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INFLUENCE OF MINIATURIZATION ON THE EFFICIENCY
OF A SPACE-PURPOSE THERMOELECTRIC HEAT PUMP

The paper presents the results of calculating the influence of miniaturization on the boundary possibilities of a
thermoelectric liquid-liquid heat pump, in particular for its use as a high-efficiency heater for a space-purpose
water purification device. Bibl. 10, Fig. 5.
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Introduction

General characterization of the problem. The use of thermoelectric heat pumps (THPs) in air and
liquid conditioning systems, special- purpose evaporators is associated with their unique advantages [1 - 7],
in particular environmental friendliness (there are no toxic refrigerants in such equipment); reliability
(resistance to mechanical impacts, long service life); independence from the orientation in space (the
ability to work in the absence of gravity).

An example of the effective use of thermoelectric heat pumps are devices for water regeneration
from liquid waste on board manned spacecraft (urine, condensate, sanitary water) [5 - 7]. Tests of their
efficiency at the NASA stand showed that in the most important indicators - specific energy consumption,
dimensions, weight and quality of the distillate- water purifiers with thermoelectric heat pump outperform
known space-purpose analogues [6].

However, such devices are subject to new, higher requirements related to the possibilities of their
new applications (manned missions to explore Mars and other planets). This mainly concerns the reduction
of their weight and size while maintaining (or even improving) the achieved level of energy efficiency. In
[8, 9] the results of calculations of the influence of miniaturization of thermoelectric modules in the heating
mode are given. The influence of the height of thermoelectric material legs on the heating coefficient of
thermoelectric modules was determined by computer simulation, and the optimal height of the leg of
material was found, which provides minimal losses of energy conversion efficiency. However, the complex
task of optimizing the thermoelectric heat pump, providing a reduction of its weight and dimensions, has
not yet been solved.

The purpose of our work is to study the energy efficiency of a space-purpose thermoelectric heat pump
under conditions of reduction of its overall dimensions.
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Physical model of THP

Physical model of a thermoelectric heat pump is shown in Figs. 1 - 3. It consists of heat exchangers 1,
providing the passage of heat flux O/ through the hot side of thermoelectric modules, thermoelectric modules
proper 3, heat exchangers 2, providing the passage of heat flux Qc through the cold side of thermoelectric
modules and a system of hydraulically coupled channels 4, providing circulation of liquid in the thermoelectric
heat pump.

\ H \\ H \\
Fig. 1. The simplest physical model of a thermoelectric heat pump.
In the simplest case this model presents series-connected hot heat-exchangers 1 and cold heat-exchangers

2, with thermoelectric modules 3 located between them (Fig. 1). However, practical implementation of such a
structure is not always rational. This is due to significant dimensions of such a device.
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Fig. 2. Physical model of a thermoelectric heat pump with thermal insulation.

In practice, it is more convenient to connect heat exchangers 1, 2 with thermoelectric modules 3 in rows
with a different number of sections, between which there is thermal insulation 5.
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Fig. 3. Physical model of a thermoelectric heat pump.
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However, to reduce the weight and dimensions of such equipment, you can simplify the design proposed
in Fig. 2. In this case, a number of heat exchangers will provide the operating conditions of two rows of
thermoelectric modules (Fig. 3). This makes it possible to significantly reduce the number of heat exchangers,
and, consequently, the weight and dimensions of such a device.

Mathematical and computer description of the model

To describe the heat and electricity fluxes, we will use the laws of conservation of energy

divE =0 (1)
and electrical charge
divj =0, )
where
E=G+U], €)
G=xVT +alj, 4)
j=-0VU-ocaVT. (5)

Here, E is energy flux density, § is heat flux density, j is electrical current density, U is electrical

potential, 7 is temperature, a, o, k are the Seebeck coefficient, electrical conductivity and thermal
conductivity.
With regard to (3) — (5), one can obtain

E=—(k+a’cT +aUc)VT —(aoT +Uc)VU. (6)
Then the laws of conservation (1), (2) will take on the form:
~V[(x+0’cT +aUs)VT |-V[(asT + Us)VU] =0, (7
-V(caVT)-V(cVU)=0. (8)
The nonlinear differential equations of second order in partial derivatives (7) and (8) determine the
distribution of temperature 7 and potential U in thermoelements.

