

CFDinetmass fowrale | |
CFD bushing mass flow rate ||
|

Linear predaction

low ]

Fig. 3 Power consumption as a function of feed-rate for CFD simulations and experimental data
for three different RPM - increasing from bottom to top.

It can also be seen from Fig. 3 that the critical inlet flux is increasing for increasing angular
velocity of the wheel. This is expected due to the larger acceleration of the fluid in radial
direction due to an increase in centrifugal force. As seen from the figure there is an excellent
agreement between the CFD simulations and experiments made on the wheel simulated at
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corresponding angular velocities. In figure Fig. 1 it is illustrated how fluid passes through the
overflow during simulations.

3.2 Prediction of atomization and droplet size distribution

Experimental results of the drop-size distribution as well as measured drop-size distribution
from the simulations are shown in Fig. 4. As seen there is a good qualitative agreement
between the two. The droplet-size depends among other things on the exiting jet from the
bushing. The exiting jet and breakup from a simulation and experiment are shown in Fig. 5.

0.6

[ Experiment
cFp
0.5

0.4

03

Probability [-]

oz2r

01

o 50 100 150 200 250
Droplet size [;:m]

Fig. 4 Droplet size distribution from CFD simulations and experimental results measured at 110
mm from the bushing exit at an angular velocity of 29000 RPM.

Fig. 5 Snapshot from the CFD-simulations (left) and experiment (right) of the breakup of the thin
film and exiting jet into droplets.

The ability to reproduce experimental results serves as a validation of the model. This
validation is a first step for future research, where extraction of valuable information, e.g.,
total wall shear stress, mixing, rivulet height, film thickness for different fluids and different
operating conditions. This in return allows for topology optimization, power consumption
and essentially optimized conditions for drying and end-product.

The inclusion of CFD in our production line allow us to design new geometries for rotary
wheels, and operate them at optimal feed rates and angular velocities in terms of power
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consumption. Furthermore, the ability to estimate the droplet size distribution for any given
fluid makes it possible to give optimal conditions for the final product. Hence, enables us to
produce tailor made solutions for a given product and increasing value for industry.

4. Conclusions

The CFD model presented in this study gives valuable insight in the fluid flow and interaction
between fluid and air in a rotary atomizer. The model can reproduce experimental results for
power consumption and droplet size-distribution.

5. References

[1]

[2]

(3]

[4]

(5]

6]

[7]

(8]

(9]

Lefebvre, A.H. Atomization and Sprays; Combustion: An International Series.
Hemisphere Publishing Corporation, 1989.

Masters, K. Spray Drying Handbook; Longman Scientific & Technical, Essex, England,
1991.

Ullum, T.; Sloth, J.; Brask, A. Predicting Spray Dryer Deposits by CFD and an
Empirical Drying Model. Drying Technology 2010, 28(5), 723-729.

Huang, L.X.; Kumar, K.; Mujumdar, A.S. A comparative study of a spray dryer with
rotary disc atomizer and pressure nozzle using computational fluid dynamic simulations.
Chemical Engineering and Processing: Process Intensification 2006, 45(6), 461-470.

Woo, M.W.; Daud, W.R.W.; Mujumdar, A.S.; Wu, Z.; Talib, M.Z.M.; Tasirin, S.M.
CFD Evaluation of Droplet Drying Models in a Spray Dryer Fitted with a Rotary
Atomizer. Drying Technology 2008, 26(10), 1180-1198.

Gianfrancesco, A.; Turchiuli, C.; Flick, D.; Dumoulin, E. CFD Modeling and
Simulation of Maltodextrin Solutions Spray Drying Control Stickiness. Food and
Bioprocess Technology 2010, 3(6), 946-955.

Kuhnhenn, K.; Oberthirr, A.; Roisman, 1.V.; Joensen, T.V.; Tropea, C. Droplet Size
Determination on a Rotary Atomizer Wheel with Time-Shift Technique in Comparison
to Analytical Theory. ILASS — Europe 2016, 27’th Annual Conference on Liquid
Atomization and Spray Systems, 4-7 September 2016, Brighton, UK.

Kuhnhenn, K.; Luh, M.; Joensen, T.V.; Roisman, I.VV.; Tropea, C. Experimental
Characterization of Spray generated by a Rotary Atomizer Wheel. ILASS — Europe
2017, 28’th Annual Conference on Liquid Atomization and Spray Systems, 6-8
September 2017, Valencia, Spain.

Kuhnhenn, K.; Roisman, 1.V.; Tropea, C.; Joensen, T.V. Study of the internal flow in a
rotary atomizer and its influence on the resulting spray. 9th World Conference on
Experimental Heat Transfer, Fluid Mechanics and Thermodynamics, 12-15 June 2017,
Iguazu Falls Brazil.

[10] Kuhnhenn, K.; Joensen, T.V.; Reck, M.; Roisman, I.V.; Tropea, C. Study of the internal

flow in a rotary atomizer and its influence on the properties of the resulting spray.
International Journal of Multiphase Flow 2018, 100, 30—-40.

@@@@ 215" INTERNATIONAL DRYING SYMPOSIUM
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

202


http://creativecommons.org/licenses/by-nc-nd/4.0/

PARYLCETE RIS i
== mna' e IDS 2018 — 21st International Drying Symposium
I Ds z o 1 8 Valencia, Spain, 11-14 September 2018

FUNDAMENTALS, MODELING AND SIMULATION

Poster Presentations






21st International Drying Symposium 1DS’2018 — 21st International Drying Symposium

I DS! 2 o 1 8 Valéncia, Spain, 11-14 September 2018
DOI: http://dx.doi.org/10.4995/ids2018.2018.7239

Modeling of Particle Behavior in a Wurster Fluidized Bed: Coupling
CFD-DEM with Monte Carlo

Jiang, Z.*; Rieck, C.%; Biick, A.*?; Tsotsas, E.2
@ Thermal Process Engineering. Otto von Guericke University Magdeburg, Magdeburg, Germany

b Institute of Particle Technology. FAU Erlangen-Nuremberg, Erlangen, Germany.

*E-mail of the corresponding author: zhaochen.jiang@fau.de

Abstract

CFD-DEM approach is applied to investigate circulation motion of particles
in a mono-disperse system under both dry and wetting conditions. Good
agreement between simulation results and measurement data is observed, in
terms of cycle time and residence time in dry condition. The deposition of
droplets on the particle surface is modeled by a Monte Carlo approach. The
influence of cohesion forces on the macroscopic particle circulation is
discussed. In addition, information about coating coverage, the layer thickness
and particle size distribution can be predicted by this integrating approach.

Keywords: CFD-DEM; Wurster coater; Monte Carlo; cohesion force;
residence time.
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1. Introduction

Particle coating is widely applied in pharmaceutical, food and fertilizer industry. The Wurster
coater can be used as a batch or a continuous fluidized bed to precisely control the quality of
the coated product [1]. The entire coating process is considerably complex, caused by a large
number of sub-processes, including wetting, drying and film formation; and by the presence
of different zones with different controlling parameters (such as gas velocity, gas
temperature, and spray rate), as shown in Fig. 1. The enhanced understanding of particle
dynamics in different zones is significant to optimize drying Kinetics that governs particle
formation in coating.

D cats u, K. CFD-DEM 4=m) Monte Carlo

/: 3 particle motion ; droplet deposition
integrated
L.

| [ droplets <&
deposition

(1): Spray zone
(2): Wurster tube  ~
(3): Fountain zone

(4:Downbed  ° fpelsac oL R | el g
(5): Horizontal zone 5 mm[ ,.::_-.
e '__'.u
¥ o
Time: 1.50 [s] :©.
ST T 1 3

Fig. 1 Modeling of particle behavior by CFD-DEM for particle motion integrating Monte Carlo
for droplet deposition (The Wurster coater is divided into 5 process zones; and the droplet
deposition takes place in the region marked by the light blue rectangle).

The circulation motion of particles under dry conditions has been investigated in experiments
and simulations [2, 3]. However, published studies of the influence of cohesion forces
existing in spray zone on the circulation motion are very limited. In this study, computational
fluid dynamics-discrete element method (CFD-DEM) was used to investigate the particle
motion in the Wurster coater, under both dry and wetting conditions. The influence of
cohesion forces, relating to wetting properties and process parameters, on the residence time
and the cycle time are discussed based on the analysis of all individual particle trajectories.
For the prediction of particle size, a two-zone population balance modeling is usually used
to predict the growth of particles during the coating process. In this work, the event of droplet
deposition modeled by a Monte Carlo approach [4] was integrated with the particle motion
predicted by the CFD-DEM approach, which creates a relatively cost-effective multiscale
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numerical method to predict particle size distribution and coating coverage during the coating
process. The effect of cohesion forces in the Wurster tube on particle size distributions for
different process times is discussed.

2. Methodology
2.1 CFD-DEM approach

The CFD-DEM approach has been widely applied to investigate the complex granular flow
in chemical applications. The CFD-DEM approach can capture the macroscopic particle
dynamics in the multiphase flow, simultaneously providing an insight into behavior of
individual particle scale including particle-particle interactions, as shown in Fig. 1. The open
source code OpenFoam+LiIGGGHTS (CFDEM®project) was used for this study. The
detailed governing equations of solid and gas phase, Gidaspow drag model, Hertz soft sphere
contact model and rolling model can be found in our previous works [3, 5].

determine particles in
simulation domain

calculate total
process time £y,

| CFD-DEM | |

Fig. 2 Flow chart of the Monte Carlo integrated with CFD-DEM including required random
numbers (N, is the number of particles in the Monte Carlo domain).

2.2 Cohesion model

The capillary force and viscosity force have been implemented into the DEM code [6]. The
equation for calculating the capillary force F. (N) of a specific particle-pair geometry was
obtained by fitting the set of discrete solutions of the Laplace equation, expressed as:

F, = na\[RR; [c +exp (Aﬁ% + B)], 1)
where R; and R; are radii of two particles (m), d;y., is the inter-particle distance (m), and o
is the surface tension of Igiud (N/m). The coefficients 4, B and C are functions of liquid
volume V; (m?), contact angle 6 (radians) and larger particle radius R4, = max(R;, R;) [6].
The liquid volume between two particles is assumed to be evenly distributed when the inter-
particle distance is larger than the rupture distance D, = (1 + 0.56) - V,l/3 (m).
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The viscosity force F, (N) can be calculated as:

* *

F,, = 6TuR* Ez R—+09588 2
) vt u Ve 1571 . ,

din ter

E,, = 6muR™v,

inter
where p is the fluid dynamic viscosity (Pa-s), R* = R;R;/(R; + R;) is the equivalent radius;
and v, and v, are relative velocity of two particles in normal and tangential directions (m/s),
respectively. The capillary force and viscosity force are included into Newton’s law of
motion for individual particle. Note that these two forces only exist in the Wurster tube and
wall boundaries are assumed in dry condition.

2.3 Monte Carlo approach

According to the geometry of spray zone, the simulation domain for Monte Carlo is the
cylinder with the height of 75 mm and the radius of the Wurster tube, and the bottom of the
domain is aligned with the tip of the spray nozzle, as shown in Fig. 1. The particles in the
Monte Carlo domain were determined by the CFD-DEM data. The overview of the Monte
Carlo integrated with CFD-DEM is given in Fig. 2. In each Monte Carlo time step At,,, one
droplet deposition event is guaranteed to happen in the Monte Carlo domain. The time step
can be calculated from the number flow rate of droplets injecting into the system, expressed
as:

6M
At,, = — _11 ) (3)
m (T[,Dddg) nr

where M is the mass flow rate of solution and r; is a uniformly distributed random number
for the interval (0,1). The droplet diameter is constant. Once the total Monte Carlo process
time t,, exceeds 0.01 s, CFD-DEM simulation was advanced for 0.01 s and number of
particles in the Monte Carlo domain N, ,,, was updated based on new CFD-DEM data.

To evaluate the individual droplet deposition, two more random numbers are required: r, to
pick up the particle from the domain and r; to choose deposition position on the single
particle surface. In current work, each particle in the domain has the same possibility to
receive the droplets. Based on the work of Rieck et al. [4], the number of positions (with
same size) per particle N, is calculated by Ny,s = d3/dZ,neace- The diameter dpq, is the
diameter of contact area, which depends on the contact angle and droplet volume. N, was
rounded to an integer value in the code. Each position can have four statuses labeled by four
numbers in the model: 1) no droplet (initial), 2) with wetting droplet, 3) with dry droplet and
4) no droplet (new). In cases of label 1, 3 and 4, the droplet deposition event can occur. If a
wetted position (2) is selected, a new random number r; is generated until the requirement
of deposition is satisfied.

The criterion for determining dry or wet position is related to the drying process of the
deposited droplet, expressed as:
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Table 1. Summary of the setup for CFD-DEM integrating with Monte Carlo

Parameters Value Unit
Particle phase (DEM)
Particle diameter d,, , 1.75 mm
Particle density p, 1420 kg/m?3
Particle number 50 000 -
Gas phase (CFD)
Gas density p,, 1.2 kg/m?3
Dynamic viscosity 1.84x10° Pa:s
Gas flow rate (fluidization V,/atomization) 80.3/3.5 m3h
Gas temperature 50 °C
Moisture content of fluidization gas Y;,,;.: 1 a/kg
Liquid phase (Monte Carlo)
Droplet diameter d4 50 pum
Droplet density p, 1000 kg/m3
Solid density of coating solution p; 1000 kg/m?®
Mass flow rate M 0.25 kg/h
Solid mass fraction € 0.3 -
Porosity of coating layer ¢, 0.5 -
Liquid content a; 0.001 -
Surface tension o 0.072 N/m
Contact angle 9 30 °
Liquid viscosity u 10+ Pa-s
CFD-DEM simulation parameters
CFD time step 5x10° s
CFD cell number (structured hexahedral) 81600 -
DEM time step 10° s
Integrate time Monte Carlo and CFD-DEM 0.01 S
Simulation time 20 min
tm = tdeposition + Atdrying' (4)

Where tgaeposition 1S the moment the droplet deposition happens, and Atgrying is the drying
time of the deposited droplet. Considering the first drying period only, the Aty g Can be
calculated by [4]:

N (%ﬂdi) “pa (1 &) (5)
ymg ﬁmAdeppg (Ysat - Y) '
where S is the mass transfer coefficient (m/s), Yy, is the adiabatic saturation moisture content
of fluidization gas (g liquid/kg dry gas), and Y = Y., + M - (1 — ES)/(I{, “pg) is the
moisture content of bulk gas. A4, is the curved area of deposit droplet in contact with the
gas (m?), which can be calculated by:
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A _ ETC ' dgontact (6)
P 7 2 14 cosO
The thickness of solid layer in single position on particle surface h; can be calculated as:

(Lraz). L&\
h. = dgore + ENpos (6 ndd) Ps * Ps —d (7)
i ) 4 p core’

where d.,,. IS the diameter of core particle. The coating coverage W can be evaluated by:

Yy = Npas,tat - Npos,free (8)

J
Npos,tot

where Npos.tor AN Npos rree are total number of positions and number of positions without
droplet, respectively. With the average coating thickness h,,, the particle diameter can be
expressed as: d,, = deore + 2hp.

2.4 Simulation setups

The mesh of Wurster coater was built by O-grid method [3], according to the configuration
used in PEPT experiments [2]. The initial particle diameter d,, , is 1.75 mm. All important
simulation parameters in the sub-models of CFD-DEM integrating with Monte Carlo are
summarized in Table 1. The coupling interval between DEM and CFD is 100 time steps of
DEM; and the integrating interval with Monte Carlo is 0.01 s, which is approximately
2d,, o /vy (Mmean particle velocity in the Wurster tube).

3. Results and discussion
3.1 Particle circulation motion

As shown in Fig. 3, the global circulation of particle from simulation with cohesion forces
(0.1 %) is very similar to that in dry condition; however, the particles tend to be clustered in
the Wurster tube. The detailed value of mean cycle time and mean residence time are listed
in Table 2. The ideal cycle time and residence time in the Wurster tube were found to be in
good agreement with PEPT measurement data in dry condition. However, the non-ideal cycle
was underestimated in the simulation. With the effect of cohesion forces, the ideal cycle time
and the fractions of ideal cycle are decreased, resulting in the increase of total cycle time.
The decrease of the fractions of ideal cycle may cause by upwards and downwards motion
of particle clustering in the Wurster zone.

3.2 Particle coating

Figure 4 left) shows the coating coverage of a sample particle after 70 s and the spherical
particle was mapped into 2D space based on number of deposition positions. The gray level
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Fig. 3 Influence of cohesion forces on particle motion in the Wurster coater.

Table 2. Comparison of ideal cycle time, overall cycle time, residence time
CFD-DEM simulation Measurement [2]

Variable

dry a; = 0.1% dry
tic [s] 4.98 (52.8) 4.25 (33.5) 4.84 (99.0)
t. [s] 5.82 (61.5) 6.42 (73.3) 6.14 (89.8)
1, [%0] 78.3 60.2 55.3
t,. [s] 0.96 (33.7) 0.90 (44.6) 1.00 (-)
t,s [S] 0.15(22.1) 0.14(28.3) -

* T, is mean ideal cycle time, t;, is mean total cycle time, 7, is number ratio of ideal cycle,
t,. and t,, are mean residence times in Wurster tube and spray zone; the coefficient of
variation (CV) is in the brackets.

Coating coverage at T0.0 [s] 12, 3.5
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Fig. 4 Coating coverage and layer thickness of sample particle from wetting simulation: left)
droplet deposition on single particle, right) layer thickness and CV with respect to time.
represents the number of deposition droplets in each pixel. According to Eg. (8), the coating
coverage at this moment is 67 %. However, the coating coverage cannot roundly measure the
uniformity of coating layer. The coefficient of variation (the ratio of standard deviation to
mean) of the layer thickness is 1.05 at this moment. Figure 4 right) shows that the mean layer
thickness increases and the coefficient of variation decreases. The variation only happens
when the particle passes through the Wurster tube. Figure 5 show the size distributions under
dry and wetting conditions. There are wider distributions of particle diameter d,, for

simulations with cohesion forces for different process times.
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Fig. 5 Particle size distributions of 50000 particles in different process time (both dry and
wetting).

4. Conclusion

Cohesion forces scatter distributions of cycle time, residence time and particle size. It is
important to provide enough drying capacity in fluidization gas to prevent the appearance of
particle agglomeration and achieve high product quality in the Wurster coating process.
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Abstract

In this study the operation of spray drying chambers fitted by the multi-stream
monodisperse atomizer was simulated by the previously developed CFD model
of skim milk spray drying. A series of CFD simulations of skim milk
monodisperse spray drying were performed. The influence of different nozzle
positions, initial droplet diameters (180 um and 167 um) and the way of air
introduction (vertical or swirling with 30° or 60° angle) on the drying process
were checked. Parameters like drying air and particle residence time, wall
deposition, inter-particle collisions, protein thermal deactivation, air velocity
and temperature profiles were compared for each case.

Keywords: CFD, spray drying, skim milk, monodisperse atomizers,
optimization.
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1. Introduction

Spray drying process for powder production and dehydration is widely used in many sectors
of industry. Low content of solids in the liquid feed sprayed inside the drying chamber results
in a large amount of energy required for particle solidification and evaporation of moisture.
Therefore, the spray drying process consumes much energy used for preparation of the drying
agent. Continuous growth in the demand for spray dried products makes improvements in
the spray drying process necessary, not only in regard of energy and substrates consumption
but also of product quality.

Modern technologies of computational simulation allow to design or optimize the production
process of powders with properties directly specified by the customers. Spray drying process
optimization performed by CFD techniques can also be used to solve production problems in
certain regions of the drying chamber. An example has been given by a series of CFD
simulations of a detergent counter current spray drying tower performed by Wawrzyniak [1].
In this work a theoretical solution of problems related to powder baking near the hot air inlet
area was proposed. Particle deposition on the wall and its effect on spray drying tower
operation has been widely studied in the literature [2]. Especially, the effects of flow
hydrodynamics and air flow direction on the trajectories of particles, residence time and
deposition inside of the drying chamber has been studied [3]. In CFD studies of air
hydrodynamics in spray drying towers mostly the effect of different ways of air introduction
on flow stability inside of the chamber has been checked [4]. Simulations with swirl air
distribution were verified on the basis of experimental investigations [5]. Not only airflow
and drying efficiency can be simulated by the CFD models. More advanced studies on
particle morphology allow to include into the CFD simulations models of agglomeration,
particle formation or material degradation during the spray drying.

Particle agglomeration occurs mostly in counter current and mixed flow spray dryers, having
significant influence on particle size distribution in the final product. In some production
processes full control of the size of particles in the dried powder is required. For this reason
CFD simulations are used to identify theoretically regions where agglomeration can take
place [6] or to predict final particle size distribution in the product [7]. In food industry, like
skimmed milk powder production, it is also necessary to take into account influence of
process parameters on product quality. CFD simulations of the influence of drying
parameters on lysine loss were performed for example by Schmitz-Schug [8].

In the presented article the influence of drying conditions, swirl flow, monodisperse multi-
stream atomizer configurations and droplet diameter on the drying efficiency, product
quality, agglomeration probability and wall deposition will be predicted by the developed
CFD skimmed milk spray drying model. All simulation results are compared to show the
impact of each parameter on the drying process and to show which configuration and
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parameters can give optimal results in spray drying of skimmed milk when using novel
monodisperse multi-stream atomizers.

2. Materials and Methods

The presented manuscript is a summary of the European project ENTHALPY whose task is
to optimize skim milk powder production via spray drying. Design of new spray dryer can
be supported by the CFD simulations and for this reason mathematical model of skim milk
drying and thermal inactivation of the proteins need to be developed.

2.1. CFD model of skim milk spray drying

Development of the CFD model of skim milk spray drying process starts with the series of
single droplet drying (SDD) experiments performed for milk and milk components in wide
range of operating conditions [10]. Based on obtained data advanced model of single droplet
drying was developed. This model takes into account internal circulation of liquid in droplet,
spatial gradient of solid concentration, temperature and moisture distribution and calculation
of inflation and deflection of particle in elevated temperatures [11]. Next developed model
was simplified and implemented into the CFD solver. To verify correctness of performed
simulations calculation results were compared with experimentally obtained data from the
test spray drying installation constructed on Otto von Guericke University in Magdeburg
[12]. The test installation will later colled OVGU dryer. Additionally, evaporation model was
combined with the protein inactivation model to calculate degradation of the skim milk
powder during the spray drying process [13]. A full mathematical description of the models
and details of the dryer geometry and settings of the CFD solver can be found in the quoted
articles. Here only brief description of CFD simulations is presented.

2.2. Geometry and nozzle configurations

Tested spray drying tower is a co-current installation with narrow drying chamber: total
height is 6.5 m with 0.4 m inner diameter [12]. Instead of a standard two-fluid spray nozzle
the newly designed monodisperse multi-stream droplet atomizer was used [14]. It was
assumed that dryer will be feeded by four monodisperse atomizers. Each printing head has a
base plate with 150 outlets placed in one line. Each outlet generates a single stream of droplets
with constant initial diameter which depends on the size of the outlet and on the frequency
of the piezo element inside the printing head. In CFD simulations special arrangements of
the heads, which lead to a variation in the shape and dimensions of their supporting plates,
were tested. Each configuration of the printing heads has a different denotation which will
be used further in the description of results:

e CI_1 - four printing heads arranged one next to the other. Heads are mounted on
the round base (diameter 214 mm) plate used in the OVGU dryer.
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e SQ_2 - four printing heads arranged one beside the other. Heads are mounted on
the rectangular (188 mm x 188 mm) base plate.
e RI_3 - four printing heads arranged on a ring support plate (internal
diameter = 150 mm, external diameter = 290 mm, distance of printing head from
the axis = 80 mm)
e CR_4 - four printing heads mounted on an equal-armed cross with arms of length
133 mm and breadth 42 mm.
To distinguish different air inlet directions additional markings were added to the name of
the geometry:
o Ax - axial flow of air (example CI_Ax).
o 30 —airflow with 30° swirl (example CI_30).
o 60 — airflow with 60° swirl (example CI_60).
ANSY'S Meshing software was used for grid generation. Near the wall area, where the highest
gradients of velocity are predicted, a five-step boundary layer was generated. Finally, a fine
mesh with 385k tetrahedral elements was generated. For every case, with different printing
head configurations, a new mesh was generated with different computational elements on the
atomizer support plate and air inlet surface. Those differences change the mesh structure near
the air inlet area. However, all mesh quality parameters and number of mesh element were
kept constant.

2.3. Operating parameters

Skimmed milk with initial solid mass fraction equal to 45% was used as the feed in the
simulations. Initial diameter of the droplets injected into the drying chamber depends on the
frequency of the piezo element inside of the printing head. In this report two frequencies were
tested, 12 kHz and 15 kHz which generate droplets with diameters of 180 microns and 167
microns respectively. The mass flow rate of skimmed milk solution was equal to 0.018 kg/s,
with an inlet temperature of 55°C. Initial velocity of the droplets was 18.7 m/s.

Air inlet on top of the dryer was set up as mass flow inlet boundary condition. In every
simulated case the mass flow rate of air was constant and equal to 0.1 kg/s. Air was assumed
as dry ideal gas with initial temperature of 200°C. In simulations with vertical airflow
direction, inlet air vectors were set as normal to the boundary. In simulations with swirl
airflow, air direction vectors were inclined to the inlet surface by an angle of 30° or 60°.
Centre of rotation was the tower axis.

To calculate the number of inter-particle collisions it was necessary to perform all
calculations in transient state. The number of time steps maintained for every simulation was
400 with time step size of 0.1 s. In simulations with axial flow of air the realizable k-¢
turbulence model was used. However, in simulations with rotary movement of air the
turbulence model was changed to the RNG k-¢ turbulence model with switched on option of
swirl dominated flow, which is recommended for calculations with rotary airflow.
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2.4. Simulations results

Simulations results were summarized in Table 1. Swirling air distribution has a significant
impact on particle flow trajectories. Particles rotation increases their residence time inside
the drying chamber.

Table 1. Summary of the CFD simulations results

Case Partlcl_e residence Outlet air H20 removed, %
study time, s temperature, °C
180 pum 167pm 180pm 167pm 180 pm 167 pm
CI_Ax 3.08 3.23 62.61 63.01 92.32 91.93
Cl_30 3.95 4.24 64.96 63.39 95.15 98.65
Cl_60 5.46 4.83 70.09 68.11 87.91 89.06
SQ_AX 2.92 3.21 62.65 63.04 93.08 98.47
SQ_30 3.97 4.30 62.86 63.12 98.69 98.66
SQ_60 6.80 4.55 68.58 67.48 95.98 96.57
RI1_Ax 3.87 4.17 63.48 63.52 98.77 98.89
R1_30 4.23 4.23 74.06 72.91 86.97 88.06
RI_60 4.76 451 72.8 72.27 95.56 96.17
CR_AX 4.24 4.24 63.57 64.15 96.25 96.69
CR_30 6.12 5.75 66.11 65.95 97.72 98.02
CR_60 6.39 6.55 72.62 71.29 86.03 85.88
Case Probability of Wall deposition, Protein activity
study collision, % % level, %
180 pm 167pm 180 pm 167pm 180 pm 167 pm

CI_Ax 5.27 5.13 0.47 0.42 96.05 95.83
Cl_30 2.85 1.98 0.84 0.89 94.21 94.67
Cl_60 7.78 8.33 2.15 2.06 95.54 97.14
SQ_AXx 5.77 491 0.60 0.44 91.62 95.26
SQ_30 1.77 1.76 0.82 0.85 94.97 94.66
SQ_60 8.65 8.72 2.07 2.11 96.07 97.21
RI_Ax 5.32 5.66 0.41 0.48 90.76 94.68
RI_30 9.07 9.05 1.76 1.75 96.03 96.15
R1_60 9.47 9.26 3.30 3.41 95.00 96.02
CR_AXx 5.88 6.56 0.44 0.45 93.51 94.56
CR_30 3.38 3.16 1.17 1.13 96.81 96.45
CR_60 7.93 8.76 3.27 3.39 94.31 94.67

Based on the evaporation model, temperature distribution inside the spray dryer was
obtained. The temperature of the continuous phase decreases along the tower because the
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heat is transferred to the discrete phase for moisture evaporation. Swirling flow of the air and
particles shows an interesting relationship with the temperature drop due to moisture
evaporation. Comparison of time average outlet air temperature shows that in cases with
higher swirl air movement the final air temperature is higher. This phenomenon can be
explained as follows: In cases of axial flow of air particles are falling in the whole volume of
the dryer, which results in a low temperature region near to the tower axis. With increasing
swirl angle particles are moving to the dryer wall and the low temperature region is also
moved from the dryer centre near to the dryer wall. For 60° swirl angle all particles are
flowing near the wall where due to evaporation and heat loses to the environment air
temperature is lowest. Due to this, in cases with swirl movement of air the evaporation rate
of particle moisture is lower and the overall consumption of energy decreases. From the
analysis of changes in evaporation rate of particles following conclusions can be drown:

For vertical flow in cases Cl_1 and SQ_2 where particle injections are concentrated near to
the tower axis, the highest concentration of water source terms can be observed in the middle
of the drying tower. In Rl _3 and CR_4 nozzle configurations particles are better distributed
in the volume of the dryer.

Swirling introduction of air significantly changes the pattern of evaporation regions inside
the dryer. With axial air flow evaporation takes place in the middle of the dryer. With an
increase in the angle of air rotation the centrifugal force that pushes the particle toward the
walls of the dryer also increases. Near to the wall evaporation rate is lower due to lower air
temperature. However the drying process is much longer, due to longer residence time of
particles inside the drying chamber. Analysis of drying efficiency shows that 30° swirl
increases the residence time and this improves drying efficiency. However too strong rotation
pushes particles into the low temperature region and decreases drying efficiency.

From the CFD simulations we determined regions, in which inter-particle collisions can take
place. With axial air flow particle collision regions are distributed in the whole volume of the
drying chamber. With increasing angle of air rotation collision regions are moved to the dryer
wall. With small swirl angles (30°) when particles are not reaching the dryer wall, rotary
movement decreases the inter-particle collision probability.

Powder deposition on the dryer walls is an undesirable process during spray drying. This
phenomenon can reduce the product quality or, in extreme case, stop the drying process by
clogging the drying chamber. Analysis of contours where powder can be deposited and
overall percentage of feed storage on the dryer wall shows that in such a narrow spray dryer
swirling movement of air is not recommended and strongly increases powder deposition on
the dryer walls. According to the deactivation model, the two parameters that control the
activity of the protein in skimmed milk are moisture content and temperature of particles.
From the point of view of protein deactivation analysis, strong swirling movement of air
decreases deactivation rate despite the longer residence time of particles inside the drying
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chamber. Near to the wall particles are dried slower in low temperature region which results
in lower protein deactivation.
3. Conclusions

Series of CFD skimmed milk drying simulations of the co-current spray dryer fitted by multi-
stream monodisperse atomizer were performed. Comparison of obtained simulations results
shows:

e The use of monodisperse atomizer allows to obtain a more orderly flow of particles inside
the drying chamber than in the simulations with standard polidisperse nozzle.

