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Haeeoeno y3azanvHeHHs OMPUMAHUX Pe3YTbmMamie KoMn 10-
mepHoz0 MoOen0eants QYizunnux npouecié 6 pomopHo-ouUcKo-
BOMY NNI6KOBOMY eunapHomy anapami. Onmumizayis pexcumy
pobomunemodce bymu3oilicnena 6e3 6CMano8IeHHa 0COOAUBOCMT
npomixanus QizuuHux npouyecie. 3anponoHo8ano Komn romepmy
MoOdesv 2i0poOuUHAMIKU, 3 YPAXYBAHHAM 6CIX KOHCMPYKUIUHUX
0cobausocmeii, nOUAMKOBUX MA epanUMHUX Ymo8. Pesyrvmamu
KOMN 10mepHozo M00es108ans 0ai0ms MONCIUBICMY A0eK8aAMHO
ouin08amu epexmusHicms BUKOPUCMAHHSI POMOPHO-0UCK08020
niex06020 eunapnozo anapamy (PAIIBA) ons xonyenmpyean-
HA mepmonadivnux mamepianie. Bcmanoeneni ocoonueocmi
npomixanns Qizuunux npoyecie ¢ koncmpyxuii P/[IIBA, 3a dono-
MO2010 KOMN 10MeEPHO20 MOOETI0BAHHS 210POOUHAMIKU Y Cepedo-
euwi ANSYS euxopucmosyiouu k-c modenv mypéyaenmuocmi.
B pesynvmami mo0ent08aHHs OMPUMAHO MO WEUOKOCMEN
Pioun, wo KoHueHmpyYemvCs (Wmq=0,413 m/c), ma 2azoeoi pasu
(wmax=8,176 m/c), a makxoixc eenununy 3Hauenv HANPYICEHb
acyey 1=0,94-10% Ila. Bcmanosunu, wo 0nsn 2a306020 meno-
HOCiA xapaxmepHi 6UCOKOMYPOYIeHmHi NOMOKYU 3 MAKCUMATb-
HuMu 3navennamu Kinemuunoi enepeii TKE,,,.=8,985-10°" m?/c2.
ocmosgipnicme pesynvmamie 3abesnewyemvcs kopexmuicmio,
noenomoto ma adexeéamuicmio QizuuHux npunyuenv ¢ nocma-
Mu aesmomamuzoeanozo npoexmyeanna ANSYS. Bcmanoeneno,
W0 3anpPonoHO6ana KOHCMPYKYis € epeKxmueHoro anvmepuamu-
6010 00a0HANNA 0N KOHUeHmMpPYyeanHus pozuunie. Ompumani
odani MoICYmMv GYmu BUKOPUCMAHI NPU NPOEKMYBAHHI MENIOMA-
CO00MINI020 00NA0HANNA 015 BUCOKOEPEKMUBIO020 3Hes00HeH -
HA mepMONaAdiNbHUX Mamepianie
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1. Introduction

Current economic realities prompt manufacturers to reduce
costs per unit of output and to improve performance of produc-
tion lines. That relates to the pharmaceutical industry as well,
where there is a large range of products, some types of which
are very specific and require special conditions. Specifically,
these include probiotic medicinal preparations, vaccines and
hormones, which are represented in the form of lyophilizate and
are the thermolabile substances. Dehydration of such thermola-
bile substances necessitates the search for new technologies and
requires that those already in use should be improved.

The main techniques that are currently used worldwide
for dewatering the materials, which are not resistant to the
prolonged action of high temperatures, include: sublimation
drying, vacuum drying, spray drying, drying in a bubbling
layer, film evaporating plants [1]. All types of plants that
implement the proposed processes have a series of negative
factors, which lead to the disintegration of acting substanc-
es, namely due to a high temperature, a change in aggregate
state (freezing during sublimation), as well as due to me-
chanical damage caused by shear stresses. In each particular
case, it is necessary to consider the cumulative effect of all
the above negative factors. Plants of the film type repre-
sent an interesting alternative because the temperature of
dehydration does not exceed the temperature of the wet

thermometer; they have a developed specific surface of heat-
and-mass exchange; in addition, they have a capability to
minimize damage to living cells through shear stresses.

