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Abstract. The mathematical model of the evaporation process of model liquid with the free
surface boundary conditions of the "mirror" type under thermal vacuum influence and the
numerical estimates of the evaporation process parameters are developed. An experimental
stand, comprising a vacuum chamber, an experimental model tank with a heating element is
designed; the experimental data are obtained. A comparative analysis of numerical and
experimental results showed their close match.

1. Introduction

The method of thermal vacuum drying is widely used in various industries, for example, in [1, 2] a
method and a device for thermal vacuum drying of wet particulate materials are described. Heating of
the raw materials occurs in a reservoir in which thermally insulated space between the walls a resistive
heater is placed. In [3-6], the methods of vacuum drying and a device for vacuum drying used in food,
medical, microbiological and chemical industries are described. Heating of the dried product takes
place on the heated shelves of the heating elements unit. In [3-5], conductive heating of the heated
shelves is carried out. In [6] heating elements have an internal cavity forming a reservoir inlet and
outlet of the hot heat carrier.

However, these methods are only used for the dehydration of porous and particulate materials. In
[7], to dry the internal cavity of the pipeline to the required moisture content, initial vacuuming and
then blowing the pipeline with pre-drained gas is suggested. In [8], for drying the pipeline, the cavity
is pre-evacuated to a pressure of 0.2 to 0.005 kgf/cm?, and then, maintaining the achieved vacuum,
water vapour is pumped from the cavity of the pipeline until complete evaporation of the water film.
Final drying to the required residual moisture content takes place with venting the cavity gas, which
drying is carried out by its extensions inside the drained cavity due to the vacuum maintained there.

In [9, 10], the results of numerical studies of the influence of various parameters such as initial
temperature, pressure, density and drop diameter, specific heat and thermal conductivity, and pressure
in the vacuum chamber on the process of drops vacuum freeze are presented. The estimation of these
parameters impact on the processes of drops cooling and freezing is presented. It is noted that the
process of mass transfer at the droplet surface is different for the micro droplets (<100 um) and macro
droplets (>1 mm).

In [11, 12], the results of experimental and theoretical studies of the evaporation — freezing a
pendent water drop in the conditions of deep vacuum are described.
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As it can be seen from the above, the drying process of reservoirs and pipelines via vacuum by
evaporation of the water film is widely used nowadays. However, theoretical and experimental studies
were carried out only for a single drop of liquid. Below is a discussion of theoretical and experimental
studies of the evaporation process from the surface layer of the model liquid (ML) on the example of
water for boundary conditions of «mirror» type (water film) under the conditions of decompression
and thermal loading. The efficiency of the evaporation process is proposed to evaluate the ratio of the
evaporated ML mass and the energy spent on evaporation.

2. Statement of the research problem

The study of the ML evaporation process, in an experimental model tank (EMT) under reduced
pressure in a vacuum chamber (VC) and temperature effects, involves the following physical-
mathematical model.

At the initial moment to ML, volume Vw and temperature Tw, in the EMT, is placed in the VC
volume Vv and the air temperature Ty with the boundary position of the free surface of ML in the form
of a "mirror" area of So. EMT has a form of a tub (figure 2) with mass ms (volume Vs, density ps) for
the ML placement and the possibility of the ML heating. The initial pressure in the VC is atmospheric
P. with the partial pressure of water vapour Py in the corresponding mass of dry air m, and model
liquid m,. Pumping air from the VVC is given as a continuous function of the volume dV element during
the time dt.

In the process of air pumping with a pumping rate of dVv/dt from time t; to t; = t; + dt with its
volume increased from Vi to V2 = Vi + dV simultaneous decrease in the pressure from P; to P,, and
temperature from Ty to T, and the density from pw to pw2 Will occur. It is assumed that the share of
pumped air volume dV gets the same changes of parameters like the volume of air Vv remaining in the
VC,ie.:

P, =P1-dP; T2 = T1-dT; pv2= pvi- dpv.
The density of the mixture of dry air with the mass m, and water vapour with the mass my is
defined as:
pv=(m, +m )/V,, Q)

where VC volume Vv is constant in time, and Vi = Vv.