« Greater spacing between atomizer heads (like in the suggested ring or cross configuration)
increases drying efficiency.

* In co-current spray towers with narrow diameter of chamber swirling air flow is not
recommended due to:

o Creating centrifugal forces which increase wall deposition and particle collision
rate.

0 Much energy from the air is not used for the evaporation process. Dryer has lower
efficiency.

o Less uniform radial distribution of air velocities and temperatures.

e Dryers with axial movement of air fitted by monodisperse atomizer have lower
probability of powder agglomeration and wall deposition than dryer with standard two-
fluid spray nozzles.

» Powders obtained from dryers with monodisperse atomizers have higher protein activity
level than products obtained from standard production.

» Produced powder will have uniform particle size.

Simulation of OVGU dryer shows that for the new monodisperse atomizer the best
construction is a high and narrow co-current spray dryer. Axial air flow without recirculation
prevents agglomeration, wall deposition and overheating of particles. Co-current spray
drying allows for better control by changing flow the rate and temperature of the drying agent.
The optimal diameter of the tower depends on the number of installed printing heads.
However it is recommended that each printing head should be separated by an air inlet to
increase drying efficiency and prevent collisions between the particle streams.

CFD simulations of skimmed milk spray drying feeded by monodisperse atomizer show big
advantages over other drying processes performed by standard nozzles. Produced powder is
expected to have high quality and uniform particle size which can be of crucial in
pharmaceutical, cosmetic and food powders production.
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Abstract

The pore scale progression of the sublimation front during primary freeze
drying depends on the local vapor transport and the local heat transfer as
well. If the pore space is size distributed, vapor and heat transfer may
spatially vary. Beyond that, the pore size distribution can substantially affect
the physics of the transport mechanisms if they occur in a transitional
regime. Exemplarily, if the critical mean free path is locally exceeded, the
vapor transport regime passes from viscous flow to Knudsen diffusion. At the
same time, the heat transfer is affected by the local ratio of pore space to the
solid skeleton. The impact of the pore size distribution on the transitional
vapor and heat transfer can be studied by pore scale models such as the pore
network model. As a first approach, we present a pore network model with
vapor transport in the transitional regime between Knudsen diffusion and
viscous flow at constant temperature in the dry region. We demonstrate the
impact of pore size distribution, temperature and pressure on the vapor
transport regimes. Then we study on the example of a 2D square lattice, how
the presence of micro and macro pores affects the macroscopic progression
of the sublimation front.

Keywords: pore size distribution; transitional vapor transport; pore network
model; fractured sublimation front.
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1. Introduction

Primary lyphilization, or freeze drying, is a coupled process of heat and mass transfer
through frozen matter, which is usually a block of a frozen solution or a packing of frozen
particles, e.g. [1]. The heat of sublimation is usually provided by contact of the frozen
material to a shelf with higher temperature and by radiation. The heat transfer from the
shelf to the sublimation front, at lower temperature (usually saturation temperature is
anticipated at the sublimation front), occurs mainly by heat conduction through the ice
phase, if the thermal condutivity of the solid is assumed to be low (usually Ajce 0 Agyig)- It

is thus plausible that the local distribution of solid and ice phase significantly affects the
transport of heat. Especially in case of a strongly heterogeneous distribution of solid and
ice, the heat transfer rate can vary locally and affect the structure of the sublimation front.
Similarly, vapor transport from the sublimation front to the surface of the frozen material is
affected by the distribution of solid and pores, which emerge from sublimation of the ice
phase. It is basically expected that more vapor can be transported through larger pores
while the occurrence of smaller pores results in the decelaration of drying, e.g. [2]. From
this it can be concluded that the drying process might be optimized in terms of drying time
and capacity of the dryer based on the control of the distribution of ice crystal sizes (in
regard of heat transfer through the ice saturated region of the frozen material) and the
distribution of pore sizes (in regard of vapor transfer through already dry regions). For this
reason, frozen solutions are foamed to obtain a heterogeneous distribution of pores [3].
Foamed frozen matter is characterized by smaller pores which are saturated with ice at the
start of drying and larger unsaturated pores which result from the admixion of gas to the
liquid solution before and during the first stage of freezing. As shown in [3] by experiments
with a frozen aqueous solution of mannitol stabilized by a mixture of skim milk and sodium
carboxymethylcellulose, drying can be much faster using this method, because the transport
of vapor is positively affected in presence of the large pores.

It will be discussed in this paper that the simulation of vapor transport through a
heterogeneous porous medium of interconnecting and interpenetrating large and small
pores, such as in the experiment of [3], represents a special situation in which traditional
model approaches or empirical models might rather be substituted by pore network models.
The motivation behind that, is the assumption of a transitional vapor transport regime
between Knudsen diffusion (in smaller pores) and viscous flow (in larger pores), which
cannot be captured by the traditional continuous models or empirical approaches, which
essentially blur the different transport properties into effective parameters. Basically,
different flow regimes, i.e. either based on a gradient in total pressure (viscous flow) [4] or
based on a gradient in vapor pressure (Knudsen diffusion) [5-9] underly the classical
models of freeze drying. The distinction between the different flow regimes is generally
based on the Knudsen-number,
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Kn=—, Q)

with pore diameter d and the mean free path of the diffusing molecules
A=K 250 @)

In Eq. (2) u denotes the dynamic vapor viscosity in Pa s, P the pressure in Pa, R the
ideal gas constant in J kmol* Kt and T the temperature in K.

Continuum flow (i.e. Darcy flow with no-slip conditions) is expected for Kn < 0.001,
while slip flow is expected for 0.001 < Kn < 0.1. Molecular (Knudsen) flow, based on a
concentration gradient of the diffusing substance, occurs for Kn > 10, e.g. [10]. In the
transitional range between Kn > 0.1 and Kn < 10, neither the Darcy equation of viscous

flow (r, =—(pk/u)VP) nor the molecular flow equation (m, =Dy, (M/ﬁT)VPV) can

provide an exact approach. However, in many situations this range is relevant for freeze
drying because of the occurrence of very low pressures, i.e. highly diluted gases. In this
range, the approach e.g. presented in [10] can be applied. This is further elaborated in the
following section in conjunction with the pore network model.

2. Pore network model

The pore network model is based on the concepts e.g. given in [11]. In the simplest case,
the porous medium can be represented by a square lattice of pores and throats of varying
width and length. Here, we present the results from drying of a pore network with 50x51
pores (4949 throats) of length L = 100 um and with the pore size distribution given in Fig.
1. Note the bimodal distribution of pore sizes, i.e. the presence of pores with smaller radius
(peak in Fig. 1) and the tailing of the curve to throats with greater radius (similar as in
experiments discussed in [2]). The pores are arranged in a way, that the radii of vertical
throats and the pores in every fifth vertical column (i.e. columns [1, 6 11, 16, 21, 26, 31, 36,
41, 46, 51] as indicated by the inlet of the figure) are three times larger than the remaining
throats and pores.
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Fig.1 Pore size distribution of the investigated 2D pore network. Note the tailing of the curve
towards greater radii (i.e bimdodal pore size distribution).

The simulation is realized with constant temperature T* =T = -38°C and pressure inside
the drying chamber P,” =P = 10 Pa. The parameters of water are l\7|V = 18.02 kg kmol*

(molar mass), ice density p,, =918 kg m™ and dynamic viscosity of the vapor phase g, =
2.5-10% Pa s The equilibrium vapor pressure is computed from
log,, P, (mbar)=a-(T,/ T(K)-1)+b-log,, (T, / T (K))+c-(1-T,/ T(K))

, (3
105, (R, ) ©

with T, = 273.15 K, P, =6.1071 mbar and a =-9.09718, b = -3.56654, ¢ = 0.876793.
[12]. Itis P} (T" =-38°C)= 16.0580 Pa.

Computation of vapor transport through the dry zone of the pore network (white throats and
pores in Fig. 3 below) follows the semi-empirical approach proposed e.g. in [10] based on
the works of Knudsen. The mass flow rate is given by

M, 4P

. 0
M, (kg s™)= KAZE— (@)

with cross sectional area A in m?, pressure gradient between two neighbor pores AP in Pa
and throat length L in m. The transport coefficient K is computed from

K(m?s™) :%(1+8.88Kn+4.96Kn2) (5)

[10] and Kn from Eq. (1). Each term in Eq. (5) can be related to the contribution of the
different flow regimes: the first term of Eq. (5) represents the contribution of Poisseuille
flow, the second term of slip flow and the third term of Knudsen flow. Note that the
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calculation of K is an iterative problem if it is assumed that P =P,, i.e. the total pressure

gradient is equal to the vapor pressure gradient. Then pressure varies with position x (also
refer to Fig. 3) and K varies accordingly (Eg. (5)).

Figure 2 shows the dependency of K on pore sizes in the range between r =1 umand r
=1 mm with pressure and temperature as in the pore network simulation (Fig. 2a) and for
constant pore radii r = 10 pm and varying ratio T/P (Fig. 2b). As can be seen, Knudsen
flow dominates as long as pore radii are smaller than approximately 10 um; however for
radii r > 10 um slip flow and Poisseuille flow become increasingly important (Fig. 2a). In
the range between r =1 umand r =25 um (Fig. 1), K increases almost linearly by about
32 %. A similar picture is drawn for constant radius, r = 10 pm: In the range 0.01 < T/P

< 100 K Pal transitional flow occurs if pressure varies between ~ 2 Pa and ~235 hPa,
leading to a global minimum at T/P = 0.48 K Pa* (given T =-38°C).

10° 10
T=-38"C.P=10Pa r=10um
10°
o T \_/
o 40 ases
E W
E < —K
x 10 -Poiseuille
—K 109 P . -Slip flow
10«5 o —Poisauille \‘ =Knudsen
Slip flow ’ h
o -~Knudsen 10
10° ; s o o
10° 10° 10* 10° 10 0 10
Radius (m) TR (KPa™)
a) b)

Fig. 2 Contribution of flow regimes to vapor transport a) for constant temperature and pressure
and b) for constant radius.

The pore network simulation is started from an initially fully saturated network. The vapor
pressure field is computed from the boundary conditions of each pore [11] and the vapor
flow rate between two pores is computed from Eq. (4). The sublimation rate from ice
saturated pores and throats at the sublimation front is then calculated from

M, =M, . (6)

The vapor pressure field as well as the transport parameters (essentially K) are updated
after the complete emptying of either a throat or a pore.
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3. Simulation Results

Figure 3 shows the distribution of ice phase and dry solid phase resulting from a pore
network simulation realized with the parameters specified above. Most striking is the
structure of the sublimation front evolving in the pore network with bimodal pore size
distribution (Fig. 1). Obviously, in the transitional regime vapor flow through larger pores
(in every 5th column) is accelerated compared to the flow through smaller pores (in the
neighbourhood). This leads to the erosion of the sublimation front and faster progression of
the gas phase in pores with greater diameter.

Fig. 3 Freeze drying of a 2D pore network. The ice phase appears in blue, empty pores in white and
the solid in gray. Vapor escapes from the top edge.

Figure 4a shows the least advanced position of the sublimation front (measured from the
open side of the pore network) as a function of the total ice saturation, i.e. the sublimation
front velocity. As can be seen, the macroscopic velocity of the sublimation front is
approximately constant in this representation. However, the saturation profiles in Fig. 4b
indicate that the front is significantly broadening with progressive invasion of the pore
network. This is a result of the assumption of transitional flow in a pore network with
bimodal pore structure (Fig. 1) and the higher vapor transport rates in pores with greater
radius which allow for higher sublimation rates according to Eq. (6). This is in agreement
with experimental results reported in [2]. Furthermore, as indicated by the dashed lines in

Fig. 4b, the slice averaged relative humidity, ¢ = PV/PV* (T7), is approximately ¢ = 1 in
the region of the fractured front and decreases only slightly towards the network surface
due to the low spread of vapor pressures ( AP = P, — P ). This shall further be elucidated in
future research related to collapse phenomena, e.g. [13].
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Fig. 4 Analysis of drying kinetics and sublimation front structure: a) sublimation front velocity in
terms of Ax/AS , b) slice average saturation profiles (solid lines) and relative humidity (dashed

lines) for different overall network saturations S with ice phase.

4. Summary and outlook

We have presented the results of a pore network simulation of freeze drying applying a
bimodal structure of the pore space. It could be shown that in the transitional regime
between molecular diffusion and viscous flow, drying can be accelerated due to the
presence of macro pores. The interpretation of this outcome is twofold: on the one hand,
drying performance can be positively affected by pore design (i.e. in terms of drying time
and capacity), on the other hand, higher demands are imposed on process control if the
occurance of material collapse is associated with the local drying rate or rather the spatial
variation of the velocity of the sublimation front. We thus aim to study in more detail in a
future work freeze drying in the transitional regime by 2D and 3D pore network models
with different structures of the pore space.
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Abstract

The aim of the present work is to determine the moisture diffusion coefficient
in peas applying, in a first step, a methodology previously published in the
literature by Uddin et al.l!! for determining constant diffusion coefficients
taking in account the volume reduction associated to the drying process.
Then, in a second step, refine it by means of an optimization step. The
optimization step is justified because the methodology of Uddin et al. is based
in a solution of the diffusion equation that is not mathematically valid for the
drying-shrinking problem.

Keywords: : moisture diffusivity; drying-shrinking; peas drying.
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1. Introduction

Usually bio-products such as fruits and vegetables have high initial moisture content and
present appreciable volume shrinkage during the drying process. Shrinkage of biological
materials takes place simultaneously with moisture diffusion during drying and thus may
affect the drying rate. It is important to take into account the shrinking phenomena when
determining the moisture diffusion coefficients. When this phenomenon is not negligible
there are not analytical solutions available for the equations describing this moisture
diffusion process. In these cases changes in radius should be taken into consideration when
predicting moisture profiles and, also when estimating diffusion coefficients. Not taking
into account volume shrinkage leads to over-estimated diffusion coefficients (Xianxi et
al.”l; Guohong et al.B),

A simple method for determining diffusion coefficients taking into account the variation in
radius was proposed by Uddin et al.lYl. It is based on a modification to the one term
truncated infinity series solution that takes into account the reduction in radius. Examples
of its application to drying can be found in Hawlader et al.l¥l, Giovanelli et al.®l, Garcia et
al.I81, Martinez et al.["- 8,

The aim of the present work is to determine the moisture diffusion coefficient in peas
applying, in a first step, the methodology previously published in the literature by Uddin et
al.lll for determining constant diffusion coefficients taking into account the volume
reduction associated to the drying process. Then, in a second step, the diffusivity values are
adjusted in order to satisfy a more rigorous model of the drying-shrinking problema by
means of an optimization procedure. The optimization step is justified because the
methodology of Uddin et al. is based on a solution of the diffusion equation that is not valid
for drying-shrinking problems. Finally, in a third step, by means of another optimization
step, the model of the shrinking phenomena is improved.

2. Materials and Methods
2.1. Uddin methodology

Mass transfer processes are commonly described by the second Fick’s law, the
phenomenological parameter in this equation is the mass diffusion coefficient. Analytical
solutions to the diffusion equation for mass transfer in solids are available for some cases
under certain assumptions among which could be mentioned constant volume and constant
diffusivity. In particular, for unidirectional mass transfer in slabs or spheres with a
symmetry boundary condition at the centre and a Dirichlet boundary condition at the
external border, with uniform initial diffusant content, these solutions are given in the form
of infinite Fourier series and are the departing point for the determination of constant
moisture diffusion coefficients at a constant temperature from the truncated to just one term
or at most to a few terms of the series when volume shrinkage is not relevant. A method
presented in the literature for determining diffusion coefficients taking into account the
radius variation was proposed by Uddin et al.lYl. It is based on a modification of the one
term truncated infinity series solution to take into account the reduction in radius.
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In the Uddin et al. methodology the moving boundary condition is introduced a posteriori in
the solution for the fixed boundary condition. As signalled properly by Hawlader et al.[
this approach is a simplified one and the diffusivity coefficient determined by his method
can be considered an effective diffusivity. However, the methodology provides an effective
diffusion coefficient of the specimen under given drying conditions which is valid for the
assumed model.

The Uddin et al. approach departs from an approximated solution to the moisture transfer
in the solid when the shrinkage is neglected. The analogous equations for spherical
coordinates analogus to those presented by Uddin et al. for a slab are :

n(S)=tn(5) -2 &)

Where ¢ indicates de volumetric moisture concentration (kg/m?), ceq the equilibrium
moisture content, co the initial moisture content, R the particle radius (m) Then D, the
moisture diffusion coefficient, could be obtained from the slope of a plot of Ln(w/wo)
versus t or t/R? for those cases in which the shrinkage is negligible. For those cases for
which this condition is not sustainable the proposed methodology proceeds as follows. The
reduced radius R’ at time t was related to the moisture content at each time instant by the

following equation:
R (ﬂ)"
R g )

Where Ry is the radius at the initial time, R’ is the reduced radius, wq is the initial moisture
content (kg water/kg dry mass) and w; is the moisture content at time t. n is an exponent to
be found which makes that the plot of Lu(w/w o) versus t/ R’ 2 results in almost a straight
line. A value of n equal 0 means there is not shrinkage and a value of n=1 would indicate
that the reduction in volume is equal to the volume of the water transferred to the air.

In the present work we start with the diffusion coefficients obtained with the Uddin et al.
approach. In the second step the drying process is posed, as a direct moving boundary
problem in which the diffusion coefficient is assumed as known and with experimental
radius-time data. The model (given below) is numerically solved, the average moisture
concentration at each integration time step is obtained and the average moisture content
profile is compared with the experimental results. If the difference between the
experimental and the predicted profile is beyond certain tolerance according to a predefined
norm the diffusion coefficient is improved through an optimization algorithm until the
desired tolerance is satisfied. The model is implemented in the software Berkeley Madonna
discretizing the spatial variable of the distributed parameter model by finite differences and
integrating the set of ordinary differential equation with one of the integration methods
available in the software. The optimization step is carried on by means of the optimization
algorithm with which Berkeley Madonna is provided with experimental radius-time data.
The optimization procedure is carried on taking as objective function the minimization of
the difference between the predicted moisture content and the experimental one at the time
for which this difference is higher. After finding the optimal diffusion with experimental
radius-time data, in the third step, by means of another optimization procedure, the model
of the shrinking phenomena is improved taking as objective function the minimization of
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the difference between the predicted radius and the experimental one at the time for which
this difference is higher.

2.2. Model of the drying process considering shrinkage

Assuming that the drying process is described by the diffusion equation, considering that
the concentration is a function of volume and time, that the volume is as well a function of
time and, after transforming the moving boundary problem into a fixed boundary problem
by means of a change of variable (z=r/R) in order to have variations of the dimensionless
spatial variable between 0 and 1 (Crank!*®), the following equation is obtained:

de_ L9 (;2.po), Lo an

dt  (z-R)% @z ( D dz R 622

0<z<1,t>0 (3a)

where r denotes the radial distance from the centre of the sphere (m).The consideration of a
spherical particle leads to a symmetry condition at the centre of it:

dc
520 z=0Vt (3b)

An equilibrium condition is assumed at the solid-gas interface:
C = Ceq z=1,Vt (3c)
A uniform moisture content profile inside the solid is assumed at the initial time:
c=cy 0=z<<1, t=0 (3d)

Assuming that the solid”s volume reduction is proportional to the volume of water lost by it
(Aguerre et al.[*9), the following equation gives the shrinking rate

P o

Where £ is a proportionality constant introduced in order to fit the model predictions with
the experimental data to be found. The initial condition for this equation is:

R=R,, t=0 (3f)

The average volumetric moisture concentration #(t) is given by

c(t) = éfﬂvp c(r, t)dv ()

In order to solve the above equations when the diffusion coefficient is assumed to be
known, the spatial variable is discretized by finite differences leading to a set of ordinary
differential equations which are integrated with a proper method for stiff equations.
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3. Results and discussion

This work departs from experimental data obtained in a small scale batch fluidized bed
drier for drying of peas (Gomez et al.l*?l). Peas were dried at three different temperature
levels of the air fed to the drier: 50, 60 and 70 °C. The moisture content and the diameter of
the peas were recorded along the drying time. These data were fitted by analytical
expressions in order to have available the moisture content and the diameter at each time
instant during the drying process.

Table 1.  Diffusion coefficient and adjusted exponent in eg. (2) obtained with the Uddin method.

T[°C] n Der X108 [m?s?]
40 0.75 3.04
50 0.55 4.053
60 0.55 3.04
70 0.45 1.013

The effective moisture diffusion coefficients of peas dried at each one of the temperature
levels at which the experiments were carried on were determined applying the methodology
proposed by Uddin et al. described above. The values obtained are presented in Table 1
(Martinez et al.[®l). Posteriorly, the constant values obtained were tested in the more
rigorous model of the drying process represented by equations (3a-3d and 4). These
equations were solved discretizing the spatial variable (radius) by finite differences and the
set of ordinary differential equations were integrated together with the boundary conditions
by means of an integration method proper for stiff equations. In these simulations the
experimental radius values corresponding to each integration time step were provided by
the corresponding fitted expression to the radius-time experimental values. These values
ofthe diffusion coefficients, as expected, led to poor predictions of the moisture evolution
as shown by the dashed lines in Figs. 1, 2 and 3 which can be compared with the solid ones
which represent the experimental values. The diffusion coefficients obtained are between
1x10® and 4x10® m2s.

3.5 0.45
T 301 —--=D optim-r exp 0447
a; 25 — experimental fit 0-43'\ = = - D optim-r optim
2 254 - = DHa\_nrlader-r exp — 0424 experimental fit
= D optim-r optim E
g 204" o %41
5 3 040
G 151 g
g r 0.394
2 1.0 0.38
5
= 5. 0.374
00 0.36 1
"0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
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Fig. 1. Moisture content profiles and experimental and predicted radius profiles at inlet air
temperature of 50° C.
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In a second step the diffusion coefficients were improved in order to give a better
agreement with the experimental moisture content profiles when the model given by
equations (3a-3d and 4) was employed. This was done by an optimization procedure
utilizing the optimization tool included in the software Berkeley Madonna. In this
optimization step the experimental radius values given by the radius-time fitted expression
were employed. The objective function to be minimized was the absolute value of the
difference between the moisture content experimental value and the predicted one at each
integration time step. The variable to be optimized was the effective diffusion coefficient.
The profiles obtained with the optimized values in the rigorous model but still with the
experimental radius values are shown in figures 1, 2 and 3 by the dash-dot-dot-dash lines.
The improvement in the agreement between the experimental moisture content profile and
the predicted by the simulations can easily be appreciated.

3.5 0.44
N 0434
2 = -~ Doptim-r exp 042 ~ — - D optim-r optim
o 25 — experimental fit — p. P .
= 7N - — D Hawlader-r exp E 04141 experimental fit
E 204 0 - D optim-r optim '% 040
§ % 0.39
= "] g UIGB
2 101 '
g 0.37 4

0.51 0.36 ]

0.0 0.35 T T T T - - .

0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Time [min] Time [min]

Fig. 2 Moisture content profiles and experimental and predicted radius profiles at inlet air
temperature of 60° C.

However, even though the moisture content predictions were quite acceptable, the radius
evolution predictions given by equations (3e-3f) were quite poor. Therefore, a third step
was carried on in order to improve the particle size predictions. This was done through a
second optimization step with the optimization algorithm included in the software Berkeley
Madonna in which the variable to be optimized was the parameter g introduced in equation
(3e). The objective function to be minimized was the absolut value of the difference
between the experimental radius and the predicted one at the time in which this difference
was bigger before the optimization. The results in the moisture content are shown in figures
1, 3 and 5 by the short dash-dot-short dash lines. It can be appreciated that the predictions
of the moisture content profiles employing the experimental radius values and those
obtained with radius values given by the model does not differ appreciably. The radius
profiles obtained with equations (3a-3f and 4) and the experimental ones are shown, for
each temperature level considered in this work, in figures 1, 2 and 3. It can be seen that,
even though, the particle size predictions are not as good as the moisture content
predictions, they are acceptable.
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Fig. 5 Moisture content profiles and experimental and predicted radius profiles at inlet air

temperature of 70° C.

4. Conclusions

A methodology proposed by Udin and Hawlader for the determination of moisture
diffusion coefficients taking into account the shrinkage of the stuff being dried that is easily
applied provides diffusivity values that are taken as first guesses of an optimization
procedure under a more rigorous model. Having obtained the optimal moisture diffusion
coefficients employing the experimental radius evolution data a second optimization step is
carried on in order to obtain an acceptable prediction of the radius evolution. The results
obtained shows a very good agreement with the experimental moisture content evolution at
the three temperature levels analysed and an acceptable agreement with the experimental
radius evolution.
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Abstract

A new model describing the variation in the rehydration ratio with
rehydration time for yam slices is presented here. Also presented, is a new
model for the rehydration kinetics of yam slices. Mass and moisture content
rehydration data were collected while rehydrating 3.0 mm thick dehydrated
yam slices. Regression analysis established that the mass rehydration data
better fitted a two-term exponential equation rather than a second-order
polynomial equation. Also, for the rehydration kinetics, the moisture content
rehydration data was better fitted to a new empirical model rather than the
Weibull, Peleg, and Exponential models.

Keywords: Rehydration Ratio Models; Rehydration kinetic models; Yam;
Weibull, Peleg, and Exponential models.
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1. Introduction

White yams (Dioscorea rotundata) are very nutritious and are an excellent source of energy
and dietary fiber 234581 Yams are eaten routinely and they constitute a dominant portion
of the standard diet for many people. They are used, worldwide, in many different recipes.
For this reason, there is a need for these commodities to be transported to the many
locations where they are consumed. However, they are heavy, constituting of at least 70%
water. Dehydrating yams like most foods and agricultural products are becoming an
essential method of processing before being shipped to where they will be consumed.
Dehydration is also performed for preservation purposes.

The dependence of many dehydrated food and agricultural commodities in the present
marketplace is increasing as this is a means of extending the length of time that the
products may be stored without becoming unfit for future use. Rehydration operations,
therefore, are gaining importance as these dried products will need to be rehydrated before
use. There is, therefore, need to understand the issues relating rehydration operations
concerning the design and the operations of these processes.

Mathematical modeling has been useful in the study, design, optimization, and operations
of these rehydration processes [ &. This study involves investigating the rehydration
kinetics and estimating other rehydration characteristics of the dehydrated products.

The models that have been used to study the rehydration characteristics of foods are the
Peleg model I, the Weibull distribution model [1% 1% 12 and the exponential model [ 3
However, for accurate use of these models, more knowledge, in addition to the rehydration
data and knowledge of some physical parameter(s) of the product being studied, is required.
For the Peleg, ™4, Weibull distribution and Exponential models knowledge of the initial
moisture content before rehydration is required. For the Exponential model, the equilibrium
moisture content also, needs to be known; and for the Weibull model, knowledge of scale
and shape parameters of the samples are required %1, Presented in this study is a new
rehydration model for yam that requires only the moisture content rehydration data, and a
comparison of all the four (4) rehydration models are performed.

2. Materials and Methods
2.1 Sample Preparation

White yam tubers acquired from the local market were washed, peeled, cut into 3 mm thick
slices. The slices were dried in a Refractance Window™ dryer until the moisture content
was about 0.03g-water/g-solid. The dehydrated samples were kept in air-tight polyethylene
bags and stored in a refrigerator until further use in the rehydration experiments.

2.2 Rehydration experiments

The dried samples were brought to room temperature before starting the rehydration
experiments. Rehydration of the samples was done in 250-mL beakers filled with distilled
water. The beakers were immesed in a thermostatically controlled water bath, and each set
of experiments was performed at 27 °C, 40 °C, 60 °C and 80°C (+0.5°C). Approximately
3.75 + 0.25g was immersed in 100 ml of distilled water for periods of 10, 20, 30, 40, 50,
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60, 80, 100, 120, 150, 180, 210 and 240 minutes. The temperature of the water inside the
beakers was determimed with a thermocouple. A perforated plexiglass cup was used to
cover the samples to ensure they were entirely immersed in the water in the beakers during
rehydration. After rehydration, the water was drained from the flask, and excess water on
the samples was removed using tissue paper. The samples were then weighed. The moisture
content of the samples was determined using an OHAUS moisture analyser 1261, Every
experiment was done in triplicate.

2.3 Modelling The rehydration ratio
The rehydration ratio (RR) was calculated according to equation 1.

RR = W{/W, 1
where W¢is the mass of rehydrated sample at time t and W, is the initial mass of
sample to be rehydrated.

The rehydration ratios and rehydration times were correlated first according to the two term
exponential equation of the form given in equation 2 and then with the second order
polynomial equation of the form given in equation 3 [,

RR = = pr*exp(p2*t) + ps*exp(ps*t) 2
where p1, p2, p3, and pas, are constants observed from regression analysis and t is the
rehydration time in minutes.

RR = p5*t2+ pe+t+ p7 3
where ps, ps, and p7, are constants observed from regression analysis and t is the
rehydration time in minutes.

2.4 Modelling The rehydration data

The experimental rehydration Kinetics data were fitted to the equations 4, 5, 6 and 7 to
determine the model that best describes the rehydration kinetics of the yam slices.

Peleg Mt = Mo + (t/(a+Dbt) 4
Weibull Me= Mo [1 - exp(-(a))] >
Exponential M, =(My — M, )exp(ct? )+ M,

New Model M =g exp(h t) + j exp(q t) 7

where M; is the moisture contents at time t, M, is the initial moisture content, M. is the
equilibrium moisture content, and «, £, a, b, ¢, d, g ,h, j, and g are constants observed from
regression analysis

For quality fit, the coefficient of determination (R?), should be closest to unity while the
sum of square-error (SSE), and the root-mean-square-error (RMSE) should closest to zero.
The methods of estimating R?, SSE and RMSE are discussed extensively in the literature ('8
1, In this work, the software package from Matrix Laboratory (MATLAB) was used to
perform the statistical analysis.
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3. RESULTS AND DISCUSSIONS
3.1 Evaluation of the Rehydration Ratio models

Four sets of rehydration experiments were performed at rehydration water temperatures of
27, 40, 60, and 80°C. The rehydration ratio at each rehydration time was calculated
according to equation 1 using the weight data obtained during the rehydration experiments.
Table 1 presents the statistical parameters when the rehydration ratios were correlated with
rehydration time according to equations of the form given in equation 2 and 3. Table 1
clearly indicates that the two-term exponential model fits the rehydration ratio vs. time data
better than the polynomial model. For the two-term exponential equation form, the R?
values were closer to unity and the SSE and RMSE values were closer to zero than the
polynomial equation form. Table 2 shows the constants obtained with a 95% confidence
bound, by fitting the rehydration ratio data to the exponential equation form presented in
equation 2.