Based on the identified necessity to use this type of
plants and given their high effectiveness, we propose a struc-
ture of the rotor-disk film vaporizing plant (RDFVP). It is
a relevant engineering task to study the features of RDFVP
hydrodynamics and to devise a calculation procedure based
on mathematical modeling and computer simulation, which
would make it possible in the future to industrially imple-
ment a given technology.

2. Literature review and problem statement

One implementation of alternative ways for the dehydra-
tion of thermolabile substances could be a band dryer that
uses a heat pump [2]. The paper considers the principles of
mathematical modelling of the drying process and gives a
scheme of the installation to perform the process. However,
due to the properties of the target product, this type of drying
cannot be used in pharmacy and biotechnology. The issue on
confirming the adequacy of a mathematical model via com-
puter simulation or a physical experiment remains unresolved.

Technology of vacuum drying makes it possible to obtain
lyophilized products but is associated with large amounts of




energy. To improve energy efficiency of the process, a scheme
was built that includes heat pumps and several drying
chambers [3]. A given scheme is based on utilizing wood for
energy generation: this circumstance, under conditions for
meeting the requirements to proper manufacturing practices
by pharmaceutical plants, prevents its industrial application.

Another technique to obtain a finished dosage form,
which includes simultaneous drying and forming, is the use
of a 3D printer [4]. The reported study confirmed a possi-
bility to use the technology based on a layered surfacing
method to obtain personalized medicines and to ensure their
stability. The work leaves unresolved the issues on applying
the technique for substances that have a lower temperature
of degradation, as well as technology efficiency.

To improve the performance of a technological line and
to improve the quality of a finished thermolabile product, a
combined effect of several factors could be exploited. The
implementation of such an interaction is reported in a paper
by authors from Brazil: ultrasound and vacuum were ap-
plied [5]. The aim of the work was to evaluate the influence
of ultrasonic waves and vacuum, combined or not, on the
kinetics of drying and the impact of such methods on the
product quality. The research results indicate a decrease in
the time of drying, as well as improvement in the product
characteristics. However, using the method for the cells of
microorganisms, which are more sensitive to ultrasound,
requires further studying.

Various production sectors employ methods for estimat-
ing the efficiency of heat-and-mass exchange and hydro-
dynamic processes that simultaneously solve optimization
tasks thereby constructing new research methods [6].

Effective intensification of heat exchange processes in
heat-and-mass exchange equipment is a rather complex and
relevant task, which directly depends on the characteristics
of hydrodynamics [7]. The cited work considers modeling of
different modes of fluid flow in the transition from laminar
to turbulent movement. However, the research was conduct-
ed for a very narrow range of applied tasks and could be used
as a solely methodological basis for other equipment.

When designing and improving heat-and-mass exchange
equipment, one should pay attention to the large number
of different factors that could affect the overall technical
execution and certain structural solutions. The efficiency of
dehydration in plants of the film type directly depends on
the gradient of concentrations, the gradient of temperature,
geometry of the design, velocity of heat-carrier motion, ma-
terials that the equipment elements are made of, as well as a
heat-and-mass exchange surface area. It should be noted that
for case of dehydration of thermolabile materials, especially
biotechnological and enzyme preparations, an important
factor is the time of contact with a heat-carrier and the shear
stresses that occur in a flow of liquid at its concentration [8].

Based on the conducted analysis, the structure of RD-
FVP was designed, which makes it possible to concentrate
the thermolabile solutions at high efficiency [1]. At the built
bench, a series of experimental studies were performed, re-
sulting in the acquisition of drying curves and in the derived
empirical criterial Nusselt equation, enabling the calculation
of parameters for heat dissipation [9]. A mathematical model
was proposed for a given structure that accounts for the fluid
dynamics behind the growing liquid film at the surface of a
disc attachment, which is partially immersed in the liquid
and is carried to a contact region with a heat carrier [10].