During weak external and internal heat transfer, the process of pumping can be considered
adiabatic with ratio of specific heats for the air and water vapour k=1.4, so, for this process the
following formula is valid [13]

PV* = PV) = (P, —dP)(V, +dV)* =const; (2)
TV, =TV, = (T, —dT)(V, +dV)* =const (3)

In the process of ML evaporation from t; to t = t; + dt with a rate of dmy/dt on the value of dm, the
pressure in the VC reaches:

m_+dm
p=(a 2T TR T, IV, 4)

a Hy

where Ro = 8.314 J/(mole-K) — is gas constant; u, = 0.02897 kg/mole and x, = 0.01802 kg/mole — is
the molar mass of dry air and water vapour. The temperature and pressure in (4) are related by

TSIT) =P/ Pf* =const, (5)
from which and from (3) the temperature is determined:
m, +dm
T, =T, +dT =[(Ce + 2" T0)R /v, +dV,)[ T, / B (6)

2 7
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with the subsequent substitution in (4) for determining P-.
Density (1) at time t; with a mass of dry air and a vapour of ML for time t; will be

pvz= (M, + my + dmp) I(V; +dV), (7

from where the mass m, of dry air and vapour ML m, at time t,, remaining in the volume Vv VC will
follow

My, =MV, /(Vy +dV); my, =(m, +dm )V, /(V, +dV). (8)

To simulate the process of ML evaporation at the boundary with air, the dependences on
temperature and pressure, and other parameters characterizing the liquid and the air, are used. It is
known, for example, that the dependence of the evaporation rate from the surface S on the liquid
temperature Ty is given by [13, 14]

LM (TW _To)), (9)

W, (T, ) =V, (T,)-ex
w (Tw ) = Vi (To) - exp( RT. T,

where To — is the freezing temperature (K); M — is the molar mass of liquid (kg/mole); L — is the
specific heat of vaporization (J/kg); Ro — universal gas constant (J/(kg-K)).

To simulate the evaporation rate from unit area Ws (kg/(m?-s)) the formula in the following form is
used

W (PT) = K, (Ry (T) = ()" (10)

where Ky is the coefficient of condition of the ML evaporated surface (the still «mirror» type or
undulating) and the movement of air (kg/(Pa-m?s)); Pw is the partial pressure of evaporated ML
saturation at its current temperature Tw (Pa); Pq is the partial pressure of mg vapour in air (Pa); Po is
the initial atmospheric pressure (Pa); P is the current pressure in the VC (Pa); q is the linearity for the
given ML (0.66+1.18).

For still air in the VC the Kjvalue, in accordance with [15], is taken equal to 1.39-10° kg/(Pa-
m?2-s).

To account for the condensation of ML the rate formula similar to (10), with partial saturation
pressure Py under the air temperature Ty, is considered

Wv(PfTv): Kl(Pv(Tv)_Pd)(%)q- (11)

The VC will be considered in the following regions (figure 1): Wo — EMT; W; is the region of the
liquid film in the EMT; W is the air environment in the VC; W5 is the VC wall. Between these
regions heat and mass transfer will be modelled with the given parameters, such as the mass mj, the
heat capacity Cypi, the thermal conductivity Ai, the density pi (i =0, 1, 2, 3 for base coat, liquid, air and
the case wall of VC respectively) and the initial temperatures Ts, Tw, Tv, Tk.
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Figure 1. The region of numerical modelling in the VC with the temperature distribution at time
t=900s: 1 —the EMT (Wy); 2 — the film (mirror) of the liquid (W1); 3 — the air (W>); 4 — the VC case
wall (Ws); 5 — the contours of temperature (in the preliminary estimates at this stage of the research
the air velocity and liquid was not considered because of their smallness).

We assume that at the initial moment t; = 0 in the VC and outside it the preset atmospheric pressure Py
=101323.2 Pa with a certain ML moisture percentage

C]_ = IOO(Ppn_Pp)/ Ppn, (12)

where Ppn(Tv) is the partial pressure of saturated air at liquid; Ppy=(my/pp)RoTv/Vy is the partial vapour
pressure of ML in the air; m, is the mass of the liquid vapour in the air; pp = 0.01802 kg/mole is the
molar mass of the vapour; Ry = 8.314 J/(mole-K) is the universal gas constant.

