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INFLUENCE OF THERMODYNAMIC CHARACTERISTICS
OF A THERMOELECTRIC HEAT PUMP ON THE
PERFORMANCE AND ENERGY CONSUMPTION OF
A CENTRIFUGAL DISTILLER

The paper analyzes the operation of a thermoelectric heat pump in combination with a centrifugal
distiller for the regeneration of wastewater from a human life system in the conditions of future long-
term space missions. The time dependence of the specific energy consumption of the system at different
capacities of the heat pump is shown, the influence of the temperature difference of the heat carriers on
the efficiency of the heat pump is analyzed. Bibl. 24, Fig. 5, Tabl. 2.
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Nomenclature Subscripts
CMED — centrifugal distiller; h —hot;
¢, — heat capacity, J/(kg-K) ¢ —cold;
G — liquid flow rate, 1/h; d — distiller;
O — heat flow, W; avg — average;
G — flow rate, kg/h; in — inlet;
I — current strength, A; out — outlet;
N — power delivered to THP, W; thp — heat pump;
n — revolutions, rpm; cd — motor

SPC — specific power consumption, W-h/kg;
THP — thermoelectric heat pump;

T, t — temperature, °C;

U — voltage, V;

Nup — heat pump efficiency.
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Introduction

One of the important requirements for water recovery systems from liquid waste in the conditions
of long-term space expeditions to the Moon, Mars and work on the International Space Station (ISS) is the
minimum energy consumption.

A team of engineers and scientists from Igor Sikorsky Kyiv Polytechnic Institute, the Institute of
Thermoelectricity of the National Academy of Sciences of Ukraine and the commercial company
"Termodistillation RV" developed in the period 2000 - 2003 a wastewater treatment system for operation in
microgravity conditions. In publications [1-5], this system is called the cascade distillation system (CDS).
The more correct name used here is Centrifugal Multistage Distillation (CMED) system. The system
contains two main components - the centrifugal multi-stage distiller itself and the thermoelectric heat
pump. Two methods are used to reduce energy costs: 1) the principle of multi-stage evaporation and liquid
concentration and 2) energy recovery through the use of a thermoelectric heat pump.

In [6 — 15], the integral characteristics of CMED of 3-stage and 5-stage distillation are given.
Shown are the results of testing when concentrating urine, atmospheric moisture condensate, sanitary water
and their mixtures at fixed operating parameters of the system, heat pump power (=400 W), rotor motor
speed, etc.

This paper shows the results of testing a centrifugal multi-stage distiller with a thermoelectric heat
pump, which was developed at the Institute of Thermoelectricity of the National Academy of Sciences of
Ukraine and manufactured by company ALTEC. The calculated characteristics of the parameters affecting
the efficiency nu, are given.

Methods for researching the characteristics of a centrifugal distiller with a thermoelectric
heat pump

Three identical five-stage centrifugal distillers have been developed and manufactured by
Termodistillation RV. Altec has manufactured two thermoelectric heat pumps designed and manufactured
by the Institute of Thermoelectricity of the National Academy of Sciences and the Ministry of Education
and Science of Ukraine (ITE). These distillers, together with thermoelectric heat pumps, were first tested at
Termodistillation RV and later transferred to Honeywell International Inc. The devices were then tested at
the Honeywell test benches and at the NASA test bench at the Marshall Space Flight Center.

The test results of distillers and THP presented here have not been previously published.

Fig. 1 shows a schematic diagram of a test bench for three distillers and two heat pumps.

The main and auxiliary equipment of the bench are connected by a system of pipelines that form
two circulation circuits. In one of them ("hot") the evaporated solution circulates, and in the other ("cold") -
distillate.

The test bench works as follows. The distiller's motor 1 is turned on, which provides the specified
speed of the distiller's rotor, and the necessary pressure is set in the apparatus by the vacuum pump 7,
which corresponds to the required boiling point of the solution. From the tank 13 the distillate fills the cold
circuit, which ensures the circulation of the distillate through the condenser of the distiller 1, the salt meter
9, the rotameter 14, the cold side of THP 2, the heat exchanger-cooler 3 and again the condenser of the
distiller. The "hot" circuit is filled from tank 4 to the level set by the regulator valve 6. In the "hot" circuit,
the solution circulates from the distiller evaporator 1 through the rotameter 14, the hot side of the THP 2
and again into the distiller evaporator 1. When electricity is supplied to THP 2, the condensate is cooled in
the "cold" circuit and the solution is heated in the "hot" circuit. The solution superheated in THP 2 relative
to the saturation temperature in the CMED 1 evaporator is partially evaporated, and the resulting steam is
used as a heating distiller in the subsequent evaporation stage; the steam obtained in the last stage of the
distiller is condensed in a contact condenser CMED 1. During the evaporation process, the concentration of
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dissolved substances in the hot circuit increases. Excess distillate from the "cold" circuit is automatically
discharged into the distillate collector 5. The fresh solution is fed through valve 6. To ensure the
stationary state of the distillation process, excess heat is removed by the heat exchanger-cooler 3 to the
environment.

z
2

l}
r, i *

6
5 10

v/ 1) N9 4/"~N9

Fig. 1. Schematic of the experimental test bench
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1 — centrifugal vacuum distiller,; 2 — thermoelectric heat pump,

3 — heat exchanger-cooler; 4 — initial solution; 5 — distillate collector; 6 — system power
regulator valve; 7 — vacuum pump, 8 — salt meter; 9 — salt meter; 10 — electronic scales,
11 —vacuum gauge; 13 — container with distillate for refilling the cold circuit;

14 — rotameters; 15 — stop valve; 16 — containers for emptying circuits.