Mathematical model considering the accepted assumptions:
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Boundary conditions:
z=0; W, =0; W,=0-r; (2)
z=8; W, =0; W, =0. 3)

A given mathematical model was solved in the analytical
form; it has made it possible to derive a velocity field and the
distribution of a film thickness over the surface of the RDFVP
disk attachment (Fig. 1), which ranged from 2.62810“4m
to 7.1:10" m [10].
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Fig. 1. Diagram of the film surface formed when a disk
immerses in liquid

However, the studies conducted earlier do not fully de-
scribe the physical processes in RDFVP. The following fea-
tures remain unexplored: the hydrodynamics of film at the
surface of a disk attachment, the distribution of temperature
fields, the distribution of velocity fields, of both the concen-
trated fluid and a gas heat-carrier. Unresolved is the issue on
diffusion at film evaporation; the magnitude of shear stresses
when the attachment moves in the liquid was not established.

A mathematical notation of the above-mentioned fea-
tures is a rather complex task that depends on many param-
eters. Resolving such models typically involves a series of
simplifications, which affect the accuracy of results and the
validity of models.

When examining a system, while solving non-standard
problems, one may need to describe and study additional fac-
tors that affect the course of the process. In this case, first, there



is a need to employ high-performance computer systems [11].
The ANSYS platform has established itself as a leading soft-
ware product tosolve the tasks related tostudying physical pro-
cesses that occur in heat-and-mass exchange equipment [12].
Description of the processes occurring in liquid systems is
based in the ANSYS environment on using the k-¢ turbulence
model [13]. However, to prove the adequacy of the model,
there is in most cases a need to confirm the correctness of
decision making via experimental research [14].

Mathematical notation and computer simulation of phys-
ical processes that occur in film plants have been lacking, up
to now, in open sources, which is why our research deals with
the generalization of knowledge obtained when constructing
a computer model of fluid dynamics in RDFVP.

3. The aim and objectives of the study

The aim of this study was to establish patterns in the
fluid dynamics and the efficiency of heat-and-mass exchange
at the surface of a RDFVP disk attachment under conditions
of forced convection.

To accomplish the aim, the following tasks have been set:

—to devise a computer model of the RDFVP hydrody-
namics that would account for all structural features, and to
establish optimal operating parameters;

— to estimate a possibility of using RDFVP to concentrate
the thermolabile materials for biotechnological synthesis.

4. Materials and methods to study the hydrodynamics of
a rotor-disk film vaporizing plant

4. 1. Procedure of computer simulation

Computer simulation of fluid dynamics and heat-and-
mass exchange necessitate constructing a 3D model of the
examined object; for the case of RDFVP, it is the geome-
try of two volumes: a liquid and a gas phase. Applying the
method of finite elements, both volumes are split into a set
of basic components in the form of a grid, using the built-in
module Mesh. For the liquid phase, boundary conditions
are assigned as if it were an immobile liquid at the contact
surface with the RDFVP walls (designated as “Wall”), the
parameters for temperature and gravitational force are also
assigned. A gas heat-carrier is assigned as a moving system
with physical and dynamic parameters. The interface of
interaction between surfaces of the gas and liquid objects
in a contact is designated as “General connection”, that
is, speed at the surface of one element, at each particular
point, is equal, in terms of magnitude and direction, to the
speed at the surface of another one. Such implementation is
given in [15]. The difference is the absence of rotary motion,
which, when a model is simplified, eliminates the need to
further configure a given interaction. To reduce the number
of iterations, we consider the volume of a single RDFVP
disk attachment, in this case, the side surfaces of the cut-
out element are assigned at the boundaries as “Symmetry”
[16]. Such an approach provides an opportunity to reduce
requirements to computational costs, however, it has a series
of limitations and can only be used for cases when there are
no disturbances in the refused region.

A similar procedure is described in paper [17]; based on the
construction of a physical computer model it makes it possible
to establish optimal process parameters at the design stage.