An equation describing the process of heat transport in the walls of heat exchangers in the steady-
state case is written as follows:

V(k VT ) =0, ©)

where ki is thermal conductivity of heat exchanger walls, V7, is temperature gradient, Q; is heat flux.

The processes of heat-and-mass transfer of heat carriers in heat exchanger channels in the steady-
state case are described by equations [10]

78 Journal of Thermoelectricity Nel, 2020 ISSN 1607-8829



A.V. Prybyla, L.1. Anatychuk
Influence of miniaturization on the efficiency of a space-purpose thermoelectric heat pump

P =
—Ap — v|V|+F =0, 10
YA 2d, | | (10
V(A4pv) =0, (1
- pA ;3
pPACV-VT, =V -Ak,VT, + f, d_|v| +0,+0,u (12)
h

where p is pressure, p is heat carrier density, 4 is cross-section of the tube, F is the sum of all forces,

C, 1s heat carrier heat capacity, 7, is temperature, v is velocity vector, k2 is heat carrier thermal

. . . 44 . . . : . .
conductivity, f,, is the Darcy coefficient, d =7 is effective diameter, Z is perimeter of tube wall, Q,is

heat which is released due to viscous friction [W/m] (per unit length of heat exchanger), O, , is heat flux

coming from the heat carrier to the tube walls [W/m]
Qwallzh‘z'(n_n)’ (13)

where 4 is heat exchange coefficient which is found from equation

Nu-k
h=——2, 14
5 (14)
Here, Nu is the Nusselt number which is found from equation
Q Re—1000) Pr
8
Nu= - , (15)
by 2
1+12.7(fﬂ’j2 pr —1j
8
B . . . pvd .

where Pr= is the Prandtl number, pis dynamic viscosity, Re=-—is the Reynolds number,

2
3000 < Re <6-106, 0.5 < Pr<2000.

The Darcy coefficient f, is found with the use of the Churchill equation for the entire spectrum of
the Reynolds number and all the values of e¢/d (e is roughness of wall surface)
12

szg{i +(A+B)]'5} . (16)

Re

0.9 16 16
Here, A={—2.457-ln((iJ +0.27(e/d)H ,32(3753(’) '
Re Re

From the solution of equations (7) —(12) we obtain the distribution of temperatures, electrical
potential (for thermoelements), velocities and pressure (for heat carrier).

To solve the above differential equations with the respective boundary conditions, the Comsol
Multiphysics applied software package was used.
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Computer simulation results

Below are the results of calculating the parameters of a thermoelectric pump in accordance with the
physical model shown in Fig. 3. The influence of energy consumption Wpump on the heat carrier pumping
through the heat exchange system on the heating coefficient pu of a thermoelectric heat pump was studied
for different heights of thermoelectric power converters (4 from 0.1 to 1 mm) and different temperature
differences of the heat carriers at the inlet to the heat exchange circuit of a thermoelectric heat pump
(Wpump) (Fig. 4).

Thus, from the analysis of Fig.4 it is seen that the heating coefficient of a thermoelectric heat pump
weakly depends on the height of the thermoelectric converter up to the height of the thermoelectric
converter leg of 0.5 mm and begins to sharply decrease with its further miniaturization. So, when the height
of the thermoelectric converter leg decreases by 2 times (from 1 to 0.5 mm), the heating coefficient
decreases by only 5 %, but its subsequent decrease (to a height of 0.25 mm) leads to a decrease in p already
by~22 %, and with a leg height of 0.1 mm p decreases by~45 %. On the other hand, a twofold decrease in
the leg height leads to a decrease in the weight of the heat pump by 25 %, the volume by 28 %, and also its
cost by 35 %.