Table 1 Statistical Parameters for Yam when correlating Rehydration Ratios with Rehydration
Time at different temperature

Exponential Equation Form Polynomial Equation Form

SIN  Water Temp. R2 RMSE SSE R2 RMSE SSE

1 27°C 0.9966 0.0180 0.0032 0.9245 0.0808 0.0719
2 40°C 0.9860 0.0311 0.0097 0.9447 0.0591 0.0384
3 60°C 0.903 0.0214 0.0046 0.9420 0.0501 0.0276
4 80°C 0.9864 0.0317 0.0100 0.9803 0.0364 0.0146

Table 2 Constants For The Models Obtained By Fitting Rehydration Data The Exponential
Equations and Polynomial Model For Yam Slices

SIN Temp. Exponential Model Constants  Polynomial Model Constants
p: =1.921 + 0.052 ps = -2.041e-05_+ 1.07E-05
1 279C p2=0.000752_+ 0.00015315 ps = 0.00813 + 0.002628
ps=-0.8875 + 0.09005 pr = 1.45 + 0.1255
ps = -0.04318 + 0.00888
p1=2.077 + 0.114 ps = -1.543e-05 + 7.80E-06
5 40°C p2=0.0006457 + 0.0002971 ps = 0.006547 + 0.00192
ps=-0.6219 + 0.13385 pr = 1.691 + 0.092
ps=-0.03468 + 0.017725
p1=2.116 + 0.04 ps = -5.903e-06 + 5.90E-06
3 60°C p>=0.0008455 + 0.00011835 ps = 0.003884 + 0.0016265
ps=-0.4871 +0.23 p7r =1.975 + 0.078
ps =-0.0761 + 0.044295
p: = 2.152 + 0.1395 ps = -7.178e-06 + 4.815E-06
4 80°C p2 = 0.0009701 + 0.00033105 ps = 0.004868 + 0.0011835

ps = -0.3082 + 0.1325
pa = -0.0285 + 0.0284985

pr=1.936 + 1.993

[clocle)
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Fig. 1 shows a plot of the variation in the experimental and the predicted (Exponential)
rehydration ratio with drying time at different temperatures for white yam. The plots of the
experimental and predicted rehydration ratios vs. time are observed as expected to be a
good fit as expected from the regression analysis shown in Table 1.

3.2 Evaluation of the Rehydration kinetics models

The moisture content data obtained from the rehydration experiments were fitted to the
New Model, the Weibull model, the Peleg model, and the Exponential model presented in
equations 4, 5, 6 and 7. Table 3 presents the statistical results of correlating the moisture
content rehydration data using the Peleg, Weibull, and Exponential and New models. For
quality fit, the model chosen to best fit the rehydration kinetics of the yam slices is the one
that meets the following three criteria: R? is closest to unity, and SSE and RMSE are closest
to zero. While most of the models fitted the moisture content experimental data with a
coefficient of variance values exceeding 0.9600, the R? for the New model was the one
closest to unity for all the temperatures. For the experiments performed at 27°C, 40°C,
60°C, and 80°C, R?exceeded 0.995 for the New model.

= 25
=
2 20 -
E - ®  Experimental RR at 2700
E 1.5 4 o = Experimental RR at 40oC
- =  Experimental RR at 6000
E 1.0 - = Experimental RR at 800
E = -+ Predicted RR at 270C
xg 05 - Predicted RR at 400C
= = = Predicted RR at 600C
0.0 . e Pmidlicted RR at 80oC ,
0 40 8O 120 160 200 240
Reh i Time i )

Fig. 1 Variation in Rehydration Ratio with Drying Time at Different Temperatures for white yam

Table 3 Regression constants correlating the moisture content rehydration data using Different

Models
SIN  Temp Models R? RMSE SSE SIN Temp R? RMSE SSE
New 0.997 1511 15.00 0.996 1.596 25.46
Peleg 0.995 2.772 92.19 0.952 4.866 284.15
0, 0,
! 2r°c Weibull 0.977 6.089  444.92 3 60°C 0.976 3.454  143.19
Exponential 0.976 6.234 466.40 0.976 3.473 144.73
New 0.996 1.842  33.91 0.993 2.248 50.53
Peleg 0.988 3.050 111.59 0.881 8.195  805.82
0 0
2 40°C Weibull 0.966 5.174  321.28 4 80°C 0.982 3.171 120.63
Exponential  0.965 5.224 327.42 0.982 3.152 119.22

Also, for the temperatures considered, the SSE, and RMSE, values were the least for the
New model. The implications are that the New model best fits the rehydration data among
the models examined. However, the SSE, and RMSE values are large. This implies that the
model should only be used in the range of process conditions studied and should not be
used for predictions outside that range. The coefficients obtained by fitting rehydration
moisture content data to the new model for the yam slices is presented in Table 4.
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Table 4 Coefficients Obtained By Fitting Rehydration Moisture content Data to the New Model For

Yam Slices

S/N Temp 27°C 40°C 60°C 80°C
1 o 99.76 46.11 24.63 17.3
2 B 0.5035 0.335 0.2729 0.3065
3 a 0.1588 0.06158 0.0321 0.03559
4 b 5.133e-3 5.282e-3 05.215e-3 4.904e-3
5 o -0.0935 -0.2692 -0.408 -0.4084
6 d 0.5118 0.339 0.2757 0.3096
7 g 136.1 154.6 164.2 176.1
8 h 1.177e-3 8.899%e-4 7.985e-4 8.05e-4
9 J -128.4 -116.8 -85.58 -59.72
10 q -0.03772 -0.06141 -0.06353 -0.03705

To further validate that the new rehydration model best fits the moisture content
rehydration data, a simple linear regression analysis was performed between the
experimental and predicted rehydration values. The relationship between the experimental
and predicted rehydration moisture content values is also presented in Table 5.

Table 5 Relationship Between the Experimental and Predicted Rehydration Moisture Content

Values
S/N Temp. Equation R?
1 27 PMC = 0.9991EMC 0.9945
2 40 PMC = 0.9997EMC 0.9962
3 60 PMC =1.0018EMC 0.9977
4 80 PMC = 0.9998EMC 0.9925

where PMC is the predicted moisture content and EMC is the experimental
moisture content

Fig 2 shows the variation in moisture content of the yam samples with time rehydrated at
different temperatures.

Fig 2 Variation in Moisture contents of yam with rehydration time at 27,40, 60, and 80°C

The plots show that for any given time, the moisture content of the yam sample is higher as
temperature increases. The plots show that as the rehydration temperature increases the
extent of rehydration increases. In the first ten minutes, the moisture content of the yam
slices for rehydration temperatures of 27, 40, 60 and 80°C are 46.69, 91.53, 120.41, and
137.87 g-water/g-solid respectively. There is a 3-fold magnitude in the moisture content of
the samples rehydrated with a water temperature of 80°C over the moisture content of
sample rehydrated at 27°C. However, after about 240 minutes, the difference in the
magnitude of the moisture contents decreases; the moisture content ranged from 179.02 -
212.60 g-water/g-solid for rehydration done in the temperature range of 27 -80 °C.

4 Conclusions

White yam (Dioscorea rotundata) slices, 3.0 mm thick, were dehydrated in a Refractance
Window™ dryer. The dehydrated yam slices were rehydrated at 27, 40, 60 and 80°C. Mass
and moisture content variation data with time were collected. By fitting the mass
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rehydration data to rehydration ratio models and the moisture content rehydration data to
rehydration kinetics data, the following are the conclusions,.

The two-term exponential equation fits the rehydration ratio variation data better than the
second order polynomial equation proposed by Singh and Pandey!*’l. For the rehydration
temperatures considered, the R? values for the two-term exponential equation were closest
to unity in all cases. For the samples rehydrated at 27, 40, 60 and 80°C, R?, for the two-term
exponential equations was 0.9966, 0.9860, 0.9903, and 0.9864 respectively as opposed to
0.9245, 0.9447, 0.9420 and 0.9803 for the second-order polynomial equation. Also, for the
samples rehydrated at 27, 40, 60 and 80°C, the root-mean-square-error (RMSE) were
0.0180, 0.0311, 0.0214 and 0.0317 respectively and the sum-of-squared-error (SSE) were
0.0032, 0.0097, 0.0046 and 0.0100 respectively. All the RMSE and SSE values are close to
zero.

When rehydrating the slices, the mass (Fig. 1) and moisture content (Fig. 2) values reached
higher values for the same rehydration time as the temperature increased. The rehydration
ratio and moisture content for the slices rehydrated at 80°C were about 50% higher for
samples rehydrated at 27°C after ten minutes.

For the moisture rehydration data, the new model better fits the rehydration kinetics than
the Peleg, Weibull and Exponential rehydration models for the process temperatures
studied. Among the models investigated, the R? value for the new models was closest to
unity for all the process temperatures studied.

5. References

[1] United States Department of Agriculture (USDA), (2017a), Agricultural Research
Service USDA Food Composition Databases, Retrieved August 30, 2017 from
https://ndb.nal.usda.gov/ndb/foods/show/3266?man=&lfacet=&count=&max=&qlook
up=&offset=&sort=&format=Abridged&reportfmt=other&rptfrm=&ndbno=&nutrient
1=&nutrient2=&nutrient3=&subset=&totCount=&measureby=&Qv=1&Q6170=1&Q
v=21&0Q6170=1

[2] United States Department of Agriculture (USDA), (2017b), Agricultural Research
Service USDA Food Composition Databases, Retrieved August 30, 2017 from
https://ndb.nal.usda.gov/ndb/foods/show/3207?fg=&manu=&Ifacet=&format=&count
=&max=50&o0ffset=&sort=default&order=asc&qlookup=potato%2C+raw&ds=&qt=
&gp=&ga=&qn=&q=&ing=

[3] Hackett, A. F., Rugg-Gunn, A. J., Appleton, D. R. and Coombs, A., (1986), Dietary
sources of energy, protein, fat and fibre in 375 English adolescents, Human Nutrition.
Applied Nutrition [01 Jun 1986, 40(3):176-184]

[4] Subar, A. F., Krebs-Smith, S. M., Cook, A. and Kahle, L. L., (1998a), Dietary sources
of nutrients among US children, 1989-1991, Pediatrics, Volume 102 No. 4 October
1998

[5] Subar, A. F., Krebs-Smith, S. M., Cook, A. and Kahle, L. L., (1998b), Dietary sources
of nutrients among US adults, 1989 to 1991, Journal of the American Dietetic
Association, Volume 98, Issue 5, May 1998, Pages 537-547.

215" INTERNATIONAL DRYING SYMPOSIUM @@@@
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

243


http://creativecommons.org/licenses/by-nc-nd/4.0/

New model for the rehydration characteristics of white yam at different temperatures

[6] Reedy, J. and Krebs-Smith, S. M., (2010), Dietary Sources of Energy, Solid Fats, and
Added Sugars Among Children and Adolescents in the United States, J Am Diet
Assoc. 2010 October; 110(10): 1477-1484. doi:10.1016/j.jada.2010.07.010.

[7]1 Marinos-Kouris, D., Maroulis, Z. B., and Kiranoudis, C. T., (1996), Computer
Simulation of Industrial Dryers, Drying Technology: An International Journal, 14:5,
971-1010, DOI: 10.1080/07373939608917137

[8] Vagenas, G. K. and Marinos-Kouris, D., (1991), The Design and Optimization of an
Industrial Dryer for Sultana Raisins, Drying Technology: An International Journal,
9:2, 439-461, DOI: 10.1080/07373939108916675

[91 Gowen, A., Abu-Ghannam, N., Frias, J., & Oliveira, J. (2007). Influence of pre-
blanching on the water absorption kinetics of soybeans. Journal of Food Engineering,
78(3), 965-971.

[10] Garcia-Pascual, P., Sanjudn, N., Melis, R., & Mulet, A. (2006). Morchella esculenta
(morel) rehydration process modelling. Journal of Food Engineering, 72(4), 346-353.

[11] Machado, M. F., Oliveira, F. A., & Cunha, L. M. (1999). Effect of milk fat and total
solids concentration on the kinetics of moisture uptake by ready-to-eat breakfast
cereal. International journal of food science & technology, 34(1), 47-57.

[12] Marabi, A., Livings, S., Jacobson, M., & Saguy, I. S. (2003). Normalized Weibull
distribution for modeling rehydration of food particulates. European Food Research
and Technology, 217(4), 311-318.

[13] Kashaninejad, M., Maghsoudlou, Y., Rafiee, S., & Khomeiri, M. (2007). Study of
hydration Kkinetics and density changes of rice (Tarom Mahali) during hydrothermal
processing. Journal of Food Engineering, 79(4), 1383-1390.

[14] Misra, M. K., & Brooker, D. B. (1980). Thin-layer drying and rewetting equations for
shelled yellow corn. Transactions of the ASAE, 23, 1254-1260.

[15] Saguy, I. S., Marabi, A., & Wallach, R. (2005). New approach to model rehydration of
dry food particulates utilizing principles of liquid transport in porous media. Trends in
Food Science & Technology, 16(11), 495-506.

[16] OHAUS Corporation, (2011), Instruction Manual MB45 Moisture Analyzer, OHAUS
Corporation, 7 Campus Drive, Suite 310, Parsippany, NJ 07054 USA.

[17] Singh, N. J., Pandey, R. K., (2011), Rehydration characteristics and structural changes
of sweet potato cubes after dehydration, American. Journal of Food Technology 6 (8):
709-716

[18] Ogunnaike, B. A., (2011). Random Phenomena: Fundamentals of Probability and
Statistics for Engineers. CRC Press.

[19] Johnson, R. A., (2017), Miller and Freund’s Probability and Statistics for Engineers.
Pearson Education © 2017. ISBN 10: 1-292-17601-6, ISBN 13: 978-1-292-17601-7.

@@@@ 215" INTERNATIONAL DRYING SYMPOSIUM
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

244


http://creativecommons.org/licenses/by-nc-nd/4.0/

215t International Drying Symposium 1DS’2018 — 21st International Drying Symposium

I DS' z o 1 8 Valéncia, Spain, 11-14 September 2018
DOI: http://dx.doi.org/10.4995/ids2018.2018.7388

A pore-scale study on the drying kinetics and mechanical
behavior of particle aggregates

Pham, T. S.2; Chareyre, B.>¢; Tsotsas, E.2; Kharaghani, A.2"

@ Department of Thermal Process Engineering, Otto von Guericke University, Magdeburg, Germany
b 3SR, University Grenoble-Alpes, Grenoble, France

¢ 3SR, CNRS, Grenoble, France

*E-mail of the corresponding author: abdolreza.kharaghani@ovgu.de

Abstract

A discrete thermo-mechanical drying model is developed to investigate the
interaction between the porous structure and the drying characteristics of
dense particle aggregates. The solid phase consists of polydisperse spherical
particles in the micrometer range and the void space is constructed by a
complementary network of tetrahedral pores. A modified version of the
classical invasion percolation algorithm is set up to describe the preferential
evaporation of the confined liquid in the pores. Thus, the evolution of the liquid
distribution throughout the complex disordered medium can be simulated. In
a one-way coupling scheme, capillary forces caused by both fluid pressure and
surface tension are computed over time from the filling state of pores and they
are applied as loads on each primary particle in the discrete element method.
Based on this robust approach the drying kinetics and the mechanical behavior
of several different aggregates with various fractions of small and large
particles are simulated and quantified.

Keywords: Pore network model; discrete element method; Solid-fluid
interaction; capillary force, Convective drying.
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1. Introduction

Drying in porous media has been subjected to a wide range of scientific investigation, from
soil layers [1] to a porous wick in loop heat pipe [2] or a membrane in a fuel cell [3]. This
process consists of various complex events, such as two-phase flow together with phase
change, or the interaction between fluid and solid phases, which may cause some undesired
mechanical effects. These effects mainly depend upon moisture distribution, which is
affected by drying conditions and the porous media skeleton. Substantial efforts have been
made to numerically investigate the drying problem at the pore scale. After the pioneered
work by Prat [4], many other studies have been conducted to take into account many physical
effects, e.g. liquid viscosity [5], gravity [6] or liquid film [7].

In addition, the pore network modeling method has been combined with discrete element
method (DEM) to account for the solid phase geometry explicitly [8]. Therefore, local effects
on a solid phase (such as cracks or shrinkage) has been described for the case of monosized
aggregates having regular [9] or irregular [10] pore structure. Such effects are caused by
capillary forces, which depend on the evolution of the liquid-gas interface as well as surface
tension during the drying process. The solid phase is defined as a particle aggregate and based
on this a pore network is generated using the Voronoi tessellation that can approximate the
void phase [11]. However, this Voronoi graph has a shortcoming when applied for a
polydisperse aggregate, which is a packing composed of primary particles with different
sizes. In this case, regular Delaunay triangulation generates the graph to weighted points,
which are the radii of particles [12]. This regular Delaunay triangulation method has been
used in a pore assembly approach developed by Bruno et al. [13] in order to study the fluid
flow problems in granular porous media. The fluid flow model has been coupled with DEM
to calculate the capillary force exerting on each particle of the aggregate. This approach has
been further improved and applied for several applications. Based on this approach, Catalano
et al. [14] investigated the fluid-solid interaction for the case of oedometer test; Chao Yuan
et al. [15] studied the hydromechanical response (shrinkage and swelling) during drainage;
Sweijen et al. [16] simulated swelling of super absorbent polymers.

The goal of this work is to develop a versatile discrete model that can simulate the mechanical
behavior of particle aggregates during convective drying. In this meso-scale model, the solid
phase is explicitly described as an assembly of spherical primary particles. The fluid flow
within the void space structure is modeled using the pore assembly method while the
geometrical representation and the mechanical behavior of the solid skeleton are simulated
by DEM. The coupling between these two parts is achieved by handling the interfacial
interaction between the fluid and the solids phase. Impact of the internal structure of the
porous media on the drying kinetics, for the case of 3D particle aggregates with various
fractions of coarse and fine primary particles, has been presented.
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2. Materials and Methods

2.1. Aggregate generation - solid phase representation

The solid phase is represented by a packing of particles. This particle aggregate is generated
by using YADE [17], which is an open-source software based on the discrete element
method. A set of very loose particles with a uniform size distribution is enclosed in a
parallelepiped. The resulting packing conforms in a gas-like state with no contacts between
particles. Mechanical loading is subsequently applied to confer a solid-like nature to the
packing.

~ Radius [um]
) 1400
1200+

1000 =

800 =

600;

Fig. 1 Representation of monodisperse (left), bidisperse (middle), and polydisperse (right) particle
aggregates.
2.2. Pore network generation - void space representation

The void space between primary particles is represented by a network of pore bodies and
pore throats (see Figs. 2 and 3). This pore network is defined by a weighted Delaunay
tessellation of the granular assembly. The pore body is subtracted from the finite volumes of
the corresponding tetrahedral cell, which has its vertices locating at centers of associated
particles (Fig. 2a), by the part of the solid volume of these associated particles locating within
the domain of the tetrahedral cell. Each pair of pore bodies is connected to each other through
one common facet (pore throat) between them (Fig. 2b). This pore throat has no volume and
serves as the capillary threshold between the two corresponding pore bodies. Therefore, at a
given time, the geometry of the packing defines an open network of connected voids.

Mutual pore throat

(a)

Fig. 2 Representation of a pore body and associated neighboring particles (a) and of two
neighboring pore bodies sharing one mutual pore throat (b).
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e o’

Fig. 3 Pore network triangulated based on the particle aggregate.
2.3. Drying algorithm

The isothermal discrete drying algorithm used in this work was based on the work of Metzger
et al. [18]. The drying phenomenon is interpreted as an invasion percolation driven by
evaporation of liquid into vapor. Vapor diffusion in gas-filled pore bodies is governed by
diffusion with Stefan correction. The boundary conditions are applied here for the vapor
pressure as saturation value at liquid-gas interface and value of bulk air at top of boundary
layer. Besides, the pore size is big enough (more than 100 um) so that the Kelvin effect, i.e.
the reduction of equilibrium vapor pressure over a curved liquid-vapor interfaces may be
neglected [18]. The movement of this menisci is not tracked continuously since the time is
discretized based on each complete emptying of one single pore in each simulation step. This
is due to the assumption that the movement of the liquid-vapor interface, which can be
referred to as a Haines jump [19], is much faster than the duration of the evaporation
occurring at that meniscus. During each calculation step, vapor flow rates are assumed as
constant without accounting for local accumulation of vapor in the gas phase. Additionally,
in the gas-filled section of the partially saturated pore bodies, it is assumed that the gas is
saturated with vapor (local equilibrium), hence neglecting any vapor resistance in this
section. Then, the following mass balances are applied for all gas-filled pore bodies of
unknown vapor pressure pv:

4

4 —_ .
> M= Zﬂuf pR“i [u}o 1)

j=1 p_pv,j

Due to the random spatial distribution of the pore size, the liquid phase in the liquid-filled
region of the network tends to be gradually separated into numerous isolated liquid clusters
[6]. In the absence of viscous and gravity forces, liquid flow within these isolated clusters is
totally controlled by capillary pressure, which is the pressure difference at the liquid-gas
interface in each pore body locating at the boundary of each liquid cluster. If it is assumed
that the gas pressure is the same everywhere within the gas-filled section of the void space,
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then due to capillary pumping effect there is only one pore body in each liquid cluster, whose
saturation changes in each calculation step. This pore body is the one having the highest
liquid pressure, i.e. lowest capillary pressure, and it will hereafter be referred as entry pore.
For every moment of the simulation, each liquid cluster has one entry pore and different entry
pores can have different pore volume, pore saturation and evaporation rate. Consequently,
the time required to totally invade these entry pores will be different. Therefore, the time step
of the drying simulation is determined based on the liquid cluster which has its entry pore
empty totally first.

2.4. Capillary force calculation

The capillary force exerting on each particle consists of two contributions. The first
contribution is induced by the fluid pressure in pore bodies. It is calculated based on the gas
and liquid pressure and the surface area of the solid particle being in contact with each
corresponding fluids. The second capillary force contribution is the result of interfacial
tension acting on the three phase (solid-liquid-gas) contact line. The method used for
calculating this capillary force follows the work in [16].

3. Simulation results

We consider here a three-dimensional pore network initially saturated with single-component
liquid (pure water). In this network the effects of gravity and liquid viscosity are neglected.
The water vapor can only elude from the network through the boundary layer locating at the
top surface of the sample while a zero-flux condition is applied at other surfaces. It is also
assumed that the bulk air is totally dry, i.e. vapor pressure is equal to zero. The temperature
of the entire network is uniform at 20 °C. We also neglect the liquid film effect — which can
be significant for pores with square or polygonal cross section [21].

1.0
1.0 —— Mono
—— Poly
Mono 08 1 —— BiDisp 30% Coarse
0.8 1 Poly : —— BiDisp 70% Coarse
—— BiDisp 30% coarse
—— BiDisp 70% coarse
0.6 1 0.6
] n
0.4 1 0.4 7
0.2 1 0.2 7
0.0 ; ; ; ; 0.0 : : : : ‘
0.0 0.2 0.4 0.6 0.8 1 0 10 20 30 40 50 6!
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Fig. 4 Normalized drying curves of mono, poly and bidisperse particle aggregates.
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The drying curves obtained for four different particle size distributions, i.e. mono, poly and
two bidisperse aggregates with different volume fractions of coarse and fine particles, are
presented in Figure 4. These curves show similar drying characteristics: a sharp drop at the
beginning followed by a semi-constant evaporation rate period and ended with the falling
rate period. These observation is in agreement with previous works [20]. Besides, the total
time required to dry the aggregates are also presented. Although these four aggregates have
approximately equal porosity and the same physical size of the whole domain, they still have
differences in the spatial distribution of the fluid channel within the network. The liquid
distribution obtained from the fluid flow calculation in each invasion step is the input for the
calculation of capillary force in DEM module. Dynamic simulations are run to visualize the
evolution of capillary forces during the drying process of the polydisperse aggregate (Fig. 5).
Such capillary forces will subsequently be loaded to primary particles as external loads, and
thus the particle motion shall be computed using DEM. We conjecture that different local
distributions of fluid can lead to different mechanical responses. Detailed and systematical
analysis will be addressed in the near future.

Radius [um]
1400

1200

HllHHHlli,ill“

3

800

§=0.36

Fig. 5 Evolution of capillary force field (shown by arrows) in a polydisperse particle aggregate
during drying.

4. Conclusion

A new discrete pore network model has been developed to investigate the fluid flow problem
in dense particle aggregates consisting of spherical particles. The proposed approach
integrates the pore assembly method with DEM. The aggregate was first generated using
DEM based on given micro-scale properties, i.e. porosity, geometrical dimension and particle
size distribution. Then, a numerical algorithm is developed to solve the fluid flow problem
for the case of convective drying. It was shown that the developed model is capable of
capturing the typical characteristic of this classical drying problem, i.e. constant rate period,
falling rate period. Moreover, the obtained liquid distribution is then used as an input for
calculating the capillary force field exerting on each particle of the aggregate. This is the first
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step to couple the fluid flow model with DEM in order to simulate the thermo-mechanical
behavior of polydisperse particle aggregates during drying.

5.

Nomenclature

M Mass flow rate kgs?
A Area of cross section m?
L Distance between the center of m
two adjacent pore bodies
p Atmospheric pressure Pa
M Molar mass kgkmol*
R Ideal gas constant Jkmol*Kt
T Temperature K

Greek letters

S Vapor diffusivity m2s1

v Surface tension Nm?
Subscripts

v vapor
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Abstract

To validate the particle motion in flighted rotating drum (FRD), a laboratory
FRD was built and operated at 15% filling degree and 10 rpm rotation speed
using plastic balls as bed material. The particle tracking velocimetry (PTV)
and magnetic particle tracking (MPT) technigques were applied to investigate
the particle flow behavior. The 3D particle flow was modeled by Discrete
Element Method (DEM) with LIGGGHTS. The height of the barycenter for
overall particles and particle instantaneous velocity were calculated from
PTV and DEM data. The 3D time-averaged particle velocity distribution
obtained from MPT experiment and DEM simulation was compared.

Keywords: flighted rotating drum; particle motion; particle tracking
velocimetry; magnetic particle tracking; DEM simulation.
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1. Introduction

Flighted rotary drum (FRD) has been widely used in food and mineral industries for drying
or cooling processes, as flights lift up particles and give them a higher chance to contact
with gas. In last decades, much work has been carried out on FRD including particle
mixing behavior, residence time distribution and discharge characteristics of flights [1].
However, few papers reported on particle movement, which is closely related to drying or
cooling performance of drum. This is perhaps due to the limitation of experimental
conditions and the complicated particle motion.

In order to investigate the characteristics of particle movement in FRD, particle tracking
velocimetry (PTV) technique was utilized in current work to provide detail information of
particle distribution and instantaneous velocities. Moreover, the magnetic tracking
technique (MPT) was applied to evaluate particle velocity distribution in 3D. To simulate
the particle motion, a 3D DEM model was developed, and the results obtained were
compared with experimental data.

2. Materials and Methods
2.1. Experimental setup

The experimental setup consisted of a laboratory FRD, a high-speed camera system, and a
magnetic tracking system as Fig. 1 schematically depicts.

Halogen Lamp Magnetic tracking area

fo—— 1 mm . n 300 mm N
i ; 400 mm
AME. sensors
High Speed Star 3 [[ D [I |
0 0 ] ontine
O visualization
ﬂ D n D Computer
Computer /
] ] 130 mm ] U+ Digital
m Data
Camera Svstem Controller Roller Receiver
High speed camera system Flighted rotating drum Magnetic particle tracking system

Fig. 1 Sketch of experimental setup, including a flighted rotating drum (middle),
a high-speed camera system (left) and a magnetic particle tracking system (right).

2.1.1. Flighted rotating drum (FRD)

Figure 1 shows the horizontally placed drum with inner diameter of 194 mm and length of
150 mm. Four rectangular flights were installed with a flight-length-ratio of 1.0. Fine sand
(0.1 - 0.3 mm) was glued on inner wall to prevent particle slippage; but end walls were kept
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smooth and transparent. The drum was made of acrylic glass, flights were made of
aluminum. Spherical plastic balls were used as bed material with a diameter of d,=6 mm
and a bulk density of pp = 596 kg/m®. The experiments were conducted at 15% filling
degree (volume based) and 10 rpm of drum rotating speed.

2.1.2. High-speed camera system

A high-speed camera system including a Photron high-speed camera (LaVision, CMOS
chip) and a DaVis image acquisition software (LaVision) were used. Detailed parameters of
the image system are listed in Table. 1. Two continuous illuminating 400 W halogen lamps

Table 1. Parameters of the image system.

Parameters Value Unit
Display resolution 1024 x1024 pixel
Frame rate 500 fps
Exposure time 1/11,000 S
Dynamic range 10 bit
Local length 60 mm
f-number 2.8 -

were utilized to provide sufficient light, as shown in Fig. 1. The camera was positioned in
front of the drum and adjusted to get a full view field of drum with 200 x 200 mm?. With
this setting, an approximate spatial resolution scale factor S of 5.17 pixel/mm was obtained
from the standard geometry calibration process in the DaVis software. The experiment
lasted 19.2 s with a number of 9600 images, which was sufficient to represent the
periodicity of particle flow in the FRD. The experiments were repeated three times.

2.1.3. Magnetic tracking system

In the magnetic tracking system, 12 Anisotropic Magneto Resistive (AMR) sensors were
installed on three acrylic glass plates, which provided a closed tracking volume of 300 mm
x 400 mm x 130 mm as shown in Fig. 1. The sensors were arranged and calibrated to
provide an optimal measurement of the magnetic field strength. All sensors were connected
to a data acquisition device, which recorded data and sent them to a lab computer via USB
interface. Online visualization and data evaluation were achieved by associated software
‘MagDat’ and ‘MagCal’, respectively.

2.2. Measurement techniques
2.2.1. Particle tracking velocimetry

The particle tracking velocimetry (PTV) is a non-intrusive, image-based measurement
technique to acquire particle velocities. By combining particle segmentation and tracking
algorithms, a large number of particles could be tracked simultaneously.
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The particle-mask correlation method was applied to identify and determine the positions
(coordinates x and y) of individual particles [2, 3]. A template particle matrix (m x m
pixels), a key parameter in this process, was defined with the size of d, °St pixels (rounding
down to the nearest even number). The value of template matrix was averaged from 20
template particles that were selected manually. Then, a tracking algorithm named
probability relaxation method was utilized to establish particle trajectories by tracking
particle positions in consecutive image frames [3, 4]. During this process, three radiuses -
the maximum displacement radius, neighboring radius and the quasi-rigidity radius - were
defined as 1.2°Umax * St * At, 1.0 “Umax *St 4t and 0.1 2 *Umax *St * At pixels, to search
candidate particles and neighboring particles in the 1%t or 2" frame. The Umax Was calculated
based on the particle velocity during free fall in gas.

2.2.2. Magnetic tracking technique

The magnetic monitoring is based on continuous tracking of the magnetic marker. The
evaluation of the measured data provides accurate information about the movement of
tracer and, thus, enables investigating particle motion in a dense granular bed [5]. In this
work, a 5 mm long cylindrical neodymium-iron boron with diameter of 3 mm was used as
the magnet. By embedding it into a plastic ball, the tracer kept the same shape and size with
other particles. With a measuring frequency of 250 Hz, the MPT system could record the
Cartesian coordinates X, Yy, z of tracer every 6 ms. One experiment lasted 6 minutes and was
repeated three times.

2.3. Discrete element method (DEM) simulation

In the current work, the open source software LIGGGHTS was adopted for the DEM
simulation. The motion of each particle in the Lagrangian framework was calculated by
the Newton’s second law with ignoring the particle-fluid interaction due to the big
density difference between particle and gas phase. Based on a filling degree of 15% in the
experiment, 3474 particles were inserted into the simulation chamber as shown in Fig. 2.