4.2. Geometry of the structure and the operation
principle of a rotor-disk film vaporizing plant

RDFVP includes a body with a container for solution 1,
heat exchange shirt 2 channel for the movement of a gas
heat-carrier 3, a shaft with a series of disk attachments 4
mounted unto it. Disks are partially immersed in the solu-
tion to be dehydrated; they are set into rotational motion by
drive 5, thereby carrying a film to the region of contact with
a gas heat-carrier (Fig. 2) [1].

Fig. 2. Schematic of rotor-disk film vaporizing plant:
1 — body; 2 — heat-exchange shirt, 3 — channel for a gas
heat-carrier, 4 — shaft with disk attachments, 5 — electric drive

Electric drive 5 in RDFVP makes it possible to change
the rotation speed of disk attachments in a range from 0.25 to
5rev/s [9]. While rotating, the disks carry the liquid at their
surface to a contact region with a heat-carrier blown along
channel 3 of RDFVP. Part of the moisture evaporates from the
surface and, together with the heat-carrier, is discharged from
the working area of the plant. Heat-exchange shirt 2 performs
the function of thermostating, by supplying a heat-carrier to
maintain the optimum temperature of concentration. It should
be noted that an important factor during the concentration of
thermolabile substances is the rate of dehydration, that is the
duration of contact with the heating gas heat-carrier. Due to
the rotation of disk attachments, the contact time is reduced to
a minimum, while the liquid manages to evaporate from a thin
layer of the film and thus there is no damage to the concentrate.

5. Results of computer simulation of the hydrodynamics
of a rotor-disk film vaporizing plant

In order to determine the features of the hydrodynamics
and effectiveness of the proposed structure in detail, we have
derived, by using the platform ANSYS Workbench, a physical
pattern of the process that employed the actual geometrical
and physical parameters for the experimental installation.
The procedure for constructing a computer-based mathemat-
ical model implies using the k-¢ turbulence model, building
geometric arrays that correspond to the volume of working
heat-carriers, followed by the formation of a grid by splitting
into the finite elements, and setting the parameters at the
interface liquid—gas. In a general case, simulation involved
the following boundary parameters that were defined as ra-
tional in the course of a field research. Motion speed of the
gas carrier is 6 m/s, rotation frequency of the disk attachment
is 1 rev/s, diameter of the disk attachment is 0.2 m. The ther-
mal-physical properties of a gas heat-carrier were assigned for
air at a temperature of 80 °C, the thermal-physical properties



of the concentrated liquid were assigned for a 20 % aqueous
solution of molasses at a temperature of 40 °C [1, 9, 10].

The resulting hydrodynamics model is in good agree-
ment with a field research at an actual experimental bench,
which confirms its adequacy (Fig. 3).
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Fig. 3. Result of the physical modeling
of hydrodynamics in RDFVP

An analysis of the derived hydrodynamics model allows
us to argue on that the intensity of a gas heat-carrier flow
directly depends on the geometry of the RDFVP channel.
Flow rate significantly increases when the channel is be-
tween disc attachments, in this case, its maximum value is
Wnax=8176 m/s (Fig. 4). Increasing the speed leads to the
displacement of a gas heat-carrier flow mode towards an
increase in the Reynolds number (Re>85,000).
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Fig. 4. Gradient of velocity and trajectory of a gas
heat-carrier flows in RDFVP

This fact testifies to a significant turbulization of the
flow in the region of heat-and-mass exchange elements, which
positively affects the value for a coefficient of heat dissipation
from the specific heat exchange surface. A maximum value for
the kinetic energy of turbulence is TKE,,x=8.985-10"! m?/s?
(Fig. 5), such an indicator shows the intensive heat-and-mass
exchange in the region of contact between the gas phase and
the liquid film and accelerates its evaporation.

Not less important is the value for a flow velocity of the
liquid phase that is must be concentrated. On the one hand,
it is necessary to create conditions for the homogenization of
solution when the dewatered liquid film is dissolved in it, on
the other hand, it is required to form the flows of liquid with

low shear stress values, for the case of concentration of bio-
technological materials.