45 4
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35 -
AT=0K, h=01 mm
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Fig. 4. Dependence of the heating coefficient of a thermoelectric heat pump u
on the supply power of heat exchange system W for different heights of thermoelectric power converters h and
different temperature differences of heat carriers at the inlet to heat exchange circuits
of a thermoelectric heat pump AT.

In addition, we analyzed the losses in the efficiency of the heat pump caused by the need for additional
power supply to the heat exchange system (Fig. 5). Analysis of Fig. 5 shows that with an increase in the supply
power of the liquid pump, which ensures the circulation of the heat carrier in the heat exchange system, the
heating coefficient of the thermoelectric heat pump first increases, which is due to a decrease in the loss of the
temperature difference in the heat exchange system due to an increase in the circulation rate of the heat carrier.
Taking into account in the expression for the heating coefficient of a thermoelectric heat pump (17) the energy
consumption for heat carrier pumping (18) leads to the fact that p, reaching a maximum, starts gradually
decreasing, because energy consumption for heat carrier pumping begin to reach the level of energy consumption
for the functioning of thermoelectric modules.
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_ 9 (17)
=g
__ 9 (18)
ugmp Wm.u + I/I/Hac ’

where QO is the heat output of the heat pump, Wy is the supply power of thermoelectric modules, W, is the
supply power of the liquid pumps of the heat exchange system.
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Fig. 5. Dependence of the heating coefficient of a thermoelectric heat pump u
(with regard to energy consumption for heat carrier pumping) on the supply power of heat exchange
system W for different heights of thermoelectric power converters h
and different temperature differences of heat carriers at the inlet to heat exchange circuits of
a thermoelectric heat pump AT.

Conclusions

1. The influence of energy consumption for heat carrier pumping through heat exchange system on the
heating coefficient p of a thermoelectric heat pump has been established for different heights of
thermoelectric power converters (4 from 0.1 to 1 mm) and different temperature differences at the
inlet to heat exchange circuits of a thermoelectric heat pump (AT from 0 to 10 K) (Fig.4).

2. It has been determined that the heating coefficient of a thermoelectric heat pump weakly depends on
the height of the thermoelectric converter up to the height of the thermoelectric converter leg of 0.5
mm and begins to sharply decrease with its further miniaturization. So, when the height of the
thermal converter leg decreases by 2 times (from 1 to 0.5 mm), the heating coefficient decreases by
only 5%, but its subsequent decrease (to a height of 0.25 mm) leads to a decrease in p already by~
22%, and with a leg height of 0.1 mm p decreases by~45%. On the other hand, a twofold decrease in
the leg height leads to a decrease in the weight of the heat pump by 25%, the volume by 28%, and
also its cost by 35%.

3. It has been established that taking into account in the expression for the heating coefficient of a
thermoelectric heat pump of energy consumption for heat carrier pumping leads to the fact that p, on
reaching a maximum, starts gradually decreasing, because energy consumption for heat carrier pumping
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begins to reach the level of energy consumption for the functioning of thermoelectric modules.
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BILIMB MIHIATIOPU3AIIIl HA EOGEKTUBHICTh TEPMOEJEKTPUYHOI'O
TEIIVIOBOI'O HACOCA KOCMIYHOI'O ITPU3HAYEHHSA

Y pobomi nasoosmosca pesynomamu po3paxyHkie enausy MiHiamiopuzayii Ha SpaHudHi MOXCIUBOCHI
MepMOENeKMPUUHO2O MENNI0B020 HACOCA PIOUHA-PIOUHA, 30KPeMAd ONsl U020 GUKOPUCAHHA Y AKOCMI
BUCOKOEDEKMUBHO20 — HaSpiGHUKA Osl  NPpUIady  OYUCWKU 800U  KOCMIMHO20 — NPUSHAYEHHSL.

bion. 10, puc. 5.
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