A v Magnitude [nvs]

i
Fig. 2 Snapshot of particle distribution in the DEM simulation.

The particle interactions were calculated by the Hertzian contact model with tangential
history tracking [6]. In this soft-sphere contact model, the effect of spring and dash-pot
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appear through stiffness « and damping coefficient », which were determined by the
physical material properties of Poisson ratio ¢, Young’s modulus E and the coefficient of
restitution e. The detailed material properties of particles are listed in Table. 2. DEM
simulation was run for 120 s in total, but only from the last 30 s data was extracted at
0.002 s intervals for further analysis.

Table 2. Material properties and model parameters for DEM simulation.

Parameters Value Unit
Young’s modulus E [ 107 Pa
Poisson ratio o 0.3 -
Rolling coefficient x € 0.01 -
Coefficient of restitution e [°! 0.68 -
Friction coefficient 1 ¢ 0.2 -
Time step Atpem 5 X 10 s
Simulation time tsim 120 S

2.4. Post-processing of experimental and simulation data
2.4.1. Barycenter calculation

To describe the location of the overall particles in the FRD, the barycenter r. was used as
calculated from Equation (1a). The r represents the particle coordinates value X, y or z. The
m; denotes the mass of particle i and n the particle number. Considering that the plastic
balls are regular spheres with uniform density, the equation is simplified as Equation (1b).

LBV L ®:
2m o

2.4.2. Particles velocity calculation

The particle instantaneous velocity was calculated from the particle coordinates r(tz) and
r(ts) for the case t, — t; by Equation (2). With the spatial velocity components vy, vy and v,
the total particle velocity can be determined by Equation (3) in 3D.

v(t,) = lim F&) =10 )

t ot t2 — tl

Voo (0) = V(O +Y, (07 +v, (O )
3. Results and Discussion
3.1. Barycenter migration

Due to the pushing force of the flights, the position of the overall particles was raised
increasing the particle-gas contact and, thus, heat transfer. Figure 3 represents the
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normalized Y coordinate of the barycenter for overall particles over time for two drum
rotations (12 s duration) as obtained from the PTV measurement and DEM simulation. As
the figure illustrates, the barycenter rotated every 1.5 s corresponding to a quarter of one
rotation of the flights. Furthermore, the DEM data agreed well with the PTV measurement.
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Fig. 3 Normalized Y coordinate value of particles barycenter in 12 s duration time (two rotating
circles) by PTV method and DEM model.

3.2. Particle instantaneous velocity

Figure 4 shows the particle instantaneous velocity fields from PTV measurement and DEM
simulation for the flight positions of 0° , 30° , 60° to the horizontal, respectively.

Narmalized coordinate, ¥ [-]

[} 0.5 0.5 [ 0.5 1 f.a o 0.5
Nermalized coordinate, X [-] Mormalized coordinate, X [-]

Mormalizad coordinate, ¥ [-]

1 0.5 [ (8] IR 1.5 [i] o - .5 0.5 1
MNormalized coordinate, X [-] MNormalized coordinate, X [-] Normalized coordinate, X [-]

Fig. 4 Instantaneous particle distribution (al-a3) and velocity vectors from PTV measurement (b1-
b3) and DEM model (c1-c3) at the time of 0 s (al, bl, c1), 0.5 s (a2, b2, ¢2) and 1.0 s (a3, b3, c3).
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Since the PTV is limited to 2D studies, the particles located in the fist layer behind the front
plate were chosen in DEM simulation to generate the particle velocity fields. The figures
al-a3 show the images of instantaneous particle distributions. The vortex in the dense phase
at the bottom is clearly visible in Fig. 4 b1-b3 and c1-c3. The passive phase on flights
presented a relatively homogeneous velocity distribution as they moved synchronous with
the rotating wall. It is important to notice that, with different location of the flights, not only
the position of vortex center dynamically changes but also the thicknesses of active and
passive layers. This effect greatly accelerates the mixing of dense phase and, thereby, the
heat transfer. The DEM data are in good agreement with PTV data.

3.3. Particle velocity distribution

Considering that PTV is limited to 2D, the 3D time-averaged and normalised velocity
distributions were compared between MPT and DEM data in Fig. 5 to further validate
particle motion in the FRD.
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Fig. 5 Probability density distribution of particle translational velocity components by MPT
measurement and DEM simulation: (a) Vx; (b) Vy; (c)Vz; (d) total velocity V.

It should be noted that the MPT data was obtained from 18 mins (three repeated
experiments) to ensure a high accuracy of data distribution. While, due to computational
limitations, the data from all particles (3,474 in total) were chosen from the last 30 s (5
rotating circles) of the DEM simulation for comparison. For radial velocity Vx and Vy,
very similar distributions were obtained from MPT and DEM data, see Fig. 5a, b. The
curves are asymmetric in shape which may be due to the influence of flights. Whereas, the
axial velocity distribution Vz shows symmetry (Fig. 5c). Furthermore, the DEM data
display a narrower distribution and a sharper peak. Potential reason for this difference could
be attributed to the collision model selected in DEM. The total velocity distribution of the
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MPT and DEM data show a comparable trend in lower velocity region, but apparent
differences in higher velocity region, as shown in Fig. 5d. In general, there is reasonable
agreement in the velocity distribution between MPT experiment and DEM model.

4. Conclusion

To investigate the particle motion in the FRD, two experiment techniques, PTV and MPT,
were applied. The particle motion was modeled by using the DEM. A periodically upward
movement of particles was confirmed. Moreover, the position of the vortex generated in
dense phase varied over time, and the particle transient velocity distributions displayed
asymmetric profiles. All these effects are caused by the flights. In addition, the DEM
results agreed well with the PTV and MPT measurements.
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Abstract

Lignite is a domestic strategic reserve of low rank coals in many countries
for its abundant resource and competitive price. Combustion for power
generation is still an important approach to its utilization. However, the high
moisture content always results in low efficiencies of lignite-direct-fired
power plants. Lignite pre-drying is thus proposed as an effective method to
improve the energy efficiency. The present work focuses on the flue gas pre-
dried lignite-fired power system (FPLPS), which is integrated with fan mill
pulverizing system and waste heat recovery. The thermo-economic analysis
model was developed to predict its energy saving potential at design
conditions. The pre-drying upgrade factor was defined to express the
coupling of pre-drying system with boiler system and the efficiency
improvement effect. The energy saving potential of the FPLPS, when applied
in a 600 MW supercritical power unit, was determined to be 1.48 %-pts. It
was concluded that the improvement of boiler efficiency mainly resulted from
the lowered boiler exhaust temperature after firing pre-dried low moisture
content lignite and the lowered dryer exhaust gas temperature after pre-
heating the boiler air supply.

Keywords: lignite; pre-drying; thermodynamic analysis; thermo-economics.
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1. Introduction

Lignite is still considered as a domestic and abundant energy source for many countries. [1]
Power generation is an important approach to utilization of lignite resources. However, the
high moisture content always results in low efficiencies of lignite-direct-fired power plants.
Pre-drying is an effective method to improve the energy efficiency because it removes the
redundant moisture and increases the heating value of the lignite entering the furnace. [2,3]

Many works have been performed concerning the performance analysis of the pre-dried
lignite-fired power systems (PLPSs) based on energy and exergy criteria and/or economic
and environmental indicators. In China, Liu et al. [4] conducted process modeling of the
steam pre-drying power system using Aspen Plus, and investigated the exergy destruction
distributions of a 600 MW unit under nominal and partial loads. Moreover, biomass pre-
drying [5] and solar pre-drying [6] were studied, respectively, to further demonstrate the
energy saving potential of pre-drying. Zhu et al. [7] carried out an energy analysis of a
lignite steam pre-drying power system with an efficient waste heat recovery system. Xu et
al. [8] modeled a lignite power system integrated with boiler exhaust gas pre-drying, and
analyzed the energy saving potentials with different lignite types and pre-drying degrees.
Recently, different configurations of solar pre-drying were proposed by Xu et al. [9] The
selection of drying heat source is gradually extended to renewable energy sources, which
aims to further improve the energy efficiency of low rank coals. In Greece, Atsonios et al.
[10] examined various scenarios of lignite drying and utilization depending on power load
variation of the plant during certain periods of the day, in order to simultaneously increase
the plant efficiency and reduce the electricity cost. Rakopoulos et al. [11] assessed different
lignite-fired plant configurations for combined heat and power production for use in district
heating networks, in terms of environmental, technical, and economic criteria. Avagianos et
al. [12] presented a thermodynamic methodology for the prediction of lignite fired boilers
at low power loads; even below the current technical minimum, when pre-dried lignite is
employed. Drosatos et al. [13] conducted numerical simulation of a lignite-fired boiler
using pre-dried lignite as supporting fuel for flexible operation. As summarized by
Agraniotis et al. [14], state-of-the-art lignite pre-drying technologies can not only improve
the energy efficiency but also operation flexibility. Energy saving of lignite pre-drying also
attracts other researchers worldwide lately. For example, Fushimi et al. [15] developed
drying process based on self-heat recuperation technology and evaluated the thermal
efficiency penalty and costs. Kambara et al. [16] compared the thermal efficiencies for an
existing 316 MWe power plant with and without steam tube dryers (STDs), and found that
the improvement can be up to 4.2 %-pts. Giuffrida et al. [17] presented a detailed analyses
based on mass and energy balances of lignite-fired air-blown gasification-based combined
cycles with CO; pre-combustion capture. Akkoyunlu et al. [18] carried out an economic
assessment of drying prior to grinding mill process in lignite-fired thermal power plants. It
was indicated that the growth in the boiler efficiency ranged between 3.9-12.6% when there

@@@@ 215" INTERNATIONAL DRYING SYMPOSIUM
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

262


http://creativecommons.org/licenses/by-nc-nd/4.0/

Han, X.; Wang, J.; Liu, M.; Karellas, S.; Yan, J.

was a 10% decrease in moisture content. Moon et al [19] developed a combination of low
rank coal drying with power generation, and investigated the influences of steam extraction
point and amount of drying coal on the thermal efficiency. In brief, an agreement has
reached that pre-drying can improve the efficiency of lignite power generation, but system
optimization still requires specifications and methodologies.

The authors have reported earlier predicted energetic performance of the FPLPS at off-
design conditions (2% and suggested possible performance improvement through the energy
matching in the drying process [?l. It is necessary to provide a comprehensive idea of
technical and economic feasibility of lignite pre-dying. The major objective of this study is
thereby to be a demonstration of a detailed thermo-economic analysis of flue gas mill pre-
drying concept. It is continuation of works associated with lignite pre-drying power systems.

2. Materials and Methods

2.1. System Layouts

A conceptual schematic of the FPLPS system is depicted in Fig. 1. The common features of
the FPLPS include the use of flue gas as drying agent in the drying tubes and fan mills, the
integration of an open pulverizing system with the boiler, the concentration of water vapor
in the dryer exhaust gas, and the air pre-heating by the dryer exhaust gas. More specifically,
the flue gas dryer exhaust gas, containing a large amount of water vapor, is not recycled to
the furnace but led to the heat recovery system, in which the waste heat is utilized to pre-
heat the air supply of the boiler.

Air
Pre-Heater
Dryer
Exhaust 4’0 LMJ
) Ambient T
Fan Air

Raw Coal

Collector

sulverize

Coal Feeder i1I|\.LIIAd
Coal

Podwer

Tube

ESP 1D Fan

PC Feeder

Gas-Powder

Fan Mill [ M
Mixer

Fig. 1. System layout of the FPLPS.
2.2. Thermo-economic analysis model
Raw lignite is fed into the dryer, in which a part of the moisture content is removed and the
heat supply is basically conserved with the latent heat of moisture evaporation AM-hy.
Accordingly, the LHV of the pre-dried lignite is derived as:
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LHV, = (LHV,, + AM ~hv)/(1—AM) )
where 4M is the mass of evaporated moisture per kg raw lignite (kg-kg™?), also defined as
pre-drying degree, and hy is the water latent heat of vaporization.

AM =(Mar—MpC)/(100—MpC) 2)
where Mg and M, are the moisture contents in the raw and pre-dried lignite, respectively.
The moisture content of pre-dried lignite can be calculated as:

M, =0.048-M,, -Ry, -, (3)

In the present work, a dimensionless pre-drying upgrade factor is defiend as:
Ky =1+AM -h, /LHV, (4)

In this way, boiler efficiencies on different basis can be derived as:
Thty=ty = kpd bty =t (5)

The plant thermal efficiency, nwt, can be calculated by the combined product of the
efficiencies of the main components, and is expressed as follows:

Thot = MMM Tl (6)
where 7 is the boiler efficiency (to basis), 7, the heat supply pipe efficiency, s the steam
cycle efficiency, #m the mechanical efficiency, and 54 the electric generator efficiency.
The plant thermal efficiency improvement, Ay, is calculated as:

Afy = Mot rrLps ~ Mot cLps (7
3. Results and Discussion

3.1. Case Study

3.1.1. Benchmark parameters

To evaluate the energy saving potential of the FPLPS comprehensively, simulation
calculations on a 600 MW water-cooled supercritical unit were carried out based on the
simulation algorithm introduced above. Detailed specifications in simulation and
calculation, such as the thermal parameters of the heat regenerative system, can be found in
Ref.[21]. The properties of the Chinese Yimin lignite, with 39.5% moisture content are
given in Table 1.

Table 1. Properties of Chinese Yimin lignite

Mar, % Aar, % Car, % Har, % Oar, % Nar, % Sar, %0 LHV, M\]'kg_l

39.50 12.09 34.59 2.03 11.30 0.35 0.14 11.79

To conduct thermodynamic analysis, it is firstly necessary to determine the moisture
content of pre-dried lignite with given parameters. According to the empirical correlation
(Eqg.1), the moisture content after grinding and milling can be obtained, as a function of pre-
drying degree and Rgo (Fig. 2). My is calculated as 9.82% when tqe equals 110 °C. The
heating value can also be calculated, as shown in Fig. 3. The HHV and LHV are elevated
by 49.1% and 59.5%, respectively. Obviously, with higher pre-drying degree, the rank of
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the lignite is improved. The plant efficiency benefit is expected. As summarized in Table 2,
compared with conventional lignite-fired power system (CLPS), the plant thermal
efficiency can be improved by 1.48 %-pts.

16 T T T 21, T T T T T
—B— R, =50%
N —o— R, =45% L
M \ \u\l —A— R,=40% . 19
N Ry,=35%) § |
s Y esign point, 3 17
Z \‘ \"\1,\"\-%3 ,m:gg 5206 S [ HHVge % N i
= ol W SN 2 15+ . L
\AL\‘ . T E ‘/p/' Ll:\/\= LHV,+25104M
. A S * el =T
¢ - "
= = Mt
i R I | 11 ! i i
B 60 70 8 9 100 110 120 130 140 150 000 005 010 015 020 025 030 035
te/°C AMIkgkg™
Fig. 2. Mpc in terms of Roo and tee. Fig. 3. Heating value in terms of AM.
Table 2. Comparison of the parameters and thermo-economics of the CLPS and FPLPS
Items Unit CLPS FPLPS
Boiler exhaust temperature, tye °C 144 110
Air pre-heating temperature, tap °C - 55
Dryer exhaust temperature, tge °C 150 110
Boiler efficiency on tg, basis, Mot % - 89.49
Pre-drying upgrade factor, Kyq - - 1.07
Boiler efficiency on to basis, 7,, _, % 92.59 95.76
Steam cycle efficiency, #i % 47.67 47.67
Plant thermal efficiency, 7wt % 43.26 44,74

3.1.2. Thermodynamic analysis

The joint influences of boiler exhaust temperature (tye), dryer exhaust temperature (tqe), air
pre-heating temperature (ti,) on the energy efficiency improvements are depicted in Fig. 4.
It can be seen in Fig. 5 that the plant efficiency improvement varies with the, tee, and tap
linearly. The Ay increases by 0.09 %-pts when tqe decreases by 10 °C, 0.18 %-pts when
te decreases by 10 °C, and 0.16 %-pts when tap increases by 10 °C. To sum up, the decrease
of tee, the and increase in ty, contribute to the total Ay by 0.38 %-pts, 0.62 %-pts, and
0.48 %-pts, respectively.

The pre-drying upgrade factor (kpa) is defined in the present work to demonstrate the energy
saving mechanism of pre-drying from energy analysis perspective. It is shown in Fig. 6 that
the kyqg increases linearly with the pre-drying degree (4M) with given lignite properties. It is
calculated as 1.07 for Yimin lignite, which means that the boiler efficiency is increased by
7%. The kyqg increases by 0.02 with 0.1 kg-kg? increase in 4M. As a result, the boiler
efficiency increases with the pre-drying degree (Fig. 7).
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3.2. Parametric analysis

Apart from the key temperatures above, the plant efficiency improvement also depends on
drying process parameters. Pre-drying degree and dryer efficiency are the parameters, from
the perspectives of moisture removal and thermal conversion, respectively. The uncertainty
in the calculation of the moisture content should be taken into consideration, as well as the
dryer efficiency. Therefore, it is necessary to investigate the variations of the improvement.

3.2.1. Influence of pre-drying degrees

It is shown in Fig. 8 that the A increases AM linearly. Moreover, the slope increases with
the. It means that for lignite-fired boilers with high exhaust temperature, the energy saving
potential is remarkable. For example, when tye is equal to 144 °C and 110 °C, respectively,
the vt increases by 0.12 %-pts and 0.05 %-pts, with 0.1 kg-kg™ increase in 4M.

3.2.2. Influence of dryer efficiency

The dryer efficiency influences the energy saving potential significantly, as shown in Fig. 9.
When the dryer efficiency drops below the design value, the Anw: decreases sharply.
Especially, there exit critical dryer efficiencies with given boiler exhaust temperature. For
example, when tpe is equal to 144 °C, the #5qci is approximately 80%. When the dryer
efficiency gets lower than that, the FPLPS does not save coal any more. It can be attributed
to the fact that although kpd does not change with dryer efficiency, the heat load of the
dryer increases with decreasing dryer efficiency and the boiler efficiency drops.
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4. Conclusions

A theoretical framework of modeling and thermo-economics on lignite pre-drying is
presented in the present work, which offers a comprehensive idea of economic feasibility of
lignite utilization integrated with flue gas fan mill pre-drying. The main conclusions are:

1) A pre-drying upgrade factor was defined to decouple the drying and boiler systems.
When the moisture content decreased from 39.5% to 9.82%, the pre-drying degree was 0.33
kg-kgt, and pre-drying upgrade factor was calculated to be 1.07. As a result, the plant
thermal efficiency improvement of the FPLPS compared with CLPS can be up to 1.48 %-
pts, when the boiler exhaust gas temperature, the dryer exhaust gas temperature and the air
pre-heating temperature were set as 110 °C, 110 °C, and 55 °C, respectively.

2) Through parametric analyses, the contributions of key design temperatures and pre-
drying conditions to the energy saving potential of the FPLPS were analyzed. Results
showed that the plant efficiency improvement resulted from pre-drying and air supply pre-
heating increased by 0.09 %-pts, 0.16 %-pts, and 0.18 %-pts with 10 °C increase in the
dryer exhaust temperature, 10 °C decrease in the air pre-heating temperature, and 10 °C
decrease in the boiler exhaust temperature, respectively.
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Abstract

In order to conserve cuminum cyminum L. during long storage periods, the
drying kinetics of this seed undergoing microwave-assisted fluidized bed
dryer at various microwave output power (300, 600 and 900w), air velocity
(10, 15 and 20 m/s) and air temperatures (45, 55 and 65°c) were studied. The
main aim of this research is developing a mathematical model of mass
transfer to investigate the microwave-assisted fluidized bed drying of
cuminum cyminum L. seed. In this paper, we tried to discover a good model
to evaluate moisture effective diffusivity (Der).

Keywords: cuminum cyminum L, microwave-assisted drying, mathematical
modeling,
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1. Introduction

Cumin (cuminum cyminum) is one of the functional and valuable spices in food
preparations. It is popular for its strong, sweet aroma and slightly bitter taste. In addition to
its seasoning application, its pharmaceutical properties are influential. Cumin name
originally derived from the Greek word “kyminon”.Several functional benefits of cumin
consumption are: hypolipidemic, digestion stimulating, antispasmodic, wound-healing,
anti-microbial, anti-oxidant, carminative and anti-inflammatory agent. Ground cumin is
commonly used in Iranian culinary and confectionary, meaty Moroccan foods and classic
German foods [1-4]. Iran was among the countries that devote themselves to the large
surface area of the land was cultivated cumin, and its production in this area was about
12,000 tons per year [5].

Drying is frequently used in agricultural and food processing. Essential oils are important
part in herbs, due to thir importance and thermal sensitivity they have to dried at moderate
thermal condition and short time [6]. Fluidized bed drier has high thermal efficiency in
solid drying. Direct intact between samples and heating medium leads to simultaneous as
well as rapid heat, and mass transfer. However conductive heat transfer from surface to the
inside of materials is still slow. This may be solved by using microwave assisted fluidized
bed drier. This article focuses on mathematical modeling of cumin as an assumed
cylindrical shaped seed, dried undergoing various treatment in order to assess water loss
procedure.

2. Materials and Methods
2.1. Dying procedure

Cumin seeds were purchased from local grocery in Karaj city (north of Iran) in October. At
first they were cleaned manually then got uniformed by a sieve having 20 meshes.
Predetermined amount of water added to a certain quantity of samples obtain determained
moisture content. A pilot-scale microwave- assisted fluidized bed dryer was applied for
dehydration experiments. For each test, 50 g cumin seeds slightly poured into drying dish to
make them uniform. The drying tests were conducted at three levels of power (300, 600,
900w), air temperature (45, 55, 65°C) and air velocity (5, 7.5, 10 m/s) to reach a specific
moisture content (5.66% d.b). V=4.5 m/s is experimentally determined as the minimum
fluidization velocity. Moisture ratio was calculated based on following equation [7]:

M-—-M 1
MR . ()
M, — M
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Table.1 independent variables

Factor Name Units Minimum  Maximum Mean
A=X; temperature °c 45 65 55
B=X> Microwave power w 300 900 600
C=Xs Air velocity m/s 10 20 15

2.2. Mathematical modelling and Moisture diffusivity determination

In order to facilitate the calculation of the effective diffusion coefficient, a new method was
designed and developed. In this case, the oval shaped cumin seed was considered as a
cylinder with the surface are a similar to the elliptical cumin seed. So firstly, side surface
area of elliptical cumin particles were calculated by circulating equation (2) around
horizontal “a” axis (fig 1) [8].

Figure 1. Cumin seed scheme for the model geometry

T — (2
s=2m | y1+y'? dx
0
For an entire ellipsoid:
®)

a
S=4T'EJ vy 14+y'7 dx
0

Then via equating ellipsoid surface area with cylinder surface area, the radius (r;) was
calculated from following equation:

) Arcsinva® — b? b )
2nr,(2a) + 2rr; = 2mwab| = = + -]
\,l'lﬂ." — b; [
a

Large radius of 20 seeds were measured by digital caliper with an accuracy of 0.01 mm
(Mitutoyo, Japan) and their average value was considered as’ a’ factor in above equation.
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Water loss process during solid dehydration consists of several complex mechanisms. With
regard to this fact, Fick’s second low effective diffusivity have been considered as a
combination of mentioned mechanisms [6, 9].

aM (5)

Fr Div[D s (gradM)]

Initial and boundary conditions of eq (9) with ignoring shrinkage are defined as follow:
t=0, M=M,

aM
=10

t=0, r=gxn and z=L M=M,

Fickian equation solution could be simplified to infinite slab and cylinder and finite
cylinder by assuming the first part in series expansion of their equation respectively [9, 10]:

_ M-M, 8 (6)

MR,_=——"=_exp(—B_t
[ MI} _ ME Tl p[: s ]
MR M-—M, 4 B ¢ (7)
= —— = —pgxp(—F.
[ MI} _ ME ﬁ{ p[: [ ]
. M— M, 32 5 . (8)
= = —— X —_ c
e M,— M, w22 p( bi )
Wherein:
Bis = HzDs!ﬂb sz (9)
Bic = ﬁji: Dc}'! .f'rf (10)
ch — H‘Df!rzb _|_JB:T_ ‘?c}'! (11)
L- !

c

Where Dgiap and Dey are the moisture diffusivities that were assumed equal. L and r. are the
real length of cumin seed and the computed radius of the cylinder in eq (4) in the order
given and P1=2.4048 was obtained from the tables of the first kind of zero order Bessel
function (Jo(acn)=0) [10]. The constant B can be determined by plotting In(MR) against
drying time (s) for any experiment.
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3. Results and discussion

3.1. Drying kinetic

The Cumin samples (Mo =35.44% (d.b)) were dried to M=5.66% (d.b). Central composite
design (CCRD) with three indepenfdent variables includes microwave output power, air
temperature, air velocity, on three levels, at the central point plan was applied. As expected,
moisture content kept decreasing by increasing drying time, temperature and microwave
power, (fig.2 a and b). In table.2 drying rate values based on different test conditions, are
provided. During microwave heating, water components due to their higher dielectric loss
factor, absorb a greater amount of microwave energy and reach the boiling temperature,
consequently the pressure in the interior of the material develops, this causes the moisture
to move from the inside to the surface [11, 12]. At first, internal heating caused by
microwave, moves liquid water towards surface of samples (Darcy’s law). With the
progress of the drying procedure, internal moisture supply is not able to provide the surface
evaporation process. Thus, after this stage, dehydration is driven by vapor diffusion and
Darcy’s flow [13]. As can be seen in fig.2c, air flow rate increase to more than minimum
fluidization velocity (15 m/s) has no effect on drying rate and drying time, because
increasing air velocity, increases bed pressure drop.

0009
005 [b]
(a) e | = - = p=o0iw o8
=== petiw 0.
00
1 T P30 0L006

DR (1/s)
7
P,
R
P
g

MR

e Y S

=== Vu15mfs

— V= 10m's

a8
MR

Fig.2 effect of microwave power (a: v=15m/s, T=55¢C) air temperature (b: p=600w, v=15m/s) and
air velocity (c: p=600w, T=55C) on drying rate.

215" INTERNATIONAL DRYING SYMPOSIUM @@@@
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

273


http://creativecommons.org/licenses/by-nc-nd/4.0/

Drying behavior, diffusion modeling of cuminum cyminum L. undergoing microwave-assisted fluidized bed drying

From a certain speed onwards, the amount of pressure drop has been stabilized and there
isn’t much change in it. Constant pressure drop is due to change in the nature of the bed
particles from fixed state to fluid state, so from this point on, pressure drop will be same as
liquid static pressure drop and depend on height of bed [14].

3.2. Effective moisture diffusivity and activation energy

Effective moisture diffusivity: Radius value obtained from eq (8) is 0.373 mm. by using
slope of fig.3 graphs and putting them in eq (15), effective moisture diffusivity under
various test conditions was determined. The measured D¢ values for cumin seeds are

presented in table.2.

As shown, Dex values were ranged from 3.820x101! to 2.746x10° m?/s. This result is in
accordance with results obtained from most food stuffs (102 -10® m?/s) [15, 16]. It is
observed that the highest amount of Des is related to P=900w and T=65°C and the lowest
amount of Des is related to P=300w and T=45°C. It was observed that increasing the
temperature of drying air and microwave power, increased the effective moisture
diffusivity.

25
(a) * (b)
0 . - " 0 e . .
] ! i ¥ [
- ) ) . -
e -~ ST=55C

@ 1 . o
= . LR =
& SR . ATe63C
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Fig.2 effect of microwave power (a: v=15m/s, T=55°C) air temperature (b: p=600w, v=15m/s) and
air velocity (c: p=600w, T=55°C) on drying rate.
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These results are in agreement with the results of microwave drying of pandanus leaves
[17] and hot-air and microwave drying of pineapple [15] and fluidized bed drying of canola
[16]. There is no significant effect of various velocity of drying air on slope of fig.3c and
consequently on Det was observed. As mentioned earlier, this action is due to the
mechanism of pressure drop during drying procedure.

Table. 2 Amounts of DR, RMSE, SSE and Defr of cumin seed undergoing different
drying condition

Microwave Air temperature  Air velocity  Drying rate Desr (M?/s) R?
power (W) (°C) (m/s) (1/s) %1010

300.00 65.00 10.00 0.004 0.883 0.9813
900.00 45.00 10.00 0.005 1.074 0.8936
300.00 65.00 20.00 0.004 0.955 0.891
300.00 45.00 10.00 0.002 0.382 0.9661
600.00 55.00 20.00 0.005 1.051 0.9587
900.00 65.00 20.00 0.011 2.746 0.9694
900.00 55.00 15.00 0.009 1.886 0.9918
300.00 45.00 20.00 0.002 0.405 0.9581
900.00 65.00 10.00 0.01 2.459 0.9997
600.00 65.00 15.00 0.006 1.552 0.9572
300.00 55.00 15.00 0.0035 0.668 0.9745
900.00 45.00 20.00 0.005 1.218 0.9342
600.00 55.00 15.00 0.005 1.062 0.9601
600.00 55.00 10.00 0.004 0.883 0.924
600.00 45.00 15.00 0.002 0.573 0.9429

4. Conclusion

Drying specifications of cumin seeds were assessed during microwave-assisted fluidized
bed drying at various levels of air temperature, microwave power and air velocity. The
entire dehydration process occurred in the falling rate period. Applying higher values of
microwave output power, air temperature and air velocity enhanced drying rate and Degr.
Although increased to more than the minimum fluidization velocity of air flow rate, did not
show a significant impact on drying rate. Simulation elliptical cumin seed to cylinder, to
obtain De and E, offered good results with high amount of R2. Usage of RSM ensured that
the selected factors had significant effect on responses and on each other as well.
Increment in air temperature and air velocity used in this study, caused decrement in Ec
value but microwave power affected on Ec in increasing manner. And finally optimum
condition obtained by RSM offered that operating minimum fluidization wvelocity,
maximum value of microwave power and air temperature, maximize drying rate value and
minimize energy consumption value.
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Abstract

Osmotic dehydration of apple was modeled considering the mechanisms
involved in the solutes transfer within the plant matrix: impregnation and
diffusion. The model mathematical writing includes the impregnation layer
thickness, the diffusion thickness, a water bulk flow and the convective
resistance. Apple cylinders were dehydrated at 30, 50 ° C and 30, 50 ° Brix
and a motion of 0.15 m/s. The Reynolds number was of 250 for 30°C-30°Bx
and 500 for 50°C-50°Bx. Schmidt numbers was of 4000 for 30 ° C-30 ° Bx
and 4200 for 50 ° C-50 ° Bx.

Keywords: transfer; solute; impregnation; osmotic dehydration.
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1. Introduction

The understanding of the mechanisms involved in the solutes transfer within the food is
fundamental to develop a predictive model of the osmotic dehydration operation. The
mechanisms present in the solute transport of the osmotic solution within the plant tissue
have not been elucidated. The solute transfer models developed so far, describe the osmotic
solution migration by calculating a global transfer coefficient that considers a gradient of
solute concentration uniform inside the food, limiting the identification of the mechanisms
involved: diffusion or impregnation (Mufiz and others, 2017).