Water.Turbulence Kinetic Energy
l 8.985¢-001

7.487e-001
5.990e-001
IJ 4.492e-001
- 2.995e-001
. 1.497e-001

3.750e-007
[m"2 s"-2]

Fig. 5. Turbulization of a gas heat-carrier flow in RDFVP

An analysis of simulation results revealed that the max-
imum flow rate of a liquid phase is @,.x=0.413 m/s (Fig. 6).
In this case, the trajectory of the flows generated by disk at-
tachments testifies to a significant displacement of volumes of
liquid that has a positive effect on diffusion processes. Owing
to the hydrodynamics model, we managed to differentiate
the flows that helped establish that the volume of liquid is
dominated by tangential and radial flows, with the less pro-
nounced axial flows. As is known, the product of the rate of
flow displacement by the dynamic viscosity of the fluid is the
magnitude of the shear stress. When concentrating biotech-
nological materials, one should take into consideration the
permissible shear stress value according to the classification
of the living microorganism. For the case of concentrating the
cells of eukaryotes, this indicator is the lowest; based on the
scientific literature, it ranges within t=10'-10% Pa [18].

An analysis of the shear stress distributions near the
surfaces of disk attachments (vertical asymptotes) enables us
to conclude that at given optimum conditions for conducting
the process, the maximum values for shear stresses along the
surface of a disk attachment do not excess 1=10"¢ Pa (Fig. 7),
therefore the use of RDFVP is rational at dehydration of cell
cultures.
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Fig. 6. Gradient of velocity and trajectory of the flows of
liquid concentrated in RDFVP

The results obtained make it possible to assert that the
proposed structure enables the concentration under labile



conditions, taking into consideration the shear stresses and
temperature parameters.
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6. Discussion of results of studying a heat exchange
element

In determining the effectiveness of a given scheme of air
feed for the concentration of thermolabile substances in RD-
FVP, it is advisable to apply the distribution diagram of air
velocities (Fig. 1). There is a uniform front of the motion of
a gas heat-carrier, without clearly expressed zones of stagna-
tion and local maxima. A given diagram makes it possible to
establish rational parameters for a gas phase flow velocity at
which the most intense evaporation would occur, on the one
hand, and there would not be detachment of a film of fluid into
a gas heat-carrier (loss of product) from the surface of a disk
attachment, on the other hand. The average speed between
the attachments is W,,=6.814 m/s. Establishing the adequacy
of the built computer model implied comparison of results for
the magnitude of a gas phase velocity at the inlet and outlet
from the plant, which we managed to measure in the course
of experiment [9]. Thus, the magnitude of velocity at the inlet
to the plant during an experimental study is w@,x=6 m/s,
and in the working zone beyond the disk attachments is
Wnax=7-3 m/s; in turn, the model in this region shows the
following result: at the inlet to the plant is @,x=6 m/s, the
working region beyond disk attachments is @y,,x=7.42 m/s.

When analyzing a fluid flow at the surface of a disk attach-
ment, one should take into consideration the following factors:
the forces of inertia that arise as a result of the rotation of the
disk, gravitational force, and the force of friction that occurs at
the interface separating the phases gas—liquid. Due to the low
speed of rotation of the disk, the inertial component of forces is
much smaller than the two other components, so it may be dis-
regarded in the analysis of film detachment from the surface of
the disk. At the same time, under the influence of gravitational
force, the thin layer of the fluid film moves in a laminar mode
while disturbances to its motion regime can be introduced only
by the incident flow of a gas heat-carrier. A factor for evaluating
the gas heat-carrier flow turbulization is the kinetic energy of
turbulence.

In a bench experiment, it was found visually that at a speed
of 12 m/s the film is almost completely detached from the sur-
face of the disk. Simulation for a speed of 12 m/s has made it
possible to establish maximum values for TKEy,,=3.094 m? /s,
which can be used for establishing the rational speed param-
eters at which there are no local detachments of the flow. For
the case of air speed of 6 m/s, a maximum value is reduced to
TKEnax=8.985-10"1 m2/s? (Fig. 5).