The value of Py (Tv) is tabular and at Tv= 20 °C is equal to 2338.43 Pa.

Consequently, we formulate the initial-boundary value problem of evaporation of a viscous
incompressible heat-conducting fluid from the EMT and pumping of viscous heat-conducting air from
the rectangular region with the wall thickness h, the length L, as a two-dimensional problem.

3. Equations of heat transfer

We will consider two-dimensional problem in one section of the VC, given the size of the EMT width,
with defined boundary conditions under the velocity of the air 47y (m%s) and a decrease in the
internal air pressure Py and temperature Ty according to the equations (4) — (6).

For numerical simulation of heat transfer in each of the regions Wy, W1, W, W5 the equation of heat

transfer for a particular environment (air, liquid, solid) will have the following form[13]:
£+(\/ V)T = AV7T, (13)
ot
where V =V (u,v) — is the velocity vector of the moving environment (for air and liquid); T — is the
environment temperature; A — is the thermal diffusivity (K = AC, p — is the conductivity).

For the simulation of heat and mass transfer let us define the region sizes in metres: Wy = [0.372,
0.384]x[0.050, 0.052]; W1 = [0.372, 0.384]x[0.052, 0.053]; W, = [0.018, 0.738]x[0.018, 0.762] — W,
—W31; W3 =[0.000, 0.756]x[0.000, 0.780] — Wo— W1 — Wo.

For the heat equation (13), the conditions of heat fluxes conservation from some regions to others
[13] are used.

We indicate the VC size on the x-axis: Xo=0 m, X;=0.018 m, x,=0.372 m, x3=0.384 m, x4=0.738 m,
x5=0.756 m; the size on the y-axis: yo=0 m, y1=0.018 m, y,=0.050 m, y3=0.052 m, y,=0.053 m,
y5=0.762 m, ys=0.780 m.
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On the boundary Wy, W1, W, having respective coefficients heat conductivity Ko=A4¢ Cyo po, Ki=41
Cp1 p1, Ko=12 Cp2 p2, between themselves, we shall take into account the conservation of heat fluxes in
the form:

oT oT oT oT
Kz_ ’;:Ko_ 11+'K0_ ’;:Kl_ v;’
00 =Ko S0y, K, S 00y) = K, S )
K ) =K, %(x,yz), X, SX<X,, (14)

On the boundary of the region W, with the heat-conducting VC case with a coefficient of thermal
conductivity Ks=43Cpsps for T accepts the following conditions, similar to (14), are accepted:

o a . . oT , oT , .
K3&(Xlly)=K2&(ley), KZ&(X4’y):K3&(X4’y)’ ylgySyS!
T.(x0')=0, T,(XYs) =0, X, <X<Xq,

T,(0%,y)=0, T,(X;,¥) =0, Y, <y<ys. (15)

At the initial time t = 0 are specified: the temperature in all the calculated regions and the air
pressure from the partial vapour pressure of ML further based on the time interval [0,t"] to the critical
point t*, when the ML freezing will occur (in the mathematical model the process of ML freezing is
not used).

4. Experimental studies
1. Preparatory experiments are the following:
o Testing of experimental stand measuring complex (temperature and pressure sensors);
e Testing of the vacuum creation system (vacuum pump, pneumatic valves, connectors and
valves, pressure sensor);
e Testing of individual elements of the experiments programme (the evaporation time of a given
mass of model liquid, etc.).
2. The main experiments in the VVC are the following:
e The evaporation time measurement of a given mass of ML with heating and without heating;
o The ML mass before and after the experiment;
e The ML temperature measurement, in the EMT, gas-vapour mixture and pressure in the VC.
Figure 2 presents a schematic structural diagram of experimental stand for the research of ML
evaporation under thermal vacuum influences.
The measured parameters of ML evaporation process are:
The ML temperature (K);
The pressure in the VC (Pa);
The evaporation time (sec);
The power used for evaporation of a given ML mass (W).
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Figure 2. The experimental stand vacuum scheme: 1 — the vacuum chamber; 2 — the EMT; 3 — the
heating element; 4 —the ML 5, 6 — the thermocouples; 7 — the pressure sensor; 8 — the valve; 9 — the
filter; 10 —the vacuum pump.