These models apply Crank's solutions to Fick's law to determine the transfer coefficient
and they suppose some simplifications that contradict experimental findings that show the
presence of solutes concentrated layers on the material surface, particularly when
saccharides and sweeteners are used as osmotic solutions, which are evidence of an unequal
distribution of osmotic solution within the plant matrix (Assis and others, 2015; Segui and
others, 2012).

Unlike the models available in the literature that consider a global solute transfer
coefficient, this work proposes a model that describes the mechanisms involved in the
transfer of the solute within the plant matrix: impregnation and diffusion and assumes
boundary conditions that they take in counts the effect of external and internal resistances
in the fruit-osmotic solution interface.

2. Materials and Methods
2.1. Boundary conditions for the modeling of solute transfer in osmotic dehydration.

Apples samples were considered as slab and solute transported was assumed to occur in
one direction. For boundary conditions the overall solute transfer process depend of the
relationship of internal and external resistances in the osmotic solution-apple interface,
determined by Reynolds and Schmidt numbers.

2.2. Movement velocity and dimensionless numbers.

Apple samples were moved in a vertical in a vertical direction at frequencie of 100
cycles/minutes about 0.15 m/s.

Solution movement was affected significantly by solute movement, therefore the interface
resistance was not negligible. Thus at the solution-apple interface the boundary conditions
is:
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ac

K(C,—C,)=-D, (E) &)

K-mass transfer coefficient (m/s), C..- solution concentration far from the interface (kg/md)
and Cs-solution concentration at the interface apple-osmotic solution (kg/m?3).
The velocity was determined by the equation (2):

. 2mRw

cos(2mwt, ) )
U-verticalvelocity (m/s), o-frequency (cycles/minutes),R- radius (0.015 m) and tm-time of
the movement (5).

The relative velocity of apple sample and solution was supposed to be the average velocity
of apple. This velocity was used for calculation of Reynolds (Re) and Schmidt (Sc)
numbers.

LU
Re = Ps
H @3)
H
fe=——
psD

4)
L-diameter of apple sample (m), ps-solution density (kg/m®), p-viscosity of the sucrose
solution (kg/ms), D-binary diffusivity (m?/s). Sucrose solution viscosity and density were
estimated from the literature.

2.3. Penetration depth of the solute or active zone.

The penetration depth of the solute (z,) was determined experimentally using the scanning
electron microscopy (SEM) technique. The apple sample was analyzed in cross section
from the surface to the center. The thickness of the area where structural changes are
observed was determined and used to estimate the penetration depth of the solute or active
zone. In addition, the tissue area beyond the zone of structural change was observed to
check if it remained as at the beginning of the treatment.

Prior to SEM examination, the materials were osmotically dehydrated by applying a
factorial experimental design at two levels for temperature (30, 50°C), a sucrose osmotic
solution concentration (30, 50 °Bx) and a motion level of 0.15 m/s. Three replicates for
each treatment were conducted. High-quality stereo images and surface parameters were
recorded from samples osmotically dehydrated and cut in cross section. For the study by
SEM, the cross section of the apple sample was analyzed dividing it into 5 areas from the
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outermost layer to the center. Area 1 corresponds to the outermost surface of the sample
and area 5 to the material center.

2.4. Modelling of transport mechanisms during osmotic dehydration of fruit in
sucrose solution.

Modifying the mathematical writing of the equations that describe the solutes transport in
OD requires an analysis of the mechanisms involved: impregnation and diffusion. For this
it is necessary to take into account the following considerations: water bulk flow acts as a
resistance that opposes the transfer of the solute and limits it to migrate mostly in the
superficial layers of the food; the water flow from food is greater than the flow of solutes
entering the plant matrix; water flow is the sum of: water in the pores (free water) + water
in the extracellular volume + water in the intracellular volume (bound water); water that
leaves the plant matrix is transferred mainly by capillary diffusion; solute flow is the sum
of: solute in the pores + solute in the extracellular volume concentration of the osmotic
solution inside the food changes; the highest concentration of the solute is impregnated on
the surface of the plant matrix when solutions of saccharides and natural sweeteners are
used; hydrodynamic boundary layer influences the initial concentration of the impregnation
layer Ci; thickness of the impregnation layer dimp changes with the time of the process.
Based on the above assumptions, the following equations are proposed to determine the
transfer of solutes in OD:

ac , ,
Pl solute flow potential — water flow potential

®)
ac . .
— =VCs—V-Cw
dt (6)
ac
Fri y(Dif fusion) — y(Capillary dif fusion)
(7

VZCs -solute flow potential; V= Cw-water flow potential; C-concentration (kmol/m?), t-

time (s), ¥ -coefficient.

3. Results and discussions

Reynolds number (Table 1) for the experiment was found to be approximately 205 and 500
for 30°C-30°Bx and 50°C-50°Bx respectively with 0.15 m/s of motion level. The flow
regime for both experience were thus laminar flow. The calculation of dimensioanles
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numbers showed the average Reynolds number of all the experiments was small (<600) and
very high Schmidt numbers (4000 for 30 ° C-30 ° Bx and 4200 for 50 ° C-50 ° Bx).

Table 1. Properties of the osmotic solution to determine the Reynolds number

Temperature Concentration Diameter Velocity Re Sc

(W] (°Bx) (m) (m/s)
30 30 0.015 0.10 250 4000
50 50 0.015 0.10 500 4200

During osmotic fruit dehydration, sucrose or synthetic osmotic solutions are generally used,
in a mass fraction of 60% w / w or more. These solutions have high viscosity and have low
diffusion. These operating conditions imply high Sc numbers and low Re numbers,
generally in laminar flow regime (Bui and others, 2009).

From the thickness of the zone where the structural change was observed, the value of the
penetration depth of the solute z, was estimated. Scanning electron microscopy turned out
to be an efficient technique (Figures 1 and 2) for the detection of structural changes areas in
the osmotically dehydrated apple tissue.

Fig. 1. Micrograph of dehydrated apple in sucrose 50 ° C-50 ° Bx. Increase 50x (S1-surface; S5-
center).

Fig. 2. Micrograph of dehydrated apple in sucrose 30 ° C-30 ° Bx. Increase 50x (S1-surface; S5-
center).

In 1 and 2 areas the greatest structural changes are observed, these being the closest to the
external surface of the material. In these areas, we observed certain zones where the
structure of the tissue is collapsed with the presence of solids that clog the pores and the
intercellular spaces disappear. In areas 3, 4 and 5 closest to the center of the sample, small
and irregularly shaped intercellular spaces are observed, very similar to those presented in
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the microscopy of the fresh apple. The values of the solute penetration depth estimated
were 3.03 and 3.68 mm for the conditions of 30 °C-30 °Bx and 50 °C-50 °Bx.

4. Conclusions

This model can be useful for the design and optimization of the industrial osmotic
dehydration process since it will be able to successfully predict the area where the
superficial impregnation of the sucrose occurs and the area where the solute diffuses.
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Abstract

The objective of this work was to establish a three-dimensional measuring
method for the size, morphology and distribution of internal structure such as
ice crystals, bubbles and solids content within an ice cream sample by using a
cryogenic microtome spectral imaging system (CMtSIS). The 3-D images of
ice crystals, bubbles and milk solids were recognized by reconstructing the
circles in 2-D images into 3-D spheres; and the Overrun by Volume (ORV)
was obtained by incorporating the area of bubbles on integrated image and
the volume of bubbles in the 3-D image.

Keywords: Ice crystal, Bubble, Internal structure, Spectral imaging, Micro- to
macro-scale, Freeze-Drying
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1. Introduction

Most food materials are composed of limited structural elements such as a solid content,
bubble and ice crystal. The internal structure in frozen food materials undergoes metamorphic
changes due to recrystallization process which increases the size of ice crystals during frozen
storage. The size and shape of internal structure formed in a frozen material strongly
influence the final quality as well as the freezing rate or heat flux and the direction of heat
flow within the material during freezing. For a proper understanding of the behavior of heat
or mass transfer in frozen food materials and the behavior of freeze-drying, knowledge of the
internal structure of frozen food materials is required. Ice cream is considered as a complex
multiphase system consisting of bubbles, ice crystals and milk solids, and the final quality of
which is influenced by the correlation between the size, morphology and distribution of the
multiphase formed during the manufacturing process. Attempts have been made to observe
bubbles and ice crystals on the cross sections of ice cream by using an optical microscope [1]
or by indirect methods using SEM [2] or Cryo-SEM [3]. The SEM and Cryo-SEM allow the
identification of morphological difference between bubbles and ice crystals by the micro
asperity of a sublimated sample surface, but it is difficult to determine whether a sublimated
seam is caused by an ice crystal or by a bubble. Furthermore, the measurement of bubble size
by traditional methods would result in misleading numbers due to limitations in observing
the entire volume of a bubble. Different cross sections would provide different diameters for
the same bubble. And the values of the diameters reported by traditional methods might not
correlate well with the final quality of ice cream since the measurements on bubbles, ice
crystals and milk solids were taken from separate samples. X-ray micro-computed
tomography (X-ray pCT) has been applied to three-dimensional (3-D) structural elements of
frozen food materials [4, 5]. It is based on the contrast in X-ray images generated by
differences in X-ray attenuation arising from differences in the density of material within a
sample. Also, frozen food materials that contain water are freeze-dried to clarify density
contrast. The objective of this work was to establish a 3-D measuring method for the size,
morphology and distribution of internal structure such as ice crystals, bubbles and solids
content within ice cream samples prepared at three different overrun levels.

2. Experimental Equipment and Materials
2.1. Cryogenic microtome spectral imaging system

The CMLtSIS [6] consists of a microtome unit, an automatic high-precision XY stage, an
image acquisition unit (visible, fluorescence and spectroscopic), and a 3-D image processor
(Fig. 1). The CMItSIS allows consecutive image acquisition of the cross sections of a frozen
sample exposed by multi-slicing with a minimum thickness of 0.25 um. The temperature of
the heat exchanger is controlled from room temperature to —160°C by regulating the flow
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adjusted with a resolution of 6 pm [—— iy
within a maximum area of 60x60 mm?. LN, : — J‘ |
The image of each cross section is [ | E— / / ”“/‘

captured with a highly sensitive CCD
and an NIR camera, and is recorded by
the 3-D image processor. A 3D image  Fig. 1 Schematic diagram of cryogenic microtome

is reconstructed from a series of spectral imaging system (CMtSIS).
consecutively acquired 2-D images.

7
Heat exchanger ~ Microtome

2.2 Materials and methods

A lump of vanilla ice cream mix (from ZAO, Yamada milk Co., Ltd. Miyagi, Japan) with a
formulation of 8% milk fat, 10% milk solids-not-fat, sugar, honey, stabilizer and an
emulsifier was taken from a commercially available soft ice cream. Ice cream samples at
three different overrun levels (low, medium, and high) were produced by an automatic batch
preezer (191 P/SP/N, Carpigiani group, bologna, Italy). lce cream agglomerate shaped into
a cylindrical sample with a diameter of 10 mm and a height of 10 mm was shock frozen in
liquid nitrogen. The sample was embedded in an optimal cutting temperature (OCT)
compound and a ring of dry ice. The sample, OCT compound, and the ring of dry ice fixed
on the heat exchanger were sliced together, and cross-sectional images were then captured
by the CCD camera through a microscope. Bubbles, ice crystals and milk solids in the ice
cream sample were identified from the CMtSIS iamges by the microscale to macroscale
measurement method previously reported by Do et al. [6].

3. Results and Disussion
3.1. Overrun by weight

Overrun is the industrial term for the amount of air added to frozen dessert products, and the
percent overrun of ice cream by weight can be calculated by the following equation [7]:
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Wt.of mix — Wt.of same vol.of ice cream

% 0 b, ight (OR) =
% Overrun by weight (OR) Wt.of same vol.of ice cream

X100 (1)

The overrun of commercial ice cream

. Table 1.  Precent overrun by weight
can range from 24% (super-premium) to

94% (light and fluffy). Percent overrum Statistics Overrun levels

by weight was measured for the ice Low Medium High
cream samples prepared at three overrun Maximun  12.7 46.7 75.7
levels and the mean values were 11.5%, Minimun  10.3 40.9 72.0
44.0% and 73.8% for low, medium, and OR Mean 11.5 44.0 73.8
high overrun levels, respectively (Table SD 1.0 14 1.9
1).

3.2. Measurement of bubble

A total of 36 image frames was obtained from a sliced surface by using the CCD camera, the
x50 magnification lens, and the automatic high-precision XY stage. Each frame covered an
area of 194x154 um?. The 36 frames were integrated into a single image by a 3-D image
processor. Fig. 2 shows an integrated raw image and a binary image representing the
boundaries of identified bubbles covering a measurement area of 1164x924 um? with a total
of 7800x6180 pixels. Fig. 3 shows the distribution of equivalent circle diameters of the
bubbles in the sample of 11.5% OR (low overrun). A total of 480 bubbles was recognized
from the integrated image: the equivalent circle diameters ranged from 1.1 to 101.9 pm with
a mean of 24.8 pm, and the measured areas ranged from 0.9 to 8144.9 pm? with a mean of
637.8 um?. Fig. 4 shows the distribution of equivalent circle diameters of the bubbles found
in the sample of 44.0% OR (medium overrun). A total of 1988 bubbles was recognized from

200 p.m p ( S e )
— [ e (P
b) Boundaries of bubbles

a Raw iamge

Fig. 2 Binarization of an integrated image to identify the bubbles in an ice cream sample.
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Fig. 3 Equivalent circle diameter of Fig. 4 Equivalent circle diameter of
bubbles in the sample of 11.6% OR. bubbles in the sample of 44.0% OR.
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the high overrun sample (73.8% OR). A total soosienEaes
™ N M ST W W~ o) 8

of 692 bubbles was recognized from the
integrated image: the equivalent circle
diameters ranged from 1.1 to 248.2 um with
a mean of 40.3 um, and the areas ranged from
0.9 to 48362.0 um? with a mean of 2035.9 um?. The actual size of the integrated images was
1164x924 pm? and from these images the range of the areas of the recognized bubbles was
determined to be from microscale of 0.9 to macroscale of 48362.0 pm?.

Equivalent circle diameter [um]

Fig. 5 Equivalent circle diameter of
bubbles in the sample of 73.8% OR.

3.3. Overrun by volume

The CMTtSIS has functions to capture the cross-sections exposed by multi-slicing of a frozen
sample with a minimum thickness of 1 um and to reconstruct a 3-D image utilizing a series
of consecutively acquired 2-D images. The volume rendering method was employed as the
optimum one for the system to measure internal structures. Using this method the volume
can be determined from the surface areas of quantitative 2-D information. Overrun can be
determined as the percentage increase in volume or area of the mix that occurs as a result of
air addition, and can also be calculated by the following equation [7]:

Vol.of ice cream — Vol.of mix used
% Overrun by volume (ORV) = Vol.of mix used x100 (2)

215" INTERNATIONAL DRYING SYMPOSIUM |@®@©
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

287


http://creativecommons.org/licenses/by-nc-nd/4.0/

Three-dimensional Measurement of Internal Structure in Frozen Food Materials by Cryogenic Microtome
Imaging System

Fig. 6 compares the OR values calculated from 0
the weight measurements and the ORV values 8 F gor
obtained from the area of bubbles on integrated :ﬁ | BORV

image analysis using the CMtSIS for the ice
cream samples prepared at three overrun levels.
The means of obtained ORV values were
10.5%, 42.8%, and 77.7% for low, medium, and
high overrun levels, respectively; whereas the
corresponding OR measurements were 11.5%,
44.0%, and 73.8%. Thus, the measurement Fig. 6 OR and ORYV for different overrun
accuracy of the CMtSIS was verified in  levels.

estimating the percent overrun by volume for frozen ice cream samples.

Overrun |%]
=
=

4
Mediom High
Overrun level

3.4. Three-dimensional measurement of the internal structure of ice cream

An ice cream sample of 12.7% OR was prepared to measure the 3-D internal structure.
Although the bubbles, ice crystals and milk solids could be recognized from an original 2-D
image (Fig. 7) by visual evaluation, it was difficult to obtain a binary image of these only by
applying automatic thresholding techniques. Therefore, the boundaries of individual bubbles,
ice crystals and milk solid were traced manually on a digitizing board (Cintiq 21UXTZ-2100,
WACOM Ltd, Japan) as shown in the upper row of Fig. 7. After extracting the pixels within
the traced boundaries and obtaining binary images, the volumes of each bubble and ice crystal
were calculated to represent the morphology. The 3-D images of bubbles, ice crystals and
milk solids were reconstructed using 100 cross-sectional images (slicing thickness: 4 pum).
The 3-D images of bubbles, ice crystals and milk solids (the lower row of Fig. 7) were
reconstructed based on the binary images. The dimension of each 3-D image was 260 pm in
length, 206 pum in width and 400 um in height. By using an image processing software
(TRI/3D VOL, Ratoc Ltd, Japan), the volumes of each bubble and ice crystal were calculated
from the 3-D images. A total of 1178 bubbles was recognized by reconstructing the circles
in the 2-D images into 3-D spheres and their volumes ranged from 0.125 mm?® to 490.421
mm? with a mean of 2.342 um® as shown in Fig. 8. Furthermore, an ORV of 14.8% was
obtained by incorporationg the volume of bubbles in the 3-D image for the ice cream sample
of 12.7% OR. A total of 186 ice crystals were recognized by reconstructing the circles in the
2-D images into 3-D spheres and their volumes ranged from 0.125 mm? to 5493.684 mm?
with a mean of 34.483 mm? as shown in Fig. 9. By observing the 3-D images (Fig. 7-b, ¢), it
is recognized that the bubbles are evenly distributed in the ice cream sample, but the ice
crystals are less evenly distributed. Milk solids are observed in the form of a retinal structure
circumscribing bubbles and ice crystals as shown in Fig. 7-a.d. The bubbles are observed
within ice crystals and milk solids.
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Measurement of bubbles is difficult when using SEM or Cryo-SEM because of sublimation
at the sample surface. Ice crystals and bubbles within a sample can be resolved by the vacant
spaces left after freeze-drying. Since all vacant spaces are treated as ice crystals and bubbles
in the analysis of a freeze-drying process, some questions may be raised to the identification
of ice crystals and bubbles. Therefore, a 3-D measuring method for the size, morphology and
distribution of internal structure such as ice crystals, bubbles and solids content within an ice
cream sample was established in this research by using the CMtSIS.

Bubble Ice crystal Milk solid

a) Ice cream b) Bubble c) Ice crystal d) Milk solid

Fig. 7 Morphology and distribution of internal structure of ice cream.

_ 500 — —= 100% 50 —7 100%
U .- = )
2 400 s0% 2 g 4 P 80% T
E n:1178 k= & e n: 186 g
% 300 60% = Yy 30 60% O
z T b g
§ 200 a0% B = 20 40% g
. ;| g
£ 100 0% S z 10 0% 5
I ; ; 5
0 R ;-o o o Ic: .cu. Ic: Ic; .Cr 0% ° S 88888888878 i
TRZ2I23RTEG SERBERETGE 8
Volume [pm?] Volume [um?]
Fig. 8 Distribution of volume of bubbles. Fig. 9 Distribution of volume of ice crystals.

4. Conclusions

A novel technique was developed for the detection of 3-D internal structure of ice cream
samples produced at different overrun levels and its high accuracy was verified by using the
CMtSIS. The following conclusions were reached:
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1.

The actual size of the integrated images was 1164x924 um? and from these images the
range of the areas of the recognized bubbles was determined to be from microscale of
0.9 to macroscale of 48362.0 pm?.

The means of obtained ORVs were 10.5%, 42.8%, and 77.7%, whereas the means of
the measured ORs were 11.5%, 44.0% and 73.8% for the ice cream samples produced
at three overrun levels (low, medium, and high, respectively).

The estimated volumes of bubbles ranged from 0.125 mm? to 490.421 mm? with a mean
of 2.342 um®, and those for ice crystals ranged from 0.125 mm? to 5493.684 mm? with
a mean of 34.483 mm? in the 3-D image for the ice cream sample of 12.7% OR.

The ORV of 14.8% was obtained by incorporating the volume of bubbles in the 3-D
image in the case of the ice cream sample of 12.7% OR.
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Abstract

Microwaves are a fast way to dry moist goods through volumetric heating.
During the drying process, materials change their electrical properties. As a
result, the impedances at the feed port of the applicator will change and the
microwave source is not matched anymore. The amount of reflected power
increases and the process efficiency reduces. New semiconductor high power
sources can perform a dynamic impedance matching. A lab scaled functional
model with two sources was designed and realized. For measuring the
scattering parameters during the process run, an embedded two-port vector
network analyzer was added. Measurement results confirm the feasibility of
the concept.

Keywords: Microwave drying, dynamic efficiency optimization, multichannel
feed, solid state based microwave source
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1. Introduction

Microwaves (mw) allows a volumetric heating method used to dry moist goods. The
volumetric heating is faster than conventional drying as soon as the surface of the good
becomes dry and the core is still wet [1]. The most common method for an mw source in
industrial applications today is the magnetron. It builds on proven technology, is cost-
effective and can also produce power in the kW range. But it also has some disadvantages
such as the need of a high tension power supply and an output signal at a fix frequency. For
optimum power transfer, the source is impedance matched to the load. However, during the
drying process, materials change their electrical properties. And this will change the wave
distribution inside the microwave applicator too. As a result, the impedance at the feed port
of the applicator will change and the source is not matched anymore. The amount of reflected
power increases and the process efficiency reduces. Figure 1 shows the measured reflected
power in percentage in relation to the moisture content in a drying process. Underneath a
certain moisture content, the reflected power increases. This is led by means of a circulator
to an artificial load and converted into heat.

Magnetron power reflection

14

12 =

-
=]

a

T

@

|
|H\l| fll
sl 01U

refelction (%)

0.8 0.75 07 065 0.6 0.55 0.5 0.45
moisture level

Fig. 1 increasing power reflection of a magnetron heating system due to load change

Frequency synthesizers and semiconductor power amplifiers for the 2.45 GHz ISM band are
becoming available for industrial applications. An mw source based on these components is
able to change the frequency and phase of the created signal. This enables dynamic
impedance matching, based on a search for the best frequency and phase condition.

Three dimensional finite element electromagnetic field simulations of several microwave
chambers and drying goods have shown, that two feed ports are especially a benefit in a
drying process [2]. This comes from the fact that a two port applicator allows a smoother
electromagnetic field distribution, even if the volume of the good is shrinking over the drying
process. In addition, during the drying process the impedance matching of two ports must be
adapted continuously. Simulation results presented in previous papers showed that the
optimum frequency and the optimal phase shift between two feeds can be estimated by means
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of complex scattering parameters [3] [4]. The objectives of our work were to verify the
various simulation results by means of a lab scaled functional model of a two port applicator.
In addition, we show the feasibility of a tunable mw source based on semiconductor
components. Such a source is a prerequisite for searching the optimum operating point in the
drying process.

Chapter two lists the applied methods and materials we used in our work. Chapter three
describes the measurement and optimization algorithm. In the following chapter four, the
system architecture of the two port mw source is explained. In chapter five measurement
results are explained and discussed. The final chapter six contains the conclusion and hints
for further work.

2. Materials and Methods

For the functional model of a semiconductor based two port mw source with frequency
synthesizer, phase adaptation and embedded vector network functionality for measuring the
scattering parameters (s-parameter), a suitable printed circuit board based microwave circuit
was designed and produced. Although the available microwave output power was limited to
250 mW the measurement principles and the verification of the optimization algorithm could
be done.

The two port mw source was connected to the applicator by means of WR340 waveguides.
The applicator is made of aluminum and has a box type shape with the size of 0.61*0.69*0.51
m. It works as a multimode oven [1]. The test good is placed on a weighing system in the
center of the applicator, which allows to continuously weight the good during the drying
process. In order to avoid the condensation of water vapor on the walls of the applicator, a
ventilation system was installed.

In order to check the quality of the measured s-parameters with the built-in measuring device,
all parameters were additionally measured with a Rhode & Schwarz commercial network
analyzer.

The used test good was a mixture of flour and water.
3. Algorithm for efficiency calculation

The overall efficiency n,,, of a microwave heating system depends on various efficiency
factors of the subsystems.

Ntot = ngen rlfeed Ntrans rlappl (1)

The efficiency of the microwave source 7., is mainly determined by the efficiency of the
solid state power amplifier. The factor of feeder network efficiency 7¢..q covers the losses
of coupling elements, waveguides, power combiner and feeder antennas. The efficiency
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factor of transmission 7n..4ns is @ figure of how good the impedance matching works. The
efficiency factor n,,,, from the applicator describes the losses due to heating up the metal
walls by means of electrical induction.

The focus of our work is the optimization of 1.,..,s. This factor strongly dependents on the
impedance matching between the feeder and the applicator with its drying good. For
optimizing the transmission efficiency, we define two ways how to measure and calculate it.
Both methods are applicable for a microwave applicator with two feeds.

The first method is suitable if both sources are simultaneously active and the electromagnetic
fields are overlapped. The efficiency is calculated from the ratios between the reflected waves
b, , and the input waves a, , at the individual feeder ports of the microwave applicator. The
indices gives the individual port number. Because these waves represent voltage waves, the
square of them are proportional to the power which leads directly to the needed power
efficiency figure. The wave b, is a superposition of the reflected wave at port one and the
through connection part from port two. In the same way the wave b, consists of the reflected
wave at port two and the part which is transferred from port one. 7,4, Will be maximized if
the individual wave reflection at the ports can be minimized and the feed trough parts can be
minimized. To find the optimal operation point the measurement and calculation for 1..qns
must be done separately for every frequency and phase difference between the two sources.

1

b 1
ntranszl_z -

2

b, |?

a,

(2)

a;

The second method is based on the s-parameters and thus only on source must be active
during the measurement process. This method is more complex but needs less measurements
[4]. This is possible because the phase information for the superposition of the two sources
is included in the s-parameter. The s-parameter is defined as a ratio between an input wave
a and a reflected wave b. The index gives the individual port number. The first index of an
s-parameters gives the number of the destination port and the second index the number of the
source port. The s-parameters are complex numbers.

b
511 = a_i ,Wlth a2 = 0 (3)

b
512 = a_: ,Wlth al = 0 (4)

b
Spy = a—j ,witha, =0 (5)

b
Sop = a_z ,Wlth, a, = 0 (6)
2
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The transmission efficiency for a desired phase difference Ag can now be calculated by
1 . 2 1 o 2
Nerans = 1 — > |s11 + s12672¢|" — > |s22 + s21e772¢ " (7)

For finding the optimal operating point with the highest 1;,-4ns,» Measurements must be done
over all frequencies and calculations over all phases and frequencies.

4. Architecture of the system

To proof the concept that a microwave heating system based on semiconductor components
allows a high transmission efficiency for several goods and moisture levels, a test hardware
was built. The architecture of the system is shown in figure 2.

[ amplification Hignuldecoupling}?

\/ ™\ F ™

system control  [€—— S-parameter [ microwave J

measurement applicator

A 4 - 4

'd ™ ™
phase shift }—) amplification > signal decoupling
\ J \. P

Fig. 2 block diagram of the functional prototype

The two sinewave signals are created with high performance, wideband rf synthesizers
LMX2582 from Texas Instruments. This synthesizers are able to adjust both the output
frequency and phase with a 32-bit resolution.

As for proofing the concept a high power is not needed, the two sinewave signals are only
amplified with a driver amplifier MGA-30489 from Avago. The amplifier delivers 250 mwW
of microwave power.

For executing the s-parameter measurement the forward and the reflected signal wave must
be separated first. A high power integrated directional coupler X3C26P1 from Xinger is used
for this task. Only -30 dB of the individual signal waves are decoupled for the measurement.

The s-parameter measurement is done with an rf gain and phase detector AD8302 from
Analog Devices. In the system control part a microcontroller is used for calculating the
efficiency parameter. It also calibrates the measured values [5] and controls the other sub-
systems such as sinewave generation, phase shifting and amplification.
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5. Results and Discussion

To validate the concept and the prototype hardware several measurements with various
material mixtures as indicated in table 1 have been done.

Table 1. Material mixtures

Moisture level: Water: Flour:
80% water 400 g 1009
50% water 100 g 100 g
20% water 25¢ 100 g

For the different measurement campaigns the frequency range from 2.4 GHz till 2.5 GHz
with a step size of 1 MHz was swept through. For each frequency point the s-parameters
where measured. With these set of s-parameters the efficiency for all frequencies and phase
differences with a resolution of one degree where calculated with (7). Subsequently the
highest efficiency 1.4, Over all phase differences is searched for each frequency. This
maximum efficiency for all frequencies of the three moisture levels are depicted in figure 3.

Max transmission efficiency of each frequency
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Fig. 3 calculated transmission efficiencies based on s-parameter measurements
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The optimal frequency and phase difference changes during the drying process. Table 2
shows the best values found for the three moisture levels. The efficiency value remains
almost on the same high level over all three measurement series.

Table 2. Ideal parameters

moisture level: best efficiency: frequency: phase difference:
80% water 0.984 2.452 GHz 190°
50% water 0.997 2.451 GHz 202°
20% water 0.993 2.450 GHz 201°

For validating the measurement accuracy of the prototype hardware, a comparison of the
calculated efficiency values have been done. The results are illustrated in figure 4. The blue
color curve shows the calculated values with (7) based on s-parameter measurements done
with the vector network analyzer ZVL6 from Rhode&Schwarz. The yellow curve shows the
results calculated with (7) based on s-parameter measurements of the prototype hardware.
And the green curve are the results based on the calculation method of (2). All three methods
are very close to each other if the reflected power is small. However, the calculated efficiency
values differ with increasing reflections.

Max transmission efficiency of each frequency

/\/:' A : i \;ﬁll : = -/. \
\ |I/ ::II'L f'l\\ f\'.\l lllllll ;Ifll/\ \EJ\(’?/\ \\‘_7 \ '
f |L |.| ',rJH / \

AV \

—— Efficiency calculated with the s-parameters of the ZVL &
Efficiency calculated with the s-parameters of the embedded VNA
—— Efficiency calculated based on the reflected energy

240 242 244 246 248 2.50
Frequency [Hz] 1e9

Fig. 4 comparison of measurement methods (mixture with 50% moisture level)
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6. Conclusions

A microwave heating system is a fast and efficient way to dry goods. The classical solution
based on a magnetron as microwave source gets problems to put the energy into the dry good
if electrical properties changes at low moisture levels. A heating system based on a
semiconductor solution as microwave source shows promising results. Such a system allows
the adaptation of operation frequency and phase and offers an impedance tuning function
during the running process. With an s-parameter measurement the optimal frequency point
and phase difference can be determined and allows a maximization of the transmission
efficiency. For a proof of concept, a lab scaled functional model was developed. An
embedded system with two frequency synthesizers generates the two feeder signals. The
power, frequency and phase of the signals can be controlled by means of a microcontroller
system. For measuring the s-parameters during the process, an embedded two-port vector
network analyzer was added. The obtained measurement results fulfill the expectations.
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Abstract

In this work, an isothermal pore network model has been utilized to
investigate ion transport and crystallization in layerd porous media during
drying. Said network consists of two distinct layers each with a different
pore size distribution. One-dimensional approximation at the throat level
describes transport phenomena for liquid, vapor, and dissolved salt. An
explicit time stepping scheme has been used to obtain fluid pressure fields
and ion concentration. Various simulations are carried out which indicate
the effect of mean pore size disparity in the top and bottom layer, as well as
the effect of drying rate on final crystal distribution.