When concentrating the products of biotechnological syn-
thesis, it is necessary to prevent sedimentation of cells at the
surfaces of equipment, to ensure the uniformity of the process
and to reduce loss of the product. In RDFVP, such a “bottle-
neck” could be the lower part of the body, which contains the
fluid that is sent to the concentration. It is incredibly difficult
to experientially obtain data on the movement of fluid be-
tween the disks at the bottom, because of costly equipment for
measuring parameters and the complexity of its installation
within the limited space between disks. On the other hand,
such a task can be solved by using computer simulation or
mathematical modeling. Fig. 6 shows that during rotation of
discs two circulation profiles form in a liquid, to the right and
left from the plant’s transverse axis. The direction of liquid
motion in a bottom part is from the center, where the flow
rate is barely greater than 0.05 m/s, accelerating to a speed
of 0.39m/s in both directions, and, approaching the free
surface, it swirls, thereby changing the direction to opposite,
and returns the liquid to the center again. At such a motion
the likelihood of stagnant zones near the bottom decreases.
This ensures the uniformity of displacing the layers of fluid
and makes it difficult for cells to settle on the plant’s walls, at
concentration of the cultured liquid.

Another factor that affects quality of the finished product
is damage to the living cells due to shear stresses, which arise
as a result of different speeds of the environment at different
sides of the cell wall. Data from literature indicate that for
the cells of eukaryotes the magnitude of these stresses must
not exceed 102 Pa [18]. In the course of our research, it was
found that the greatest values for a shear stress are reached
between the disks (Fig. 7). The average value in this region
is 0.94-10% Pa and the maximum is 0.98-10°% Pa. At the
outer sides of extreme disks, the magnitude of shear stresses
is reduced on average by 30 %, and ranges from 0.44-10°6 to
0.7-10°6 Pa. The most dangerous areas, in terms of damage to
cells, are a transition from the fluid that sticks to the surface
of the disc to the fluid in the free volume. Comparison of
shear stresses arising in RDFVP to maximally permissible
ones points to the possibility of applying this type of plant
in order to concentrate products of biotechnological origin.

General analysis of results allows us to argue that the
computer model adequately describes the RDFVP hydrody-
namics. We performed comparison for the thickness of the
film of the liquid obtained from mathematical modeling sim-
ulating in the environment ANSYS (difference between the
results does not exceed 5 %).

As regards the design of RDFVP, the issue that is left
unresolved relates to modeling a mass exchange in the system
gas—liquid (evaporation from film), which could be addressed in
the further research.

7. Conclusions

1. We have built a computer model of hydrodynamics,
taking into consideration all structural features, which



makes it possible to adequately evaluate the efficiency of
using a rotor-disk film vaporizing plant for the concentra-
tion of thermolabile materials. We have established optimal
parameters for a gas phase velocity (wn,x=8.176 m/s), at
which there is no detachment and transportation of the film
of liquid from the surface of the disk, while maintaining
maximum speed for the renewal of parameters for a gas
phase at the mass exchange surface. It was determined that
at disk rotation speed 1 s two circulation profiles form in
the liquid that reduce the possibility for particles to settling
on the walls of the plant, at a maximum value for the fluid
flow rate w,,x=0.413 m/s. We were able to differentiate the

flows in a liquid into radial and tangential, with a slight axial
component.

2.1t was established that when disks are displaced
there are shear stresses in the liquid phase with a maximum
value of 0.98-10°6 Pa. A comparison of the acquired data
to those maximally permissible, 10% Pa, at which cellular
structures are not destroyed, proves the possibility of using
RDFVP in order to concentrate the thermolabile materials
of biotechnological synthesis. A possibility to derive optimal
parameters for the course of the process by using computer
simulation ensures the introduction of RDFVP to an actual
production line at minimal cost.
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