5. The test calculation results

Numerical calculations were carried out in accordance with (12) — (15) including evacuating air from
the VC volume V, = 0.463 m® with a velocity of dV/dt = 0.0065 m®/s when using the ML evaporation
model according to the formulas (10) — (11) and the model of gas-dynamic quantities in equations (1)
— (8) change.

In the formula (10) for the boundary conditions of the ML evaporable surface "mirror the
coefficient Ki= 1.39-10® kg/(Pa-m?'s) and linearity q = 1.18" were used.

The calculation of heat transfer parameters in equations (13) — (15) with the use of algorithms
based on economical difference schemes [16] was carried out.

Based on the developed software product [16] numerical modelling of heat and mass transfer with
ML evaporation surface in the process of reducing atmospheric pressure in the VC was carried out.

When using a computational grid with Nx= 80 and Ny = 80 the test calculation of the three options
for the ML evaporation in the VC with the amount of ML = 5.0 ml, 10.0 ml and 20.0 ml, which
constituted the initial levels of liquid in the tub is 0.2 mm, 0.4 mm and 0.8 mm, respectively, was
made.

Fig. 1 shows the picture of isolines of the temperature characteristic of the heat transfer with a
volume of 20.0 ml at a pumping rate V1 = 6.5 I/s and time of 900 s.

The calculations for these three options with the ML amount 5.0 ml, 10.0 ml and 20.0 ml without
heating was carried out up to time 360 s, 600 s and 900 s, respectively. For the given time points, the
level of ML (h) and temperature (T) with an initial moister content of 0% in the chamber was made up
of the following values:

e h:0.094 mm, 0.140 mm, 0.223 mm;
e T:2709K, 271.2K, 271.4 K.
Similar data were obtained for a moister content of 100% in-chamber:
e h:0.097 mm, 0.143 mm, 0.226 mm;
e T:271.3K, 271.6K, 271.6K,
This indicates greater ML evaporation at a lower initial moisture content in VC.

6. Comparison of numerical and experimental results
In the course of the calculations and experiments the following dependence of ML temperature



AMSD IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 944 (2018) 012119 doi:10.1088/1742-6596/944/1/012119

(figures 3, 4) and the pressure in the VC (figures 5, 6) from the time process were obtained. Figure 7
shows the results of ML evaporation at the time, which suggests that during heating, ML begins to
evaporate after 200 s and corresponds to the measured values for the residual mass of the ML at the
time of freezing.

Figure 8 presents the variation of the VC evacuate pump operation and the total energy of the gas
and ML from the time of the process without ML heating. Table 1 shows the comparison of the
consumed useful energy from the pump power of 500 W without heating and with ML heating using
the rangette power of 3.57 W for pumping air and ML evaporation. The calculations showed that the
chances of freezing costs amounted 167179 J and 177146 J, respectively for these two experiments.

In figures 9 and 10 the mass variation and vapour partial pressure in the tub from the time of the
process without heating and with heating are shown.

The ML temperature (without heating)
300
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-]
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Figure 3. The ML temperature dependence on time (without heating).
The ML temperature (with heating)
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Figure 4. The ML temperature dependence on time (with heating).
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The pressure (without heating)
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Figure 5. The ML pressure dependence on time (without heating).
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Figure 6. The ML pressure dependence on time (with heating).
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The liquid mass change
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Figure 7. The ML mass dependence in EMT on time (without heating and with heating).

Table 1. The value of the useful operation of pumping and rangette with an initial moister content of
0% and 100%.

The amount of pumping operation and ML heating, J.

The time t, sec Without heating Heating — 3.57 W
The moister content ~ The moister content ~ The moister content The moister
0% 100% 0% content 100%
100 31427.0 31434.0 29849.0 29854.0
200 77455.0 77457.0 74292.0 74290.0
300 122893.0 122868.0 118665.0 118617.0
400 1672565.0 167175.0 162223.0 162080.0
500 211122.0 210994.0 205009.0 204759.0
600 254880.0 254691.0 243102.0 242328.0

From the results presented in table 1 it follows that the introduction of ML heating leads to a
reduction in total energy costs: adding heating energy in the amount of ~ 2000 J was a reduction in
total cost of ~ 12000 J.