Keywords: pore network modeling, composite material, drying porous media,
crystallization, ion transport.

215" INTERNATIONAL DRYING SYMPOSIUM @@@@
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

299


http://dx.doi.org/10.4995/ids2018.2018.7415
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:arman.rahimi@ovgu.de

Discrete modeling of ion transport and crystallization in layered porous media during drying

1. Introduction

Layered materials are among the most essential products influencing our lives ranging from
everyday use to construction and industrial processes. Painted surfaces, interior wallpapers,
composite materials, and fuel cell membrane-electrode combination are among many
examples of layered materials. Depending on the application these layered materials may be
exposed to a solution (or suspension) at one or several stages of their lifetime. Additionally
in the majority of cases said exposure is accompanied by drying that has varying effects
which also depends on production and applications of these materials. To this goal, it is
paramount to study and identify factors affecting each scenario. In order to provide more
context as to which parameters influence precipitation pattern several studies will be looked
into in this section.

Preservation of masonry and cultural heritage is an important area where undesired
crystallization within porous material is to be avoided. In this framework Pel et al.lYl studied
one-sided drying of fire-clayed bricks contaminated by salt solution. In that work, nuclear
magnetic resonance technique was used to measure moisture and NaCl content within the
material. In the end it has been concluded that in historical objects generally the formation
of efflorescence cannot be avoided. In a similar study the effect of crystallization inhibitors,
whose function is to allow a higher degree of supersaturation before nucleation, on drying
of fired-clay bricks and Granada limestone is studied by Gupta et al.[?l. Satisfactory results
were achieved as the mass percentage of the nondestructive efflorescence has been
dramatically elevated in the presence of inhibitors. Norouzi Rad et al.l®! studied the pattern
of efflorescence formation depending on the spatial distribution pores sized at the surface of
a packing of sand grains. Observations indicate that salt crystals are more inclined to form
at the small pores as they stay wet for a longer time during drying as pores are sufficiently
large to avoid blockage. That study points to the importance of porous media heterogeneity
in crystal formation.

With sufficient context on drying induced crystallization in porous media, several studies
on crystallization in layered porous structures will be reviewed here. One-sided drying of
plaster/substrate systems, where evaporation happens always at the plaster surface, was
studied through various experiments by Petkovié¢ et al.[l, Small pores are at the evaporating
side when plaster is paired with Bentheimer sandstone. This leads to the majority of salt
crystals to form at the surface or within the plaster layer. On the other hand, in a
plaster/calcium-silicate brick system (smaller pores located in the substrate) although some
salt crystallized in the plaster layer, a significant amount of crystals was found within the
brick. The aforementioned nuclear magnetic resonance technique is used to study the effect
of paints on drying behavior of plaster/substrate systems and stone specimens by Diaz
Gongalves et al.®l. It is concluded that crystallization pattern varies depending on many
variables such as the pore size of the interior region, hydrophobicity of the paint, and the
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salt itself. This indicates that for such systems any kind of predictive statement should be
limited to the specific framework and conclusions should be drawn very cautiously.

In this work, a 3D pore network represents the void space of the porous material. The bi-
layered structure is modeled by two networks stacked on top of each other leading to a so-
called “near surface” (top) and “interior” (bottom) region. Each region has its distinct pore
size distribution which is sampled from a normal distribution. The entire network is initially
filled with salt solution and evaporation takes place from the top. Simulations are carried
out for various combinations of pore size distribution in the bottom and top layer as well as
various drying rates. For the sake of comparison the top layer is kept identical among all
simulations. Results are presented as solid deposit mass as well as saturation profiles.

2. Model description

The selected pore network model consists of two different types of pore geometry. The
volume of the liquid in the network is located in the cylindrical pore-throats which are
positioned perpendicular to one another. The connection between the throats is established
via pore-nodes with no volumes. The nodes provide the computational gird required for
vapor and liquid pressure calculation.

2.1. Pore network drying model

Drying is considered only from the top, therefore the vapor flow out of the network is
modeled in a diffusive boundary layer above the network. The liquid and vapor flow in the
entire network are considered quasi-stationary within the network time-steps. It is important
to mention that all colligative properties of the salt solution is neglected or in other words
the liquid is considered as pure water for liquid flow calculations. This leads to variation of
several physical properties, in the course of drying, to be neglected. Said physical
parameters include: liquid-gas surface tension, vapor pressure, liquid viscosity, etc.

Vapor diffusion within each throat in the gas-side network is calculated using Stefan
correction coupled with the isothermal conditions. The equation can be written as follows:

. 8 PM, P-pyi
My = Ajjr =, In (P ), &
—Pv,j

where & is the binary diffusion coefficient between water vapor and air (m?/s), Ajj and Lj;
the throat cross-sectional area and length (m?and m) respectively, P the gas pressure (Pa), T
the air temperature (K), M, molar mass of water (kg/kmol), R universal gas constant
(J/kmolK), and py partial pressure of water in the gas phase.
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The vapor pressure field is calculated by using Equation (1) in mass conservation law for
every gas pore with unknown vapor pressure coupled with pores at P," and P, as boundary
conditions, which leads to a system of algebraic equation.

Liquid flow rate in the network is governed by the Hagen-Poisueille equation which is
written for a throat as follows:

4
w,ij Bty L w,i w,j /)

where rjj represents the throat radius (m), pw the dynamic viscosity of water (Pa-s), and Py
the liquid pressure at the nodes. Similar calculation procedure as for the vapor pressure is
considered here for liquid pressure field. The boundary conditions are defined as pressure
level for moving menisci and liquid flow rate for stationary menisci. More detailed
discussion on the basic drying model can be obtained in Metzger et al.ll.

2.2. lon migration model

Salt concentration in liquid throats in the network is modeled by a 1D advection-diffusion
equation. Advection term is assumed to follow a plug flow and Fick’s law governs
diffusion in the throats. Discretizing said equation over the space in the throat-node
geometry leads to the following:

acij Ci—Cjj Ci—2C;j+Cj
U=y (Eh) yop St g
dt Lij Lij

where C is the concentration of salt in the solution (kg/m®), U the superficial velocity of
liquid in the element (m/s), and D the binary diffusion coefficient between solute and
solvent (m?/s). Indices i and j refer to nodes on either side of the throat ij with liquid flow
from node i to node j.

2.3. Crystallization

During drying, enrichment of salt takes place due to evaporation of solvent. In this model,
salt concentration is tracked over time steps and rises as time goes by. At the end of every
time step all liquid throats in the network are scanned and throats that exceed a certain
degree of supersaturation (C™) are subject to crystallization. In that case the excess amount
of salt is precipitated until salt concentration falls below the saturation concentration (C™).
Therefore, said amount of precipitated salt is calculated as follows:

— *+
M = V(€ = C). (4)
It is assumed that the time scale for crystallization is significantly shorter than that of the
ion migration which leads to an instant crystallization model in this case.
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3. Simulation results

Pore network simulations are carried out with a 3D cubic pore network comprised of 15
(lateral)x15 (lateral)x19(vertical) nodes. This network is constructed as two distinct layers
stacked on top of each other with each layer containing 9 counts of slices in the vertical
direction. Throats throughout the network have a uniform length of 6 um whereas their
radii are sampled from a different normal distribution function for each layer. The top layer
is kept identical across all simulations with a mean throat radius of 1000 nm whereas the
bottom layer has 2 different variations presented in Table 1.

Table 1. Throat radii distribution of the bottom layer

network 1 2
mean radius (nm) 100 1500
standard deviation (nm) 20 150

The physical parameters used in the simulations are shown in Table 2.

Table 2. Physical parameters.
mw (Pas)  pikg/md) o (N/m) 8 (@m?s) D (m?%s) C*(kg/m?)
1x10°3 1.27x10° 7.2x102  2.5x10° 1x10° 1x10?

3.1. Network 1

Network 1 is comprised of two layers with monomodal pore size distributions. In this case
the bottom layer has smaller throats compared to the top layer. Final crystal mass profile
obtained by slice averaging is presented in Fig. 1 for 3 different drying rates. These various
drying rates are simulated by adjusting the value of saturation vapor pressure (P,") until the
desired drying times, as shown in Table 3, are achieved.

Table 3. Drying rate date
drying rate slow  moderate  fast

P," (Pa) 160 1600 7384

drying time (s) 1200 120 24
Low initial salt concentration of 10 kg/m? is considered for the first set of simulations
which provides enough room for ion diffusion in the liquid before saturation concentration
is reached. It is observed that the profile for the case of slow drying (Fig. 1 (a)) is far more
homogeneous and the gradient increases as drying rate speeds up. Moreover, looking
directly at the first slice (at the surface) it can be seen that almost double the amount of
crystals are found at the surface for the case of fast drying (Fig. 1 (c)) compared to slow
drying. Another important factor that can play an important role depending on the
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application is the amount of solid deposit found at the interface between the two layers.
This value seems to remain unchanged between these sets of simulation yet it is quantified
as a moderately low amount.

Fig. 1. Final crystal mass profile of network 1 with initial salt concentration of 10 kg/m? for (a)
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normalized solid deposit (-) normalized solid deposit (-} normalized solid deposit (-)
(@) (b) (c)

slow drying, (b) moderate drying, and (c) fast drying.

Elevating the initial salt concentration to 90 kg/m?® (very close to saturation) drastically
alters the final solid distribution in the system. It can be seen that such high initial
concentration eliminates final gradient in crystal distribution except for the top and
interfacial slices (Fig. 2).
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Fig. 2. Final crystal mass profile of network 1 with initial salt concentration of 90 kg/m? for (a)
slow drying, (b) moderate drying, and (c) fast drying.
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Fig. 3. Saturation proflies in the course of drying for network one obtained from simulations with
(a) slow drying and (b) fast drying.
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Additionally the profiles look much more alike for the three different drying rates. These
effects are attributed to the lack of ion diffusion caused by high initial concentration. This
significant similarity also hints at lack of change in the liquid transport regime between for
the various drying rates. This has been confirmed by comparing saturation proflies for the
cases of slow and fast drying which look close to identical (Fig. 3).

3.2. Network 2

The final set of simulations are carried out with network 2 where the bottom layer has
considerable larger throats and the top layer. In this case the trend of crystal mass profile
for varying drying rate is very similar to that of the network 1 as no viscous stabilization of
the drying front is achieved. Therefore a comparison of network 1 and 2 is presented here
which is more fruitful.
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20 20 20
0 0 0
] 0.1 0.2 0 01 02 [¥] 0.1 0.2
normalized solid deposit (-) normalized solid deposit (-) nomalized selid depesit (-)
(a) (b) (c)

Fig. 4. Final crystal mass profile of network 2 with initial salt concentration of 10 kg/m? for (a)
slow drying, (b) moderate drying, and (c) fast drying.

The important characteristic of the network 2 is that once breakthrough to the bottom layer
takes place in the absence of viscous stabilization the majority of the evaporated liquid is
supplied by large throats in the bottom layer due to high capillary pressure. This continues
until the connection between the liquid in the top and bottom layer is lost and capillary
pumping is not possible. This behavior is completely opposite to that of the network 1 (Fig.
1) where almost no capillary pumping from the bottom layer to the top layer is possible.
This explains the significantly lower amount of solid deposit in the bottom layer and the
elevated amount in the top layer for network 2 (Fig. 4). The fact that liquid connection is
almost entirely lost at the early stages of drying explains lack of crystal mass gradient in the
bottom layer as ion back diffusion from evaporation site to the this region is not possible.

The results for increased concentration demonstrate significant accumulation of crystals at
the top slice (Fig. 5) which was also observed for network 1 (Fig. 2). However it is the clear
difference between the two networks is observed at the interface of the two layers. Almost
no accumulation of crystals at the interface is observed for network 2 (Fig 5). The
accumulation that is observed at the interface for network 1 is due to the fact that the
bottom is almost fully saturated as the top layer dries out (a result of small pores with low
capillary pressure). This means that as the drying front arrives at the interface, the bottom
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layer starts to dry in a similar fashion as to the top layer. In case of network 2 at the
moment that drying front reaches the interface the liquid connection in the bottom layer has
already been lost (due to capillary pumping to the surface). Consequently recession of
drying front continues without a halt to the end of drying.

120 120 120
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2 | = =
= 60 | = 60 | £ 60 |
= T E = T
2 a0 | Y 40 2 40 |
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Fig. 5. Final crystal mass profile of network 2 with initial salt concentration of 90 kg/m? for (a)

slow drying, (b) moderate drying, and (c) fast drying.

4. Conclusions

In this work, a 3D pore network model has been utilized to run simulations for drying of
layered porous materials in the presence of dissolved components. The majority of salt
crystals are accumulated in the top layer for network with large pores in the bottom. For
low concentration similar amount of crystals is obtained in both layers for network with
smaller pores in the bottom. Moreover, enrichment at the interface between two layers is
achieved only with high initial concentration and network with smaller pores in the bottom
layer.
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Abstract

Pore-network simulations are carried out for monomodal and bimodal pore
structures with spatially correlated pore-size distributions. The internal and
surface relationships between the partial vapor pressure and saturation as
well as the moisture transport coefficient for these model porous structures
are identified from the post-processing of the corresponding pore-network
model solutions. The simulation results show that the deviation of the partial
vapor pressure from the saturation vapor pressure in the presence of liquid —
which is referred to as non-local equilibrium effect — in the bimodal pore
structures is less pronounced than in the monomodal pore structures. For the
monomodal pore structures the moisture transport coefficient profile is not
unique over the entire drying process, whereas this profile depends
marginally on the drying history of the bimodal pore structures. Finally the
ability of the continuum model to predict the results of the pore-network
simulations for multiple realizations of the pore space is assessed.

Keywords: Scale transition, Moisture transport coefficient, Pore structure,
Discrete model, Continuum model
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Dependence of continuum model parameters on the spatially correlated pore structure studied by pore-network
drying simulations

1. Introduction

The drying characteristics of porous media can essentially be described via modeling on
two different length scales: at the effective-medium scale, continuum models (CM) based
on volume averaging have been developed, in which the underlying transport phenomena
are described by gradients in spatially averaged quantities and controlled by nonlinear
effective parameters [1]. While the CMs are readily competent on the application side, they
require macroscopic parameters and suffer from major shortcomings in theoretical aspects.
The alternative approach operates at the pore scale and is referred to as discrete pore-
network modeling. Discrete network models with different representations of the pore
space have been developed, which can be divided into two categories: In the work of Yiotis
et al. [2] the entire pore space is represented by pore bodies, leaving the throats as
conductors and capillary barriers. This representation is suitable for the large pore volume.
It may however fail to represent properly the structures with small pores. Prat et al. [3] and
Metzger et. al. [4] approximated the void space with hydraulic pore throats and numerical
pore nodes. This model is referred to as throat-node-model (TNM) in this work.

Metzger et al. [4] investigated how important is the role of pore structure (with monomodal
pore size distribution (PSD) and bimodal PSD) on the intraparticle heat and mass transfer
and thus drying kinetics. Vey recently, Moghaddam et al. [5] assessed the classical
continuum model by the help of pore network simulations. In these simulations pore
networks were generated with a throat radius distribution of 250+25 pm, resulting in a
network porosity of 0.594. In these networks the pore space volume is overestimated due to
the throat overlaps at nodes. This void space overestimation is avoided in throat-pore-model
(TPM), which is developed in this work. Moghaddam et al. [5] calculated the continuum
model parameters from TNM simulations. The results indicated that the moisture transport
coefficient and the vapor pressure-saturation relationship are not unique over the entire
drying process.

The relationships between the pore structure and the CM parameters are unknown. The aim
of this work is to study the dependence of the parameter functions — the internal and surface
relationships between the partial vapor pressure and saturation as well as the moisture
transport coefficient — on the spatially correlated structures by means of the TPM. The
ability of the continuum model to predict the results of the TPM simulations for multiple
realizations of the pore space is also assessed.

2. Model descriptions

2.1 The continuum model

Assuming isothermal condition and constant gas pressure during the entire drying process,
the mass transport is dominated in the direction perpendicular to the medium surface which
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provides the evaporation demand. According to the total conservation of moisture (liquid
and vapor phases), the continuum model is thus expressed by:
0S

P o8
s _0 s, 1
‘oz Pe) @

with the boundary condition of no accumulation at the interface:

mV:—DﬁMvm(P‘Rﬁy 2
RTo P—¢P,

where ¢, S, and t (s) denote the porosity, the local saturation (0 < S < 1) and the time,

respectively; P,., (Pa) the vapor pressure in the bulk air, P (Pa) the atmosphere pressure, o

(m) the thickness of the diffusive mass boundary layer, which is located between the

network open surface and the bulk air. The time-dependent moisture transport coefficient D

(m?/s) as well as the boundary conditions need to be known in order to solve Eg. 1. Two
parameters D and ¢, which is called the vapor pressure-saturation, are estimated from pore
network simulations.

2.2 Pore network drying model

The pore network model is defined on a three-dimensional regular lattice of pores and
throats. The pores are spherical space and throats are cylindrical tubes (Figure 1a). The
throat and pore radii are randomly set from normal distributions with corresponding means
and standard deviations. The pore radii are chosen such that the pore radius is larger or
equal with the largest radius of neighboring throats. Initially all throats and pores are
saturated with liquid existing as free water. Periodical boundary conditions are applied on
the lateral faces of the network. The extended boundary layer is considered in this model,
which is a playground for the external mass transfer of vapor.

(2

<

(a) (b)
Figure 1 Schematics of throat-pore-model (TPM) in 3D (a) and in 2D (b).

215" INTERNATIONAL DRYING SYMPOSIUM @@@@
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

309


http://creativecommons.org/licenses/by-nc-nd/4.0/

Dependence of continuum model parameters on the spatially correlated pore structure studied by pore-network
drying simulations

Three kinds of pores and three kinds of throats are classified in the algorithm: empty pores
and throats; full pores and throats; and partially filled pores and throats. The pores contain
variables of interests, namely the liquid pressure and the vapor partial pressure. Transport
phenomena are described at the discrete level of pores and throats in one spatial dimension.
In this model, the center distance between two pores (i and j in Figure 1b) are fixed
(L=1000 pm). The radii of pores (Rp) and throats (Rt) are drawn randomly from normal
distributions. The throat length (L;) depends on the radii of two pores located at throat ends.

The Stefan law is used to describe the vapor transport in the gas-filled region of the
network and the boundary layer. The quasi-steady vapor diffusion between two pores is
described by:

P P" Dva M- v

i
M, = PIN—2) g = ) 3)
; V.,ij ;gv,u (P_ PVI) gv,ij - R , Lt R.
RT(-"+-—t+-P)
Api A APJ'

where A, and A; (m?) denote the cross section area of pore (i.e. nR,?) and of throat (i.e.
7R?2), Dva (M¥s) the diffusion coefficient of vapor in air, R (J/kmol K) the universal gas
constant, m , (kg/kmol) the molar mass of vapor and T (K) the temperature. Py is the vapor

pressure at pores.

The Poiseuille’s law is used to describe the liquid viscous flow as:

. o _ .
ZMw,ij =Zgw,ij(Pw_PWJ)' gW,ij =ﬂ ) (4)
: ! 8u Ry L Ry
R R TR
pi t pi

where p; (kg/m®) denotes the liquid mass density, and p (m?/s) the liquid viscosity.
Considering the viscous and capillary forces at the same time, stationary and moving
menisci are determined in an iterative manner. The evaporation drives the drying process
leading to drainage of moving menisci. The reimbibition can locally occur depending on
the local liquid pressure. The time steps forward when one meniscus empties or (re)fills at
every moment during drying. In the next steps the mass balance for vapor and liquid phases
are solved again. Details on the algorithm can be found in Metzger et al. [4].

In this paper, we generated two pore network structures with monomodal PSD and bimodal
PSD. The TPM was applied to generate these two structures. In the network with
monomodal PSD, throat and pore radii are drawn randomly from a normal distribution with
the given values of standard deviation and mean radius. The network with bimodal PSD is
constructed with micro- and macro-channels. The macro-channels are placed vertically in
the network.
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2.3 Parameter functions

The PN simulations yield the vapor and liquid pressure fields as well as the liquid
distribution over time. This information is used to determine both the internal and surface
relationships between vapor pressure and saturation ¢ as well as the moisture transport
coefficient D. The finite volume method is applied to determine these parameter functions.
A three-dimensional network is virtually divided into horizontal slices with constant
thickness Az at distinct times during the drying process. Details of this method is explained
in Moghaddam et al. [5].

3. Simulation results

The continuum model parameters are determined from the simulations conducted for
monomodal and bimodal pore structures with spatially correlated pore-size distributions. In
order to reduce the level of uncertainty on parameter estimates, 10 realizations of pore
network were considered. The structural characteristics of PN are given in Table 1.

Table 1 Structural characteristics of pore networks.

Structural property Monomodal PSD Bimodal PSD

Network size (pore) 25 x 25 x 51 25 x 25 x 51

Boundary layer size (node) 25 x25x 10 25x25x%x 10

Mean radius (um) 250 micro-channel: 200
macro-channel: 350

Standard deviation (um) 25 25

Center distance between two pores (mm) 1 1

Network porosity 0.35 0.337

Figure 2 shows the calculated moisture transport coefficient for the two pore structures. As
can be seen, the D-S curves depend strongly on the drying history in the networks with
monomodal PSD. This dependency is however less pronounced in the networks with
bimodal PSD. Similar moisture transport coefficient profiles are identified by Moghaddam
et al. [5], but only for the pore structures with monomodal PSD. As can also be seen, the
value of moisture transport coefficient increases when altering the pore structure from
monomodal PSD to bimodal PSD, especially in the period during which moisture transport
occurs mainly through the liquid phase (Spet = 1.0-0.7). In the network with bimodal PSD
the local saturation varies rather uniformly and confines within a small range of S = 1.0-
0.65 due to the presence of macro-channels. However, in the network with monomodal
PSD the dry region develops rather early due to the presence of strong viscous effect.
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Hence the saturation profiles vary with a broad range of S = 1.0-0.2 during the first drying
period (Spet = 1.0-0.7). In the work of Moghaddam et al. [5], conducted with the pore
structures of monosized PSD, the range of local saturation variation is wider S =1.0-0
during the first drying period. One reason for this wide variation could be due to the
overestimation of the throat volume in the TNM.
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Figure 2 Simulated moisture transport coefficients D for the pore structures with (a) monomodal
PSD and (b) bimodal PSD. The values are averaged over 10 realizations for local saturation S
intervals.

The coefficient profiles are similar for the both pore structures when moisture transport
occurs mainly through the vapor phase. This is so because the moisture transport in the
vapor phase is driven by the vapor pressure difference, which is related to the liquid
structure (or interfacial area).

The behavior of moisture transport coefficient in the vapor phase can be better understood
from the vapor pressure-saturation relationship (¢). Moghaddam et al. [5] observed a none-
local equilibrium (NLE) effect, i.e. the deviation of the vapor pressure from the saturation
vapor pressure in two-phase zone, in the pore network simulations. This effect is also
observed in the both pore structures (Figure 5). The NLE is strong in the network with
monomodal PSD. The liquid controlled range is enlarged in the networks with bimodal
PSD due to an efficient capillary pumping. Figure 5 indicates that the vapor pressure
deviates significantly from the saturation pressure at low saturation in the both pore
structures. The NLE effect appears at early time of the drying process (Snet = 1.0-0.65) in
the networks with monomodal PSD. This is so because of the drying front stabilization by
viscous force. However, this effect appears later (Snet = 0.55-0.45) in the networks with
bimodal PSD.

The two parameter functions calculated from the PN simulations are plugged into the
continuum model (Eg. 1). The results obtained from the solution of the CM and from the
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PN simulations are shown together in Figure 6. For the network with monomodal PSD, the
CM predicts fairly the saturation profiles, except those profiles at high network saturation
where the moisture transport coefficient values are scattered. This discrepancy may
nonetheless be reduced when the parameters are determined for more realizations of larger
pore networks.

A fairly good agreement between the CM predictions and the discrete simulations of the
pore structures with bimodal PSD is observed (see Fig. 6b). The fact that at high saturation
the variation of the moisture transport coefficient value is limited to a small range has led to
this good match.
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Figure 5 The vapor pressure-saturation relationships for the pore structures with (a) monomodal
PSD and (b) bimodal PSD. The values are averaged over 10 realizations.
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Figure 6 The continuum model predictions and the pore network simulations: (a) monomodal PSD
and (b) bimodal PSD. The saturation profiles of PN are averaged over 10 realizations. From top
the profiles belong to network saturation of 0.99, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, and 0.1,
respectively.
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4. Conclusions

In this paper, two different pore network structures (with monomodal and bimodal PSDs)
are constructed. The values of moisture transport coefficient in the networks with bimodal
PSD are large and confined into a narrow range of saturation in the first drying period.
During the receding period of drying, the viscous drag forces dominate the capillary forces
in both models. In this period, moisture transport mainly occurs in the vapor phase.
Therefore, the moisture transport coefficient profiles are similar in the both pore structures
during this drying period. The internal resistance for moisture transport is induced by the
formation of liquid clusters and single menisci. The non-local equilibrium effect is
observed for the both pore structures and it is more pronounced in the networks with
monomodal PSD.

The continuum model is solved and assessed for the both pore structures. It has been seen
that the one-equation CM is able to predict the saturation profiles obtained from the pore
networks with monomodal PSD, except those profiles at high local saturation. This is
because a small scatter of the moisture transport coefficient value can significantly impact
the solution of the CM. The possible reasons for the scattered values could be due to both
small network size and averaging method. Nevertheless, the agreement between the CM
solutions and the PN simulations is improved when the networks with bimodal PSD are
used.
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Abstract

Freeze-drying is a dehydration method suitable for the stabilization of heat-
labile pharmaceutical products, such as vaccines. Due to the vial-to-vial
variability of heat and mass transfer during the process, the value of the
critical process parameters (e.g., product temperature, sublimation rate) may
be different between vials and batches often present significant product quality
heterogeneity. The aim of this work was the development of a dynamic, multi-
vial mathematical model making it possible to predict risk of failure of the
process, defined as the percentage of vials potentially rejected by quality
inspection. This tool could assist the design of freeze-drying cycle.

Keywords: lyophilization; vaccines; heat and mass transfer; mathematical
modeling; design space
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1. Introduction

Freeze-drying is a discontinuous process used to dry heat sensitive products by means of
sublimation of the previously frozen product (primary drying), followed by desorption of the
unfrozen water (secondary drying). Due to the use of low temperature, freeze-drying process
is often the only solution to produce pharmaceutical and biological products (e.g., vaccines)
with acceptable characteristics of stability, shelf-life, and potency. During the process design,
two main constraints need to be taken into account in order to guarantee acceptable quality
attributes of the final product, such as the visual aspect of the freeze-dried cake and the
moisture content. Firstly, the product temperature has to be maintained below a critical value
(namely collapse temperature) during the sublimation and desorption steps, to avoid the loss
of the porous product structure. Furthermore, the desorption step should be carried out long
enough to reach the target value of residual moisture content in the final product. However,
due to the vial-to-vial variability of heat and mass transfer, the value of the critical process
parameters (e.g., product temperature, sublimation rate and desorption rate) may be different
between vials and the process can often result in vial batches presenting a significant
heterogeneity in the product quality. Several mathematical models [1-5] were developed for
the design of the primary drying and secondary drying steps. Most of these models were
based on average values of the model parameters (e.g., product resistance, vial heat transfer
coefficient, characteristic desorption time) over the vial batch and only few of them took into
account the variability of the model parameters [2, 3] due to differences in heat and mass
mechanisms between vials processed in the same or different batches. The understanding and
quantification of the mechanisms responsible for product quality variability can lead to a
better prediction of the process parameters distribution and consequently of the risk of failure
associated to the process.

Our goal in the present study was to develop a multi-vial dynamic mathematical model for
freeze-drying for the process design, taking into account sources responsible for heat and
mass transfer variability among vials. The developed model was then used to propose a new
quality risk-based approach for the design of the primary and secondary drying steps of the
freeze-drying process, which includes the evaluation of the percentage of vials potentially
rejected for specific combinations of operating variables.

2. Theory
2.1. Mathematical model

The heat flux received during the process by the vial is assumed to mainly serve for the ice
sublimation during primary drying and for the water desorption in secondary drying, the
difference being responsible for temperature variation of product and vial in transient
regimes. The evolution of product temperature T,, (assumed to be the same as the vial) during
primary and secondary drying can be determined as:
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ar, . . .
Cp d_: = Qsv — AHgypMgyp — AHgesMges (1)

Heat transfer during primary drying
The heat transfer between the shelf and the vial Qg, depends on the temperature difference
between the shelf ( T5) and the product (T},), and can be expressed in term of vial heat transfer
coefficient Ky,

: 1, ym\!
Qsy = ( + /{L_;) Agy(Ts — Tp) @)

Ky

The term K, depends on the vial bottom dimensions (vial-shelf contact area A, and depth of
bottom curvature l5,,) and the chamber pressure P, and can be defined as:[6]

CPc

KV = ClAC + KT‘ + (3)

1+czlf—:PC
K, being the radiation contribution of the top and bottom shelf.[6]

Mass transfer during primary drying
During primary drying the sublimation flux can be defined by the difference between the
equilibrium pressure at the ice-vapour interface P,, and the partial vapour pressure in the
chamber P, :

. A;
Msyp = (Pvi - Pvc) 4)

Rp

where Ry, is the the mass transfer resistance of the dried layer, which depends linearly on the
dried layer thickness for the considered product:[7]

R, =Ry, + lgR,, (5)

P,, can be calculated from the Clausius Clapeyron equation from the sublimation interface
temperature,[6] and P, is defined as in Trelea et al.[8] assuming ideal gas law for water
vapour in the drying chamber:

dPyC _ Rg Tc

dt Ve My (levv(msub + mdes) - mczv) )

Finally, the fraction of ice f contained in the product evolves with time as a function of the
sublimation rate 1, as:

af .
my at = —Mgsup (7)
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Mass transfer during secondary drying
The multilayer model developed by Trelea et al.[9] was used to describe the desorption
kinetics in secondary drying.

2.2. Heat and mass transfer variability in freeze-drying

Four sources of inter-vial product quality variability were considered in this study:

> Vial geometry: Ky, is influenced by the shelf-vial contact area A, and the depth of bottom
curvature Iz, (Equation 3). Thus, differences in these dimensions among the vials can results
in variability of the heat transfer among the vials on the shelf. In the present study, the
distributions of K, at different chamber pressures over the vial batch were calculated based
on the normal distributions of A, and Iy, as previously proposed by Scutella et al.[6]

> Edge vial effect: It is well known that vials located at the periphery of the shelf receive an
additional heat transfer by radiation from the wall and the rail and conduction through the
gas between the chamber wall, the rail and the side wall of the vials. This phenomenon is
known as edge vial effect. In the present study, the additional radiation heat flow rates from
the wall and rail to the edge vials were calculated for edge vials using the Stefan-Boltzmann
equation, as proposed in the 3D simplified radiation model developed by Scutella et al. [10]
> Mass transfer resistance: The product resistance variability in a large batch of vials was
previously quantified as normal distributions of R,,, and Ry, in Scutella et al.[7]

> Desorption kinetics: The variability of the desorption kinetics was previously quantified
as normal distributions of characteristics desorption times in Scutella et al. [11]

2.3. Prediction of the risk of vial rejection

The developed mathematical model was used to propose a quality risk-based approach for
the design of the primary and secondary drying steps of the freeze-drying process. The risk
of failure of the primary drying step was calculated in terms of vials potentially rejected by
considering two main constraints: (i) the product temperature had to be maintained at any
time below a critical value (i.e., the glass transition temperature for amorphous products); (ii)
the sublimation had to be completed at the end of primary drying (i.e., f = 0). For the design
of the secondary drying step, the constraints were: (i) the final moisture content had to be
equal or lower than the target moisture content (1.5 %) and (ii) the temperature at any moment
had to be lower than the glass transition temperature of the dry product. The range of
acceptable combinations of operating variables (i.e., T, P., operating time) was then
identified based on the target level of risk. The capability of the pilot freeze-dryer was
considered to be not limiting regardless of the operating conditions.

2.4. Numerical solution

The developed model was solved using Matlab R2014b software provided of the Statistics
Toolbox (The MathWorks, Inc., Natick, MA). The analysis of the effect of the heat and mass
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transfer variability on the critical process parameters during freeze-drying was performed
using the Monte Carlo method. This method consisted in simulation of batches of 100
representative vials with random normal distributions of the considered model parameters
(Ac gy, Rpy Ry, Tref, and Trefz)' Due to computer limitations, the number of simulated
vials (100) was significantly smaller than the actual number of vials in the freeze-dryer
(2310).

3. Simulated system

In the present work, the model was used to simulate freeze-drying process performed in the
pilot freeze-dryer REVO (Millrock Technology, Kingston, United States). The equipment
was composed of a drying chamber equipped with three shelves and a condenser running at
temperature of -75 °C. A total of 770 glass tubing vials (Muller + Mdiller, Holzminden,
Germany) were supposed to be loaded on each shelf. The vials had a total volume of 3 mL
and were all filled with 1.8 mL of 5 % aqueous sucrose solution. Furthermore, the vial array
was surrounded by a metallic rail (shielding 70 % of the lateral wall of the vials). The shelf
was considered to be at a temperature of -50 °C at the beginning of primary drying.

4. Results

The developed model was used to predict the risk of failure of the process in terms of
percentage of vials potentially rejected. Potential vial rejection of the primary and secondary
drying steps were predicted for different combinations of operating variables (shelf
temperature, chamber pressure, operating time) to select the best cycle at the maximum
allowed risk (1 %). Figure 1A presents the percentage of vial rejection due to a product
temperature higher than Tg’ observed performing a primary drying of 84 hours in function of
the chamber pressure and shelf temperature. Typical ranges of chamber pressure and shelf
temperature used in the pharmaceutical industry were explored, respectively between 4 and
10 Pa, and -40 °C and -10 °C. The results shows that, if a value of shelf temperature higher
than -27 °C is applied during primary drying, the percentage of vial rejection become higher
than 1 % for most of the pressures tested. Furthermore, Figure 1B presents the percentage of
vial rejection due to the sublimation not completed at the end of primary drying observed
performing a primary drying step of 84 hours in function of the shelf temperature and
chamber pressure. A shelf temperature higher than -30 °C has to be considered to avoid the
presence of ice at the end of the primary drying time. Thus, the use of a shelf temperature of
-27 °C and a chamber pressure between 4 and 9.3 Pa during primary drying step of 84 h
results in a percentage of vial rejection lower than the maximum allowed one (1 %). Figure
2A presents the risk of vial rejection associated to the secondary drying step due to a product
temperature higher than T;,. A range of shelf temperatures between 0 °C and 40 °C was
explored, and the pressure was maintained constant at 6 Pa. The product temperature remains
below the critical value regardless of the shelf temperature applied during the secondary
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drying step, because the product dries enough during the shelf temperature ramp (1°C min
1. Figure 2B presents the risk of vial rejection of associated to the secondary drying step due
to a final moisture content in the product higher than the target value of 1.5 %. A shelf
temperature higher than 4 °C will lead to no vial rejection if secondary drying is carried for
at least 45 h. As product temperature remains below the critical value regardless the shelf
temperature value used, the optimal operating conditions for secondary drying will be a shelf
temperature of 40 °C and an operating time of 4 h, which leads to a vials rejection lower than
1 %.

Vials rejected (%)

N 2
o o

T ghelf temperature %

S o e FRANTE
=) Shelf tempe
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Fig. 1 Potential vial rejection (%) in primary drying performed at different chamber pressures
and shelf temperatures due to (A) a product temperature higher than the critical value (T'g) and
(B) sublimation not completed after 84 h of primary drying.
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Fig. 2 Potential vial rejection (%) in secondary drying due to (A) a product temperature higher
than the critical value (T 4) during the whole duration of the secondary drying step and (B)

product moisture content higher than the target value (1.5 %) for different shelf temperatures
and operating times.

5. Conclusions and perspectives

In this work, a multi-vial, dynamic mathematical model of the primary and secondary drying
steps of the freeze-drying process was developed, including the heterogeneity of parameters
such as the vial dimensions, the vial position on the shelf and the random nucleation process.
The model was used to calculate the risk of failure of the primary and secondary drying steps
for a 5 % sucrose solution processed in a pilot freeze-dryer, expressed in terms of percentage
of vials potentially rejected. In the future, the proposed model will be experimentally
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validated and used to calculate the design spaces of primary and secondary drying for the
cycle transfer and scale-up of the process.

Nomenclature
A

GG
Cp
AH

Greek

Tref

Cross sectional area (m?)

Parameters of Equation 3 (W m™*K™1), (W m™2K~1 Pa™1)
Heat capacity (J K~1)

Latent heat ( kg™1)

Mass fraction of ice in the product

Heat transfer coefficient (W m=2K 1)

Layer thickness (m)

Water vapour flow rate (kg s~1)

Mass (kg)

Molecular mass of water (g mol™1)

Number of vials

Pressure (Pa)

Heat flow rate (W)

Ideal gas constant (J K~*kmol™1)

Product resistance (Pa m? s kg™1)

Parameter of Equation 5 (Pa m?s kg™'), (Pam s kg™1)
Time (s)

Temperature (K)

Volume (m?)

Mass transfer parameter (s kg~! K1)
Thermal conductivity (W m~t K~1)
Characteristic desorption time at reference temperature (s)

Subscripts and Superscript

0
B
C,c
CN

Initial
Bottom
Chamber and contact, respectively

Condenser
Dried

Desorption
Frozen

Interface
Ice

Product
Radiation
Shelf and solids, respectively
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sub Sublimation
T Top

V,v Vial and vapour, respectively
w Water
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Abstract

Three numerical methods, finite differences, finite volume and finite element,
were compared to know their convenience in the simulation of convective
drying of fruit slices. The mathematical treatment, the stability, the
convergence and the sensibility were analysed for each method. The data of
the simulations were compared with the data of feijoa dried at 60°C, 5 mm of
thickness and air velocity of 0.5ms™. The error was 7%, 13% and 17% for
finite element, finite volume and finite differences respectively. The method
selection depends on the software, the required data precision and the use of
the model.
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1. Introduction

Feijoa fruit (Acca Sellowiana Berg) is a crop adapted from Brazil and North Uruguay to the
Colombian Andes [1] [2]. In Colombia, there are 1000 ha planted. Drying is an alternative
to extend the shelf life of the fruit and to preserve the functional characteristics of the fruit.
The convective drying of fruits is the most used drying technique to remove the moisture of
the fruits because of its simplicity and low cost [3, 4]. The mathematical modelling is a
useful tool to predict and understand the mass, heat and momentum transfer during drying.
The theoretical models are based on the fundamental physics of drying. The use of the
theoretical models is increasing thanks to the availability of the advanced numerical
computation and to its relevance for the fruit drying understanding.

Choosing the numerical method to solve the PDEs system is a key step in the modelling of
convective drying. Three common numerical methods applied are finite differences, finite
volume and finite elements, also known as gridbased methods [5]. The finite differences
method use the decomposition of the differential terms of PDE in discrete representations
through the domain discretization in a rectangular grid. This method generates time
evolution chains linked to initial conditions. The finite volume method also discretizes the
domain generating several polyhedral volumes. Those volumes are controlled by numercal
methods related to differential and integral approximations [6]. The finite elements method
uses the same type of domain decomposition as finite volume, but the approximation is
different. The weak formulation of the model is necessary for the generation of the
algorithm. The aim of the present study is the comparison between the finite differences,
finite volume and finite element methods for the modelling of convective drying of feijoa
slices.

2. Materials and Methods

2.1 Mathematical modelling

Three numerical methods to simulate the convective drying of fruit slices were compared.
The model was formulated with the following assumptions:(i) the geometry is a slab ; (ii)
the model is in 2D; (iii) mass transfer inside the fruit is performed by diffusion and the heat
transfer by conduction; (iv) the evaporation occurs only at the surface; (iv) thermophysical
properties of fruit dependent of composition and temperature; (v) effective diffusion is
constant and (v) shrinkage is accounted. Eqs (1) and (2) represent the heat and mass
transfer equations [7, 8].

8T T 8°T 6)) ax 87X #°X (2
(e 5) 5 =va(5 5

At initial time (t=0), the moisture content and the temperature of the slice correspond to its
initial values. Xo,= 5.53 Kg water/Kg dry solids. To,= 305K. The boundary conditions for
moisture transport are represented by Eqgs 3 and 4.
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The signs depend on the position of the boundary. In an analogous way, boundary
conditions for heat transfer were considered. The concentration of water vapor in the air
and in the fruit surface (C.ir,Co) were determined with the equations reported for the
ASHRAE. [9]. The shrinkage was included with the approximations used by [8,10,11] .

2.2 Numerical methods

The finite difference method was applied with two approaches, the explicit, where the
derivative of the temperature and moisture with respect to the position was based on the
information of the previous time. Through central finite differences an equation with an
only unknown variable was obtained, which is easy to solve. The second approach was the
implicit method where the Crank- Nicholson method was applied to the second term of Egs.
1 and 2. Here, the derivative was performed in the next level of time. Algebraic equations
expressed through tridiagonal matrices were obtained and thus solving the system. This is
repeated until complete the time of simulation. This method was implemented through an in
house code programmed in Matlab 8.3.

The volume finite method started with the prediction of the moisture and temperature at the
boundaries. For this purpose, a triangular and regular mesh through the domain was
established. Then, a recursion algorithm that uses the information of the previous time was
employed. Then the moisture and temperature distribution inside the domain was calculated
by the Green theorem application. This theorem solves the right side of Eqs 1 and 2. With
this approach a volume integral is converted in a line integral. The PDEs system in 2D
passes to 1D facilitating the implementation of the numerical method. The moisture content
and temperature at the center of each triangle of the mesh was determined. Then, the
moisture and temperature values were determined at the vertices and so on until complete
all the triangles of the mesh. This process was repeated for each time step during the
simulation time. This approach uses linear equations system that lead to the creation of
tridiagonal matrices. This method was implemented through an in house code programmed
in Matlab 8.3.

The finite element method was implemented in the software FreeFem++ 3.46. For the
implementation the weak formulation of the mass and heat transfer problem was required.
The software uses an algorithm based on the Gauss theorem which is applied to the right
side of Egs. 1 and 2. This theorem is a generalization of integration by parts. It allows to
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rewrite a line integral which is related with the boundary conditions of the PDE. This
approach allowed the equations solution with algebraic methods.

The simulation data was compared with moisture content curves of feijoa slices of 5mm,
dried at 60°C, air velocity of 0.5ms? and parallel to the samples. The convective dryer
(EDIBON) was used. The goodness of fit was evaluated through the mean relative
deviation modulus.

3. Results and discussion

The averaged experimental and predicted moisture content by the three numerical methods
are presented in Fig.1. The relevance of the numerical solution method for accurate
simulations was observed. First, the moisture content curve obtained by the finite difference
method was lower than the experimental values at the beginning of the process. Then, in the
middle of the drying, the predicted data were higher than the experimental data. The error
fot the finite diference method was 17%. Second, the volume finite method showed a curve
over the experimental data, but closer than the finite differences. The error of finite volume
method was 13%. Finally, the simulated curve by the finite elements method was slightly
over the experimental values. Then, as the drying time progresses, the simulated and
experimental values are closer. The error was of 7%. The simulations behavior can be
explained through the numerical approximation employed by each solution method. Also,
by the assumptions and parameters of the mathematical model.

The explicit finite difference method is easy to apply. However, this method was unstable
in time intervals partitions of space because the derivative is based on the information of
the previous time. On the other hand, the implicit method establishes that the derivative of
the temperature or moisture with respect to the position is not performed in the previous
time [13]. The derivative is performed in the next level of time. This numerical
approximation is more stable against time jumps, partitions of space and variable
parameters of the model such as physicochemical and transport properties. Also this
method allows to couple the mass and heat transfer with acceptable accuracy. A
disadvantage is the rectangular grid structure. This does not allow better data accuracy.
Also it is not suggested for irregular geometries. This is important because the kwnoledge
of the simulation conditions are related with the existence of a solution to the PDEs system
and good convergence of the model[14].

The application of the volume finite method allowed a better simulated data than finite
differences. This indicates that the numerical approaches used by this method and the
model parameters allowed good data accuracy. With the use of an in house code and
accessible software an initial moisture transfer analysis can be done. However, the coupling
between mass and heat transfer was more difficult with the use of an in house code. To
overcome this problem the finite elements method is suggested.
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Fig 1. Averaged moisture content predicted by the three numerical methods compared to
the experimental data.

The simulated curve obtained by the finite element method had a good agreement with the
experimental data. Also, the use of the method and the software allowed the consideration
of more real drying parameters for the model such as variable physicochemical, transport
properties and shrinkage. Also, it was possible to optimize the convective transfer
coefficients obtaining better results that the programation of the finite volume which
constant transport properties were considered.

The Fig. 2 represents the evolution of moisture content in function of the slice thickness
during drying time. This figure was determined through the finite differences method. As

exécted, the boundaries are first dried and finally the center of the product.
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Fig 2. Moisture content evolution in fruit slice during drying by finite difference method

The Fig. 3 also shows evolution of moisture content in function of the slice thickness
during drying time. This figure was obtained with the volume finite method in 2D. It is
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observed a representative drying behavior which corresponds to the initial loss of moisture
in the boundaries followed by the inner of the product.
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Fig 3. Moisture content evolution in fruit slice during drying by volume finite method

Simultaneous heat nad mass transfer was predicted by the finte elemtents method. The Fig.
4 shows the temperature distribution inside the slice during drying by the finite elements
method. The heat transfer from the surface of the product to its interior was observed. This
corresponds to the sensible heat transferred by convection from the air to the product and its
transport inside the product by conduction. Then, the temperature increases close to the air
temperature.
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Fig 4. Temperature distribution inside the slice during drying simulation by the finite elements
method. (a) 3000 s. (b) 6000 s. (c) 12000 s. (d) 15000 s.
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4. Conciusions

The method of finite differences allowed to coupled the heat and mass transfer but with
stability and convergence problems. However it is recomendable for apply the approaches
of the numerical solutions at initial stages of drying studies.

The coupling of the system with an in-house code was more difficult for the finite volume
method. The finite volume method was suitable to predict moisture diffusion as a first step
in drying modelling.

The finite element method was the most suitable method. The model can be improved and
the parameters of the model can be optimized with this method.

The finite volume and finite elements methods require strong mathematical treatment which
increases the computational costs. However, these methods present less convergence and
stability problems than finite differences. Also, they are recommended for multi-scale
studies.

The three methods have disadvantages for modelling irregular geometries, deformable
boundaries and large deformations due to the “grid’ nature of those methods.

The understanding of the numerical method allowed to know the numerical approximations
to solve the PDEs and therefore to know the benefits and challenges of the method.

5. Nomenclature

C concentration of water kgm?® xy, cartesian oordinates m
vapor vA

Co concentration of water kg m3 X  moisture content kg water
vapor on the product kgt dry
surface product

Derr  effective moisture  m??t  Greek letters
diffusivity

hm  mass transfer coefficient ~ ms? o thermal diffusivity m?st

L product thickness m ps density of solid kg m3

product=dry
mass/total volume

lenght of the product m Subscripts
t  drying time S air  air
T  absolute temperature K in initial
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Abstract

Coffee drying and roasting are usually performed in rotated dryers; therefore, the
study of particle dynamics in this equipment is of great relevance to improve their
efficiency and hence the quality of the final product. Thus, this work aimed to
investigate experimentally and numerically the dynamics of coffee beans in a rotary
dryer. The Euler-Euler model was employed to reproduce the particle velocity
profile in the rolling regime under different boundary conditions. The results shown
that the lower specularity coefficient (0.01), which characterizes the smooth wall
and free slip condition, reproduced the bed behavior that most resembled the
experimental one. On the other hand, the other coefficients (0.1 and 1.0) showed an
increasing deformation in the bed surface, different from the observed experimental
behavior. It was also verified that, as the filling degree increases, the bed surface
deformation becomes more pronounced.

Keywords: coffee; rotated dryer; simulation; specularity coefficient.
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1. Introduction

During the processing of coffee beans, roasting and drying can be performed in rotary drums.
These equipment also have a wide range of applications in the industry, such as mixing, drying,
granulation, milling and coating. Rotary drums can process many types of raw materials, with
large size distributions and different physical properties.

The efficiency of rotatory drums, depending on the process in question, is highly dependent on the
granular movement in the interior, which in turn is related to the energy, mass and momentum
transfer rates 3. Therefore, to improve the efficiency of these equipment requires detailed
information about the movement of the particles inside.

Rotating drums can show seven different flow regimes (sliding, surging, slumping, rolling,
cascading, cataracting and centrifuging), which depend on the rotational speed, filling degree,
physical properties of granular materials and drum geometry!?l. Each one with its own specific
flow behavior, which increase the complexity in its study.

Cristo et al. ¥ recommend the rolling regime for coffee roasting, in order to ensure a uniform heat
transfer within the equipment. This regime, which is studied in the present work, is characterized
by two different regions: a passive region, found near the drum wall, where particles move as a
solid body, and an active region, found near the bed material surface, where the particles
avalanche and cascade downward. The physical mechanisms such as, mixing and segregation, heat
and mass transfer, and so on, mainly occur in the active region.

Parallel to experimental studies, the numerical simulations arise as a complementary tool in the
granular flows investigation. In the present paper, the granular flow was simulated using the Euler-
Euler approach along with the kinetic theory of granular flow. In this kind of simulation both
phases are treated as interpenetrating continua and the Eulerian approach solves a set of moment
and continuity equations for each phase. However, the simulated results are very sensitive to the
selected boundary conditions. So, the proper choice of these boundary condition on the wall is of
crucial importance to represent the experimental behavior.

In the context of the multiphase granular model, the specularity coefficient appears as one of the
boundary conditions to be used. The specularity coefficient is a representation of the fraction of
collisions between the particle and wall (contour), which transfer lateral momentum to the wall “!
This coefficient is closely related to the flow conditions and the properties of the wall and there are
no experimental determination about it reported in the literature. The value of the specularity
coefficient () depends on the sliding condition of the wall and its roughness. Thus, it can range
from 0, for perfectly specular collisions, with a smooth wall condition and free slip, and 1, for
perfectly diffuse collisions with rough wall and zero slip B,

Despite the relevance of the boundary conditions for Eulerian simulations, there are few studies
about the influence of interactions between particles and the wall on the behavior of the solid
phase in rotary dryers. Therefore, the present paper aims to investigate the effect of the boundary
conditions on the simulation results of the movement of coffee particles during the rolling regime
in a rotating dryer, comparing the simulation with the experimental behavior.
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2. Materials and Methods
2.1. Experimental Setup

Green coffee beans were the particulate material used in this study, with the following
specifications: average diameter 5.24 mm, density 1368.3 kg/m3, sphericity 0.88, moisture (dry
base) equal to 12.15 and angle of repose of 38.4°. The experimental tests were conducted in a
stainless steel rotating dryer, with the following dimensions: diameter 21.5 cm and length 50 cm.
The front and back walls of the cylinder are made of transparent glass that allows the visualization
of the coffee beans movement inside the drum. The inner wall of the dryer was coated with a P80
sandpaper.

The particle velocity profiles were obtained by the image analysis technique using a high speed
camera (up to 2000 frames/s). The videos were recorded for the following filling degrees:10, 20,
30, 40 and 50% and at a rotational speed of 12.5 rpm, which characterizes the rolling regime.
Using Imagel® and Meazure™ softwares, it was possible to trace the particles individually in
different picture frames. Thus, the velocity of each particle was determined by subtracting the
positions of the same particle in two distinct frames. That is, immediately after x2 and y2 (see
Figure 1); and before x1 and y1 of the reference line, and then dividing this result by the time
interval between the respective frames (t2-t1). Figure 1 shows the positioning of the reference line
over the bed radius (r), along which the velocity were measured. From these profiles, it is possible
to find the location of the interface between the active and passive layers along the reference line,
determined by the point of inversion of the direction of displacement of the particles. In other
words, the point where the particles velocity is nearly zero and delimits the transition between the
two regions of rolling regime (active and passive) &,

e

Active
Region

Passive
Region

Reference
Line

X

Fig. 1: Methodology for particle velocity measurement during the rolling regime.
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2.2. Numerical Methodology

All simulations were performed in Fluent® 14.0 software, using the Eulerian methodology and the
Eulerian Granular Multiphase Model to characterize the fluid and the granular phase behavior
inside the rotating dryer. To describe the interactions between the solid phases (particle-particle
and particle-wall), it was used the Granular Kinetic Theory. For the granular viscosity, the model
of Syamlal et al. ¥l was used. For the bulk granular viscosity, the solids pressure and the radial
distribution function, the models of Lun et al. ['l were used.

The no-slip condition was used to describe the boundary conditions in the wall relative to the fluid
phase. Meanwhile, for the solid phase, it was used the boundary conditions given by the
specularity coefficient [P, Equation 1 expresses the tangential velocity of the solid phase at the wall

(ugy ) in terms of specularity coefficient (¢) .
_G‘ZS,maxﬂS ausw

u =
. ﬁ\/gﬂwpsasgo,ss an @

Where o and p, are the volume fraction and the solid phase density, respectively. 6, and g
are the granular temperature and solid viscosity, g, is the radial distribution function.

3. Results and Discussion
3.1. Analysis of the wall boundary conditions: specularity coefficient

For the purpose to verify the effect of the wall boundary conditions, different values of specularity
coefficient (¢) were analyzed in the Eulerian simulation of the coffee beans in a rotary dryer.
Hereafter, it is presented a qualitative analysis of the experimental and numerical results, the latter
being obtained for the specularity coefficients equal to 1.0; 0.1 and 0.01. Figures 3, 4, 5, 6 and 7
show the distribution of the solid phase in the front wall of the dryer and also in the transverse
plane located in half the length, for filling degrees of 10, 20, 30, 40 and 50 %, respectively.

From the Figures 2, 3, 4, 5 and 6, it is possible to note that the simultions with the lowest
specularity coefficient value, which characterizes the smooth wall and free-slip condition, better
reproduced the experimental behavior, for all filling degrees values evaluated. Concerning to the
other specularity coefficients values (0.1 and 1.0), it also can be observe an increasing in bed
surface deformation, presenting a divergence from the observed experimental behavior. This is due
to the fact that the highest specularity coefficient (1.0) characterizes the rough wall condition,
resulting in a high friction between the wall and the particles, and carrying the particles at higher
heights. Also, it can be verified that as the filling degree increases, this bed surface deformation
becomes more pronounced.

Comparing the solid fraction distributions in the front wall and in the plane at the half length of the
dryer, it can be observed a difference in the bed behavior only for the specularity coefficient equal
to 1.0. For low values of this parameter, this wall effect is not perceived, since the solid
distribution in the wall and in the plane in the middle are practically coincident.
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Fig. 4: Solids volume fraction for different values of specularity coefficient at f =30%
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3.2. Particle velocity profiles

In addition to the qualitative analysis, it was also present a quantitative analysis of the particle
velocity obtained by the simulation using different values of specularity coefficients. Figure 7 (a),
(b), (c), (d) and (e) show the experimental and simulated results of the velocity profile of coffee
beans, for filling degrees of 10, 20, 30, 40 and 50%, respectively.

Figure 7 results show that, for all filling degrees, the transition from the passive to the active layer
obtained by simulation occurs at radial positions smaller than those obtained experimentally. Thus,
the point of inversion of the direction of displacement of the particles is underestimated by the
numerical model. This evidence is more pronounced for the lower specularity coefficient (0.01),
which is justified by the greater slippage in the wall, characterized by this condition.

Moreover, it is noted that for the greater filling degrees, the behavior of the simulations performed
with the higher specularity coefficients values (0.1 and 1.0), becomes more similar in the passive
region. Such similarity is also observed for the active region in all evaluated filling degree values.
Although there is a large difference between these two specularity coefficients values, the results
presented by them are quite similar, suggesting that simulations performed within this range of
values (0.1 - 1.0) would not result in different information.
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4, Conclusions

This work assessed the boundary conditions effects on the coffee beans dynamics inside a rotating
dryer by comparing numerical results with experimental data. It was observed that the lower
specularity coefficient (0.01), which characterizes the smooth wall and free slip condition,
reproduced the qualitative bed behavior that most resembled the experimental one. On the other
hand, the other coefficients (0.1 and 1.0) showed an increasing deformation in the bed surface,
different from the observed experimental behavior. It was also verified that, as the filling degree
increases, the bed surface deformation becomes more pronounced. However, the particle velocities
profiles obtained by simulation with this lower specularity coefficient lead to a transition from the
passive to the active layer at radial positions smaller than those obtained experimentally.
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Abstract

Modeling of dring of capillary porous media is difficult due to the complex
and coupled heat and mass transfer that occur at dynamic liquid-gas-sold
interface. Thus far, drying was simulated using either continuum models or
pore-network models, both of which have limitations. In this work, the
Lattice Boltzmann Method (LBM) is used to simulate the drying in porous
media. The LBM is ideal for such simulations as it can incorporate complex
effects in a simple way to exhibit realistic fluid-gas interface during drying of
capillary porous media.

Keywords: Lattice Boltzmann Method; Capillary Porous media; Drying,
Pore Network.
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Lattice Boltzmann modeling and simulation of isothermal drying of capillary porous media

1. Introduction

Drying of porous media is one of the most energy intensive operations in numerous
industries such as textile, food, agriculture and etc. Experimental methods have been
established to understand the macroscopic drying Kinetics, whereas experimentation for the
detailed micro scale transport behavior such as phase and temperature distributions and the
corresponding micro-macro interactions still need significant scientific development.
Modeling and simulation provides an efficient method for investigating such microscopic
behavior. Simulation of the drying of porous media is a challenging task as it involves
mass, momentum and heat transfer in a three-phase system (solid, liquid and gas) [1].
Various modeling techniques have been used in the past to simulate such complex
processes including classical continuum methods [2], discrete Pore Network Models (PNM)
[1] and more recently, the Lattice Boltzmann Method (LBM) [3]. Classical continuum
models simulate the complex behavior of the fluid in the porous media macroscopically.
These models are derived from either homogenization [2] or volume averaging techniques
[4]. The continuum assumption in these models imposes an additional length scale
constraint on its application. Moreover, models based on Darcy’s law ignore non-
equilibrium and inertial effects as the flow is at low Reynolds numbers.

A more promising alternative is the discrete pore network model, which is derived from
statistical physics concepts like percolation theory, fractal concepts and scaling theory[1].
These involve representing the void space in a porous medium as a pore network and
solving the governing equations on this network. Discrete pore network models are
especially useful when the effects of pore space or long-range correlations are strong.
Despite its various advantages, the pore network models have numerous shortcomings that
need to be addressed. For one, the actual porous media has to be converted into a pore
network before simulating which is a complex and time-consuming process, especially for
more complicated and broad pore size distribution. Further, such models have always
assumed either the pore or the throats to be of zero volume which is unrealistic [1]. The
fluid-air interface develops dynamically with time and depends on the capillary pressures
and the pore and throat geometry. The inclusion of these effects is necessary to improve the
accuracy of the pore network model. The Lattice Boltzmann Method provides an alternative
by accommodating the actual geometry of porous media.

The LBM is a relatively new mesoscopic method [3] which has repeatedly proven its ability
to simulate transport in porous media. It involves solving the discrete Boltzmann equation
to reproduce the Navier-Stokes equation in the continuum limit. This can be shown by
conducting a Chapman Enskog expansion of the Boltzmann equation [5]. It is simple and
accurate to incorporation of complex geometries. And LBM is efficient with parallelization
capabilities which make it ideal for simulations in porous media. Further, due to its roots in
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statistical physics, it can easily simulate multi-physics processes including multiphase and
multi-component flow, cavitation etc. without explicitly tracking the interface as is done in
continuum and pore-network models.H. El. Abrach, et. al.[6] investigated the drying of
deformable porous media using LBM, macroscopically. Sukop et.al. [7] demonstrated the
applicability of the Lattice Boltzmann method in simulating several micro-scale porous
phenomenon such as adsorption, wetting, liquid retention and capillary condensation. The
present work explains on how LBM can simulate the intricate microscopic interactions
between such phenomenon, leading to complex fluid behaviour, such as capillary pumping
and haines jumps [8], in non-deformable porous media.

2. Lattice Boltzmann Method (LBM)

In LBM, the motion of fluid is described by a set of particle distribution functions (PDF),
which helps quantify the number of particles with a particular velocity at a certain location
in space. The evolution of this PDF with time is described by the lattice Boltzmann
equation (LBE) with, in this case, the Bhatnagar-Gross-Krook (BGK) collision operator [9].
The LBE is written as

of of

Ko, =0, (f)+F, 1)
ot O,

Where, fi is the particle distribution function in the kth direction, ck is the velocity in the
kth direction, Fy is the forcing term and Qx is the collision operator given by

O,(f)=-1(f, - £
T (2

Where, t is the relaxation time and is the equilibrium distribution function given by the
Maxwell Boltzmann Distribution, which can be approximated into the following simple
form:

£29(r, t) =pwk(1+3eku+2(eku)2—zu2j ©))

The LBE is solved by discretizing the space, time and the velocity. Various different
velocity discretization schemes have been developed. In this study, we use the two-
dimensional nine velocity model (D2Q9).