For the combination of effect parameters (heating and vacuumization), the effect of moister content
is not essential.

Thus, there is an optimum ratio of energy consumption for the creation of a vacuum and heating.

To illustrate this phenomenon, an example with the following initial data is provided: to reduce
energy consumption in order to pump the air and increase the order of the energy consumption to heat,
the quantity of the evaporated liquid increased by three times while reducing the overall energy
consumption by six times.

If you enter criteria my /Ex = K, for the calculation in Table 1 this ratio K; = 16.37 g/MJ, and for
the latest example K, = 220.94 g/(MJ).
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The energy change
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Figure 8. The dependence of the work and the total energy of the gas and ML on the time of the
process without ML heating.
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Figure 9. The vapour mass dependence in EMT on time (without heating and with heating).

10



AMSD IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 944 (2018) 012119 doi:10.1088/1742-6596/944/1/012119

The vapour pressure change
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Figure 10. The vapour partial pressure dependence in EMT on time (without heating and with
heating).

7. Results and discussion

The discrepancy between the experimental and calculated results on temperature by 2—3 K after 200 s
and the pressure to 15% around 100 s by time can be explained as follows. In numerical simulations,
the ML level in the EMT has a uniform thickness, and in the real experiment ML takes uneven
thickness with the formation of separate droplets and separate boiling (figure 11, a). To 400-440
seconds (without heating and with heating) in the experiment, sometimes there is increased
evaporation, followed by the formation of ice (figure 11, b). This leads to the release of a certain
amount of heat when icing that is observed in the graphs: first, with a sharp decrease in the ML
temperature, and then with the subsequent overshoot of increasing it.

In the field of 100 s, there is an increase in pressure resulting from evaporation that is more active.
It is also possible to explain the uneven thickness of the ML layer due to the active evaporation and
boiling. Where the layer is thinner, evaporation is faster, the pressure increases and the temperature
decreases slightly.

In the numerical calculations, this no effect is observed due to the uniform thickness of the ML:
The ML value temperature gradually decreases to zero, and pressure — up to 400 Pa. In the
experiments and calculations of zero temperature and pressure of 400 Pa onset occurs almost at the
same time (~520s).

a) b)
Figure 11. Phase transitions of the ML in the EMT during the experiments:
a — evaporation; b — freezing; 1 — is the liquid; 2 — is the ice.
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In the experiments without heating, the ML evaporated mass amounted to 2.15 g (21.5% of initial
mass). In the experiments with heating, the ML evaporated mass amounted to 2.9 g (29 % of initial
mass).

The power expended on the evaporation of a given ML mass, without heating is equal to 86.2 W,
while with heating — to 89.6 W.

In both cases (without heating and with heating) at the end of the experiment ML freezing
occurred: in the experiment without heating — at 613 Pa and the ML temperature 275 K, and with
heating at 573 Pa and the ML temperature 273 K. This is due to the low ML temperature and the
reduced pressure in the VC.

Thus, the disadvantage of using vacuum pump for vacuum drying is constant pressure decrease in
VC, which leads to ML freezing. The vacuum pump does not control pressure change.

To maintain a constant reduced pressure at a certain level it is proposed to use a vortex tube, the
principle of which is based on the Ranque-Hilsch Effect [17]. It is possible to use a counterflow vortex
tube, the method of calculation which has been tested in [18].

8. Conclusion

1. The mathematical model of the evaporation process of model liquid with the free surface
boundary conditions of the "mirror" type in thermal vacuum influences and the numerical
estimates of the parameters of evaporation process is developed.

2. The experimental stand, comprising a vacuum chamber, the experimental model tank with
heated is developed. Experimental researches were conducted.

3. A comparative analysis of numerical and experimental results showed a close match.

4. The downside of using vacuum pump for ML evaporation is the inability to control the pressure
inside the vacuum chamber, so in the future it is suggested to consider a vortex tube for
producing a vacuum.
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