For this scheme, the discrete velocities, and are given by:
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4/9 k=0
(0,0) k=0 ) / o o
e, =4(x10)c, (0, £hc, k=1234 Wy = 1/9, =123,
(£1 £1)c, k=1234 1/36, k=1234

The macroscopic properties we require, such as the density and velocity are derived from
the PDF as

P = El fk pu = E‘lek fk 5)

2.1. Incorporating Phase Change Models

In LBM, phase separation is achieved by incorporating a force on the particles at a node
based on the particle density in the adjacent nodes, i.e., fluid in one node will experience a
force in the direction with the higher neighboring density. In this study, the interaction
force is incorporated into the model by shifting the velocity in the equilibrium distribution
as given below:

ueq =u+ T I:int ) (6)
p(X)

It is also possible to incorporate the interaction force via direct body forcing, where an
additional term is added after the collision process [10]. The most commonly used method
is the one proposed by Shan and Chen for Multiphase simulation[11]The inter-particle
force is then taken as:

Fin (X) :_GW(X)ZWk‘//k(X +e, )y (7
k=L

Where, G is an interaction strength constant and is either negative or positive for attraction
and repulsion respectively, W, is the weight function given in equation 4 and y is the

effective mass, a function of density. This formulation results in an equation of state given
by:

P=c2p+ 2oy (P)f ®)

Where, cs is the velocity of sound, C,is a parameter determined by the chosen lattice

structure and is a parameter that controls the magnitude of the inter-particle forces.
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The formulation of  can be designed to incorporate a more accurate Equation of State if
required[12]. Equation 8 can be rearranged to give:

2(Peos —C:P) 9)
G0

w(p) =

Here, Peos is the equation of state used, which, in this case, is the Carnahan Starling
equation of state, given by:

L+bp/2+(bpl4) —(bpl4)® _ , (10)

= pRT a
Peos = PR (1—bp/ 4y’ L

Applying to equation 7 and combining the numerical approximations of the gradient [13],
we get:

Fie (X) = Co GV y(X) - (1~ B)c,GAV y* (x) /2 (11)

Where G is taken as -1 to ensure a positive value under the root and is a weighting factor
that can be tuned for each equation of state. For the CS equation of state /3 is taken as 1.16.

Here, wall interaction is incorporated in a similar way, by assuming the walls to have
density equal to the liquid density. Therefore, o, = Djiquiq - This gives the formulation:

Fads (X) = _Gadsl//(x)z W i (X + ek)ek (12)
k=1

3. Simulation Results and Discussion

In this study, we simulated the drying of two types of porous media: structured and
irregular. The structured porous medium consisted of equally spaced horizontal and vertical
throats intersecting in circular pores, while the irregular porous media did not exhibit any
observable pattern. Figure 1 shows the simulated results obtained using Lattice Boltzmann
method. In the porous medium as shown in Figure 1A, the radius of the pores are much
higher than that of the throats. This implies that there is a sudden and large increase in
radius of the meniscus, thereby making it unstable/instabilities during drying. Therefore,
the interface moves rapidly to the next stable orientation. This causes the surrounding liquid
to be pumped outward and thus causing smaller pores and throats to be filled. This
phenomenon can be observed in Figure 1A. The emptying of the pore circled in red leads to
the refilling of the vertical throat circled in blue. Such effects are more prominent and
discernable near the edges of the porous media where the pumping is only possible in
limited directions. This phenomena of Haines jump events can significantly change the
liquid orientation in the porous media as well as cause fluctuations in drying rate.
Predicting such phenomenon is therefore essential to creating accurate models of drying.

215" INTERNATIONAL DRYING SYMPOSIUM @@@@
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

343


http://creativecommons.org/licenses/by-nc-nd/4.0/

Lattice Boltzmann modeling and simulation of isothermal drying of capillary porous media

Figure 1: A) Occurance of Haines jump (red) leads ot refilling of vertical throat (blue). B) Effect of
surface tension impedes the emptying of pore (blue). C) Large extend of sluster formation.

Apart from the geometry of the porous media, the properties of the wetting fluid also plays
a crucial part in the drying. One such property, the surface tension, can prevent the invasion
of a pore even though its adjointing throats are empty, as shown in Figure 1B. It can be
seen that the pore (circled in blue) does not invade for a considerable amount of time even
though two of its adjacent throats are empty. As explained, emptying of pores creates
unstable intermediate interfaces. This unstability is due to the high surface energy present at
the interface. Therefore, to invade a pore, the surface energy of the interface has to become
equal to or larger than the intermediate interfacial energy. This is usually achieved due to
reduction in pressure above the interface, and so, increase in surface tension and energy.
Hence, pores are not invaded until the surface energy of the pore reaches a threshold value.

The structured porous media shown above is merely an approximation of the actual porous
media, which vary widely in shape and size of both pores and throats. Figure 1C shows a
more random type of porous media where the drying phenomena is simulated. Here, the
wide range of sizes and shapes lead to clusters formation (red). These clusters may be very
small and local to single throats, or large and spanning several pores. These clusters of
liquid are bounded by interfaces of high capillarity. This implies that such clusters remain
idle until and unless the surrounding pressure reduces sufficiently. It is therefore possible
for clusters to exist even after the drying completes. Such bounded liquid can lead to
significant problems in drying efficiency and quality of products and so, have to be
accounted for.
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4. Conclusions

Modelling of drying of porous media has been done in the past using various techniques
such as Pore Network Models and Continuum models and have met with some success.
Here, we used a Carnahan Starling equation of state based high density ration Lattice
Boltzmann Method to model the same under realistic operating conditions. The following
key observations were made from this study:

1. Haines jumps cause significant changes in liquid orientation and can lead to
unexpected variations in drying rate.

2. Surface energy of the interface plays an important role in deciding which pore to
invade and when.

3. Highly randomized and realistic porous media exhibit high levels of liquid entrapment
and cluster formation

It can be concluded that the Lattice Boltzmann Method provides an accurate and plausible
alternative to continuum and pore network models when it comes to modeling in porous
media.
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Abstract

Cellulose nanofibers (CNF) is used in various pharmaceutical applications
due to its unique characteristics i.e., biodegradability, mechanical and
biological properties. CNF is often produced by spray drying process,
knowledge of the drying kinetics in terms of mass and heat transfer on the scale
of single droplet is important for process development and model validation.

Acoustic levitator was used to study drying process of CNF suspension at
different air temperatures and initial CNF concentrations. The unique
property of acoustic levitation to hold single droplet contactless in the air,
enables to study particle morphology during drying process, calculate
evaporation rate and estimate particle porosity. Results show that packed
particles result at lower initial concentration and temperature has a moderate
influence on mean porosity of CNF dried particles.

Keywords: acoustic levitation; droplet; drying kinetics; Cellulose Nanofibers.
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1. Introduction

Cellulose nanofibers (CNF), is a promising biopolymer. The high surface area of CNF makes
it suitable as a nanofiller to enhance the mechanical properties of composite materials [1].
The rheological and physio-chemical properties, allow CNFs to stabilize emulsions of
different types and improve the drug delivery of active materials in poor soluble aqueous
solutions [2]. The strength with low weight and high surface area make CNF a good candidate
for capsule reinforcement [3], on the other hand CNF can play a significant role in producing
sustained drug release formulation, the CNFs form a fiber network that hinder the diffusion
of drug [3].

Cellulose nanofibers are mainly produced form cellulosic botanical sources such as wood,
cotton, hemp or flax. The isolation of Cellulose nanofiber is achieved via mechanical or
chemical processes, which result in gel-like liquid suspension that held cellulose
nanostructures. CNFs are extracted from the aqueous medium via evaporation of the solution
through lyophilization [4], supercritical drying and spray drying [5].

Spray drying is widely used in many industries, e.g. chemical, food and pharmaceutical
processing. In spray drying, droplets generation is followed by solvent/liquid evaporation
leading to a final powder product. The short retention time in spray drying, makes it ideal for
heat sensitive materials. Controlling the drying kinetics is decisive to minimize the liquid
amount in the particles and enhance good mechanical properties. Physico-chemical
properties of the solution together with operating parameters, greatly influence drying
kinetics.

Since experiments on real sprays are difficult to interpret and only integral information about
an ensemble of droplets can be obtained, simple and idealized configurations considering
single droplets are often preferred for investigation of such spray drying situations.

The experimental work presented in this paper deals with the drying process of individual
CNF suspension droplets. The focus of drying experiment was to determine the drying
kinetics at various process parameters i.e., gas drying temperature, CNF loading. The
acoustic levitation has been used, exhibiting an almost steady positioning of the sample;
hence providing a unique opportunity to observe a droplet throughout the entire drying
period. The imaging technique allows for accurate measurement of temporal change of
droplet diameter and vertical size, that were used to calculate drying rate and mass of the
droplet during the drying process and estimation of dried particle porosity.

The paper is organized as follows: in the next section, materials and methods i.e. acoustic
levitation are described and the influence of the acoustic streaming on liquid evaporation is
discussed, thereafter, the experimental and theoretical results are presented. The paper ends
with the conclusions.
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2. Materials and Methods
2.1. Materials

The CNF used for the microparticles production was obtained from Process Development
Center University of Maine (Orono, USA) in form of 3.0% aqueous gel. The nominal fiber
diameter is 50 nm and fiber length up to few hundred micrometers. Deionized distilled water
was used to prepare CNF suspension.

2.2. Methods
2.2.1. Preparation of CNF suspension for single droplet drying

The CNF aqueous gel solid content was proofed by drying 10 different samples of CNF
aqueous gel in an oven at 60 °C for 10 hours, the mass fraction of dry fibers was estimated
to be 3.5%+0.13. The desired suspensions were prepared by diluting CNF aqueous gel using
deionized distilled water. CNF suspension was homogenized using magnetic stirrer for 30
mins to assure homogeneity of the cellulose fibers suspensions. The desired concentrations
of CNF suspension were 2,4 and 6 mg(CNF)/ml (water).

2.2.2. Single droplet drying apparatus

The ultrasonic levitator was used for the drying experiments; the main setup is sketched in
Fig. 1, it consists of an acoustic levitator which operates at 58 kHz sound frequency. The
emitted ultrasonic waves leave the transducer and propagate througth the gas mesdium to hit
the concave reflector and then bounce to the transducer forming the so-called standing wave.
The acoustic force generated by this standing wave is capable of stable positioning of the
liquid or solid samples. The levitatator is equiped with heating chamber, and drying
temperature up to 120 °C of the gas can be achieved. The imaging system consists of a CMOS
camera connected to a macro lens, it allows for monitoring the droplets. The droplet is
illuminated via LED back light, the shadow image captured by the camera is anaylzed online
to calculate droplet equivalent diameter, vertical position and aspect ratio. A microliter
syringe with long needle is used to insert axially the droplet into the acoustic field.

Influence of the acoustic field

The interaction between the acoustic field and CNF droplets suspended by the acoustic force
generates streaming flow around the droplet. Several authors [6, 7] studied the induced flow
and quantify its effect on the evaporation of the liquid. The acoustic streaming were first
defined Schlichting [8], these streaming are divided into two categories; the inner acoustic
streaming which drives the mass and heat transfer between the droplet surface and the
surrounding gas medium [6, 9].
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CMOS Camera
Piezo crystal, f=58 kHz - — — — — — with macro lens
Transducer «— — — — — —
Droplet ———— ]
Reflector « — — — ——

Micrometer screw « — — — — —

analysis system

Fig. 1 Schematic picture of the acoustic levitator.

The second streaming flow is called outer acoustic streaming which represent toroidal
vortices, these vortices trap the evaporated liquid from the droplet. Therefore, the vapor is
accumulated around the droplet and alter the far-field vapor concentration. As more vapor is
trapped by the outer acoustic streaming, the evaporation rate is reduced and comparison with
model become rather difficult. A depletion of the accumulated vapor from such vortices
becomes mandatory to have reproducible results and enable model validation. An air flow of
0.85 I/min is inserted surrounding the droplet to destroy the outer acoustic streaming and
remove the vapor accumulated around the droplet [10].

3. Results and Discussion
3.1.NFC Microparticle production

CNF has strong affinity to water, at very small CNF concentration ca. 3.5% wt., a slurry is
formed, in order to generate small droplets using the microliter syringe, suspension at very
low CNF loading were prepared, namely 2,4, and 6 mg CNF per ml of water.

The drying temperature was varied in the range (20-80 °C), droplets of 1.0-2.0 ul of the
suspension was introduced into the acoustic field, once the drying experiment finished the
particle was collected to study its morphology and surface structure under scanning electron
microscopy. As shown in Fig. 2, the drying of CNF suspensions droplet results in water
evaporation and an agglomerate of fibrous structure is formed. The initial droplet size was
1.5 mm. at the end of drying course in the acoustic levitator, the dried particle size is reduced
to ca.~200-300 um diameter and an agglomerate of the nanofibers was obtained. It can be
seen that particles are not spherical, Fig. 2a shows the surface morphology of the particle
where the nanofiber consolidated together, Fig. 2c depicts the internal structure of the particle
after it has been broken, the porous structure and the random alignment of the fibers can be
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easily noticed, despite the length of the cellulose nanofibers, they have been folded inside the
droplet due to high surface tension of the water comparing to the soft cellulose nanofibers
structure.

Fig. 2 Scanning Electron Microscopy images of dried cellulose nanofibers suspensions a) 6mg/ml at
80°C b) 6mg/ml at 60 °C and c) internal structure of broken particle.

3.2. Evaporation rate and porosity estimation

The drying rate and the mean porosity of dried particle is disused in this section. Four
different temperatures were investigated, the surface decay of the droplets is shown in Fig. 3,
the higher the temperature is, the droplet drying rate becomes faster. The experiments in Fig.
3 were conducted with the same initial volume namely 2ul and different loading of CNF was
used. The drying curves in terms of normalized surface area decay can be divided into two
stages, the first one, where the loading of CNF is very low, mass fraction of CNF is less than
0.05% wt., the evaporation rate here follows the well-known d?-law. Actually, for small CNF
loading, the drying curve is similar to the evaporation of pure water, once the loading of CNF
increases, it starts competing with the available sites for water evaporation, as more of the
solids accumulated on the surface, the evaporation of the liquid becomes slower i.e., second
stage begins. Finally, the droplet forms an agglomerate of cellulose nanofibers, the size of
the particle remains constant.

The evaporation rate was calculated from the slope of the temporal evolution of the surface
decay curves and represented by a solid line in Fig. 3.

The porosity of the dried particle is an important parameter for modelling drying kinetics, the
water passes through particle voids to reach the surface. On the other hand CNF can play a
significant role in producing sustained drug release formulation, the CNFs form a fiber
network that hinder the diffusion of drug [3]. At lower particle porosity, the drug diffusion
become slower, porosity is calculated using the equation:

@)
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Where, ¢ is the porosity, ms, ps is the mass and density of solids respectively, V, is the volume
of the particle in m3. As depicted in Fig. 3, higher porosity is obtained for lower initial CNF
concentration, while temperature has a moderate influence on mean particle porosity.

10 % 10
\S

-4 mg CNF/mI T 20 °C
~<4mg CNF/mI T 40 °C

4 mg CNF/ml T 60 °C
-o-4 mg CNF/mI T 80 °C

-0-6 mg CNF/ml T 20 °C
-6 mg CNF/ml T 40 °C

6 mg CNF/ml T 60 °C
-o-6 mg CNF/ml T 80 °C

+ -+ 0.0
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Fig. 3 Temporal evolution of surface area decay of CNF suspension droplet for a) 4mg CNF/ml, b)
6mg CNF/ml at 20,40,60 and 80 °C, the initial droplet volume is 2.0 pl. ¢) & d) calculated mean
porosity of dried CNF particle as a function of CNF loading and drying temperature, respectively.

3.3.Constant and falling rate periods

Suspension of CNF droplet exhibit upon course of drying changes in physical properties, i.e.,
density of the droplet increases as more liquid is evaporated, the shape of the droplet changes
until the final morphology evolves at the end of the drying. In case of mass transfer rate,
droplet drying shows in general two regimes, the first one is called constant rate period and
the second one is falling rate period [11, 12].

In constant rate period the evaporation of the liquid occurs from a wet particle surface. As
depicted in Fig. 4, evaporation of the liquid is accompanied by size reduction i.e., droplet
normalized surface area decreases with time. The shrinkage of droplet continues, and the
concentration of CNF increases until a small particle or grain of CNF is formed. During the
constant rate period the evaporation rate occurred occurs at constant wet bulb temperature,
the evaporation rate is calculated form the volume change of the droplet of the liquid:

dmg . AV

= —py— 2
t loonse YA @)

Where V is the volume of the droplet in m® and p, is droplet density in kg/mé.
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As the liquid evaporates, the droplet alters its vertical position in the acoustic field. The
vertical position is function of droplet’s volume and weight [6], it rises in the acoustic field
towards pressure node as shown in Fig. 4.

Once the volume and aspect ratio of the droplet/particle seized, the constant rate period
comes to its end and the falling rate period starts, this is marked by constant surface area in
Fig. 4, here, the shadow image technique is not able any more to deliver information about
the mass transfer rate because the particle/grain has now a constant volume that is calculated
from its meridional section.

The evaporation of the liquid continues and by monitoring the vertical position of the grain
in the acoustic field, further information about the mass transfer can be found. The acoustic
force acts against gravity force and once the droplet volume is constant, any decrease in
particle weight due to liquid evaporation force the droplet to move upwards to the adjacent
pressure node.

The mass of the particle can be easily found by interpolation of the vertical position in the
falling rate period, knowing that the rise of the particle in the acoustic field is now only
function of the density.

ATnf,max

mg(t) = . (vert.pos(t) — vert.pos(tfo)) +mg, 3)

Ayf,max
Where, mq is the mass of droplet in the falling in kg, Am 4, aNd Ay g, @re maximum
difference of particle mass and particle vertical distance respectively and calculated between
the beginning and the end of the falling rate period. m, . is the mass of droplet at the end of
constant rate period. The mass of the liquid at the end of falling rate period is approximately
zero, ty is the time in seconds when falling rate period begins.
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Fig. 4 Vertical position of the droplet (CNF 6 mg/ml TE 40 °C) during the course of drying, the first
stage of drying is designated by volume reduction of the droplet and the second stage of drying is
designated by rise in the acoustic field at constant volume.
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The above results show the importance of the acoustic levitator to measure the drying kinetics
of CNF suspension droplets, and its ability to measure particle’s drying rate in both constant
and falling rate periods. The estimated porosity of dried particle which is an important
product property and was obtained for different drying temperatures and CNF loadings.

4. Conclusions

The drying kinetics and porosity of CNF dried particle has been investigated, a series of
experiments were conducted in the acoustic levitator to mimic the spray drying process
occurred in spray dryer. Drying rates and the evolution of particle morphology were
monitored using the shadow imaging technique. Particle shape and inner structure of
cellulose nanofibers were analysed by SEM technique. The drying rate of droplet increases
at high temperatures. The porosity of the dried particles shows an increase for higher CNF
initial concentrations and drying temperature has a moderate influence on particle porosity.
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Abstract

Air drying kinetics of Bifurcaria bifurcata brown seaweed at 35, 50, 60 and
75°C were determined. Experimental drying data were modelled using two-
parameter Page model (n, k). Page parameter n was constant (1.28) at tested
temperatures, but k increased significantly with drying temperature from 35 to
60°C and was invariant at higher temperatures (up to 75°C). Drying
experiments allowed the determination of the critical moisture content of
seaweed (1.6 + 0.2 kg water (kg d.b.)™). Mass transfer coefficients during
constant drying rate period and effective coefficients of water diffusion during
falling drying rate period were evaluated, assuming cyclindrical geometry and
considering volumetric shrinkage.

Keywords: algae, diffusivity, drying kinetics, modelling, shrinkage
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1. Introduction

Bifurcaria bifurcata is a brown seaweed geographically distributed in the Western Europe
and Sahara coasts. The main use is the extraction of compounds (alginates and other
products) used by pharmaceutical, cosmetics and food industries [1]. Although the human
consumption of this seaweed is not as extended as other seaweeds such as Laminaria spp.,
Undaria pinnatifida, its high content of polysaccharides, proteins and minerals [2] and
antioxidants [3] makes attractive the use of this seaweed as food product. In fact, the direct
human consumption worldwide in recent years is increasing.

Drying is a very employed operation in order to obtain stable food products whose storage
as fresh product can be difficult. In the case of seaweeds, traditionally the water removal is
carried out by solar drying, but the increasing demand of more homogenous and better quality
dried products must be satisfied by means of the use of other industrial methods like
convective hot air drying. In this sense, the experimental determination of the more adequate
drying conditions is necessary to obtain a final dried product with acceptable characteristics.
A scarce number of studies on mathematical modelling of drying kinetics of seaweeds can
be found in literature. In example, Lemus et al. [4] studied the drying kinetics of the red
seaweed Gracilaria chilensis and Vega-Galvez et al., [5] the drying of brown seaweed
Macrocystis pyrifera. However, no studies on drying kinetics of fresh Bifurcaria bifurcata
were found. The aim of this work was to determine the drying kinetics of Bifurcaria bifurcata
at different temperatures and the corresponding modelling of the drying periods.

2. Materials and Methods

Fresh brown Bifurcaria bifurcata seaweeds (4.59 + 0.28 kg water-(kg dry solid)?, d.b.)
selected with similar sizes (100-150 mm length and 1.5-2.0 mm diameter) were dried in a hot
air convective dryer (Angelantoni, Challenge 250, Italy), at four air temperatures (35, 50, 60
and 75°C). Relative humidity (30%) and air velocity (2 m-s) remained constant. Seaweeds
were placed on a metallic mesh (45x45 cm?) allowing the transversal air flow during drying.
A thin layer configuration involving the use minimum amount of seaweeds to cover initially
the drier tray (load density of 2.04 + 0.02 kg-m2) was employed.

Samples were weighed using a balance (Cobos D-6000-CS, £ 0.1 g, Spain), during drying
until achieve a constant weight. All experiments were performed, at least, in triplicate.

Drying kinetics were modelled by Page model [6], EQ. (1):
MR = e~*t" (1)

where k (min™) and n (-) are the model parameters. The dimensionless moisture content or
moisture ratio, MR (-), was calculated by Eq. (2):
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_ Xi=Xeq
MR =3 =2 @
where X; is the moisture content (d.b.) at any drying time, Xo is the initial moisture content
(d.b.) and Xeq is the equilibrium moisture content of the sample (d.b.).

2.1. Sample surface area and shrinkage determination

Sample surface area and shrinkage of seaweeds were estimated following the same
procedure.Samples (0.5-1.5 g) dried at several times were immersed into n-heptane at 21°C.
The initial volume (Vo, m®) of the samples and the volume at different drying times (V), were
measured applying Archimedes' principle.A volume shrinkage with moisture content (V/Vo
vs X) relationship was obtained. External surface area of the monolayer was estimated
assuming cylindrical geometry of the seaweed and the tray surface is fully covered initially.
The initial radius of seaweed branches was determined (2.3 + 0.3 10-* m). Volume shrinkage
was mainly governed by radius decrease (L/ro > 100) and Eq. (3) was obtained:

14 nrZlL Vr
o= J; 2= . (3)
Vo mryL Vo

where L (m) is the length, ro and rx (m) the initial and the radius of sample at different
moisture content. The surface area ratio of monolayer can be calculated by Eq. (4):

Sx _ 2mrx LNs _ T 4)

So 2mry LNg 0

where Sx (m?) is the surface area of seaweed monolayer at each moisture content, So the
initial surface area of the monolayer and N; is the number of seaweed samples that can be
placed in the monolayer (L/(2 ro)). Employing the Eqg. (3), the relationship between surface
area of seaweed monolayer and volumetric seaweed shrinkage resulted on Eq. (5):

Sx _ 14
So Vo

Q)
The determination of surface area of seaweeds monolayers allowed the specific drying rate,
ws (kg water kg dry solid™ m min), evaluation by means of Eq. (6):

_ 1 Xtn_q—Xep (6)

Ws = 5x tat
X In7ln-

The ws vs X curve was used for the critical moisture content (X, d.b.) evaluation at tested
temperatures and the end of the constant drying rate period.

2.1.1. Constant drying rate period modelling

During the constant drying rate period the coefficients of mass transfer (K;, m s*) and the
convective heat transfer (h, W-m?-K), were determined by Egs. (7) and (8):
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Xtn_1—Xtn Kt Pair
wo==Eson = 2OE (Y, — V) ®)
_ hta _
W=l - T) ©)

where w (kg water-kg dry solid*-s?) is the mass flow of evaporated water, Y; and Yair (Kg
water (kg dry air?)) are the interphase and bulk absolute moisture content of air, respectively,
pair (kg-m?3) is the air density at drying temperature, ps (kg dry solid-m) is the apparent
density of seaweed layer, a (m?-m™) is the total interfacial surface (assuming water transfer
by both sides of the layer) per unit of layer volume, Ti and T (°C) are the interphase and dry
temperature of air, respectively and AHy (J-kg™?) is the latent heat of vaporization of water at
the interphase temperature. The interphase properties (i and T;), during pre-critical drying
period, were considered as the wet-bulb properties of the air employed for drying.

2.1.2. Falling drying rate period modelling

The falling drying rate period of drying was modelled employing the analytical solutions to
Fick's diffusion equation to determine the effective coefficients of water diffusion through
the sample under some assumptions [6]. Briefly, the distribution of the moisture within the
product is uniform; at t > 0 surface reaches equilibrium moisture and all resistances to water
removal are inside the material (the external resistances are negligible). Moreover, the
shrinking effect on the characteristic dimension (rx) of seaweeds was taken into account. The
fitting of the experimental data of the falling drying rate period was carried out employing
the following ratio, Eq. (10):

My X—X,
Moo Xc—Xe

(10)

where M (g) is the amount of water removed at time t (min), M. (g) is the total amount of
water removed until the equilibrium is reached. The analytical solutions associated to the
cylindrical geometry for short Eq. (11) and long Eqg. (12) times are:

£0\1/2 . .£\3/2
b= (Bert) T Dert L (27 when 0< MyM..< 0.6 (11)
0 X

Tx 3.0z © Tx

M - 2.

L= 1Y e Derrant/E when 0.4 < M/M..<1 (12)
0 n

where a, (-) are the roots of the first order Bessel function for each term n. In this case, three
terms (o, o2 and a are 2.405, 5.520 and 8.654) of the Eq. (12) were considered enough to
fit the experimental data. Water diffusivity values for short and long times were obtained
using Microsoft Excel (Solver add-on) by means of nonlinear programming in which the root
mean square error, Erms, between experimental and calculated data is minimized. The final
values of water diffusivity for the whole falling rate period were calculated by the weighted
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arithmetic mean (as function of the number of data for each time) of the water diffusivity
obtained with the corresponding models for short and long times.

3. Results and Discussion

Figure 1 (left) shows the drying kinetics of Bifurcaria bifurcata at different temperatures. As
it can be seen, a temperature increase from 35°C to 60°C decreased the drying time. The
necessary drying time to achieve a MR of 0.03 was shortened from 100 to 60 min with no
differences between drying at 60°C or 75°C.
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Fig. 1 Experimental drying (left) and specific drying rate curves (right) for Bifurcaria bifurcata at
35°C (¢), 50°C (m), 60°C( 4 ) and 75°C (e). Lines correspond to Eq. (13) (right) and to diffusional
model (postcritical period) and Eq.(8) (precritical period) for cylindrical geometry (right).

Drying kinetics experimental data were satisfactorily (R?> 0.999) fitted employing Page
model, Table 1. No significant differences existed between drying at 60°C and 75°C which
means that regarding drying time, the drying at 60°C is more adequate. Moreover, n
parameter of Page model was constant for all drying temperatures. This fact, allowed the
establishment of a unified model able to fit drying kinetics throughout the range of
temperatures tested (35-60°C):

MR = e—(—1.36-10_3—2.90~10_4T)t1'28 (13)

Table 1. Values of the Page model parameters (k, n), Eq. (2) and statistical coefficients (R?, Erwms)
for drying curves of Bifurcaria bifurcata.*

T(CC) k10°(min™ n() Erms(-) R?

35 8.7+0.08¢ 0.01 0.999
50 12.8+1.15° 128 0.01 0.999
60 17.8+0.65% ' 0.01 0.999
75 18.6+0.772 0.01 0.999

*. Data value of each parameter with different superscript letters in columns are significantly different (P<0.05).
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Comparing with other brown seaweeds dried in similar conditions it can be said that
Bifurcaria bifurcata has a similar behavior with drying temperature of the one observed for
Fucus vesiculosus (FV) [7]. However, this behaviour was different of the one observed for
other brown seaweed such as Ascophyllum nodosum and Undaria pinnatifida where
temperatures higher than 60°C significantly decreased drying time [8].

3.1. Sample surface area and shrinkage during drying determination
The specific drying rate in thin layer configuration was evaluated using Eq. (6) considering
that Sy varied with seaweed moisture content according to a empirical non-linear relationship:

= =~10+ L06e T (14)

The shrinkage of samples during drying significantly reduced the characteristic dimension
(r) of seaweeds. r from 1.2+0.1-102 to 5.8+0.3-10* m at X.. No significant differences on
shrinkage behavior of seaweeds with temperature were observed indicating that these
properties are more related to moisture content than to air drying rate. Experimental shrinkage
data in terms of variation of characteristic dimension with time were correlated with moisture
content as follows:

7 =/—1.0 + 1.06e011MR . (1.2 . 10-3)2 (15)
where MR is evaluated by Page model, Eq. (1).

The specific drying rate vs moisture content for all tested temperatures is shown in Figure 1
(right). It can be clearly observed the common drying periods. Namely, at high moisture
content the constant drying rate period and below X. begins the falling rate period. No
noticeable variations were observed on X, with temperature (1.6£0.2 d.b.).

3.2. Constant drying rate period: mass and heat transfer coefficients

The modelling of constant drying rate period employing Egs. (8) and (9) showed that no
significant differences were found in the convective mass (K:) and heat (h;) transfer
coefficients with temperature.

In the case of K; ((21.8 = 2.0)-10° m-s?) the values are higher than those observed by da
Silva et al. [9] who reported values of K; from 0.8+103 to 1.9+10 m-s™* for pear drying in a
forced air oven at higher temperatures (between 68 and 92°C).

The corresponding values of h (19.9+0.9 W-m2-K™) are in the range reported by Bird et al.
[10] who indicated that a typical magnitude of convective heat transfer coefficient varies
from 3 to 20 W-m2.K1,
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3.3. Falling drying rate period: effective coefficient of water diffusion through the
seaweed

During the falling-rate period the shrinking effect on the characteristic dimension was taken
into account in order to obtain the water diffusion coefficient through the seaweed.
Diffusional modelling of drying during post-critical period was satisfactorily performed (R?
>0.986 and Erwms < 0.03) by diffusional model for cylindrical geometry (Egs. (11) and (12)),
Table 2.

Table 2. Effective coefficients of diffusion of water (Defr) and statistical coefficients (R?, Erms) for
Bifurcaria bifurcata seaweed drying at different temperatures.*

T(°C) Der-102 (m?s1) Erms(-) R?

35 12.43+0.64° 0.02 0.988
50 18.14+0.92° 0.03 0.998
60 21.97+0.272 0.03 0.986
75 20.35+1.31% 0.03 0.989

*Data value of each parameter with different superscript letters in columns are significantly different (P<0.05).

Water diffusion coefficient (Defr) significantly increased with drying temperature below
60°C, but no differences were observed between drying at 60°C and 75°C. This trend of Dess
w