After the end of the experiment, the power supply of THP 2 is turned off, and the "cold" and "hot"
circuits are emptied into the corresponding containers 16.

The temperature was measured at the inlet and outlet of the thermopile on the hot (7, #,) and cold
sides (#;, t4), after the heat exchanger-cooler in the "cold" circuit (#) and at the inlet and outlet of the heat
exchanger-cooler on the cooling side (%, t;). The temperatures in the "hot" and "cold" circuits were
measured by chromel-copel thermocouples, the measurement accuracy was + 0.1 °C.

The pressure in the apparatus was measured with a vacuum gauge 11 with a measurement scale of
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1 ... 0 bar (accuracy class 1.0) complete with a barometer.

The mass of the resulting distillate (product) and the initial solution was measured by electronic
scales, measurement accuracy + 2 g, measurement range + 10 kg.

The salinity in the "cold" circuit was measured by the Hanna salt meter (0...999 ppm).

The motor and heat pump drive powers were measured with a voltmeter and an ammeter, accuracy
class 0.5. The revolutions were measured with a tachometer with an accuracy of £1 rpm.

The test time (one test) was 60...120 min.

Results of the experimental study

At the Kiev Polytechnic Institute, studies (tests) of three CMEDs were carried out. Two heat pumps
were used in the experiments. The rotation speed of the heat exchange surface varied from 900 to 1300
rpm, the power of the thermoelectric heat pump varied from 100 to 600 W. The working fluids were
1) distilled water; 2) NaCl solution with a concentration of 5 ... 30%; 3) urine with a concentration from 5
to 50%.

Experimental determination of 1, depending on the input power and temperature difference

The heat flux generated at the outlet of the heat pump is defined as
0, =Gy, (1, —1)), (1)

where ¢, and ¢, are the outlet and inlet THP temperatures, respectively, °C.

Nup— the efficiency is determined as 1, = 0, / Ny,

SPC — specific power consumption is defined as the total cost of input energy (power supplied to
the distiller's motor and power supplied to the thermopile) spent on the production of one kilogram of
distillate

(Neg + N,

SPC = , ()
d
The average temperature difference in a thermoelectric heat pump AT, is defined as:
t+t t,+t
ar tn) (4 4)’ 3)

e 2 2

where ¢; is temperature at the inlet to THP heating zone, °C; ¢, temperature at the outlet of THP heating
zone, °C; t; is temperature at the inlet to THP cooling zone, °C; ¢, is temperature at the outlet of THP
cooling zone, °C.

The temperature difference at the inlet to the thermoelectric heat pump AT}, is defined as:

AT, =t —t,, 4)

Table 1 provides an example of one test performed on a CMED with 5 steps at n = 1200 rpm on
urine. All the initial values necessary to analyze the process are indicated: revolutions, power, time,
temperature, costs, etc., and calculated values: supplied heat capacity, the degree of concentration of urine
at the inlet and outlet of the device, the concentration in the residue, the efficiency of the heat pump.
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Table 2 shows the main experimental parameters for each of the 32 tests performed in different
periods of time on different devices. It should be noted that the main characteristics of the three
manufactured centrifugal distillers, as well as two heat pumps, are identical (with the same parameters of
the initial liquid, revolutions and power), as well as two heat pumps: performance, specific power
consumption, distillate quality [16—19], which confirms the optimality of the developed CMED design in
combination with THP.
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Fig.2 shows specific power consumption versus time for three five-stage distillers with a heat
pump power of 400 W. In experiments on urine, the salt concentration increased over time up to 50%, and
it should be noted that the efficiency of the system weakly depends on the concentration of the solution
(see Fig. 2).

SPC, (W-h)/kg

250
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- #CD5-2
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0
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Fig. 2. Specific power consumption versus time for
urine, Ny =400 W, n = 1200 rpm.
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Fig. 3. System performance versus time for two samples of thermoelectric
heat pumps, Ny, = 400 W, n = 1200 rpm.

The most important indicator of heat pump efficiency, #up, has high values in the investigated
range of current strength (see Table 2). In general, the efficiency of a thermoelectric heat pump depends on
the average temperature difference and the temperature difference at the inlet to the heat pump. In our
works [20-21], this is analyzed and it is shown that the implementation of the process in the field of action
of centrifugal forces significantly intensifies heat transfer, which, in turn, favorably affects the efficiency of
the thermoelectric heat pump. As a result, the ng, of the heat pump in our case varies from 2 to 5
depending on the current power.

NASA tested the TIMES distiller at the end of the 20th century. The system uses a polymer
membrane that selectively allows water from the wastewater source to pass through. Power consumption is
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minimized by using solid state heat pumps. As a result, in experimental tests with non-concentrated urine,

the maximum efficiency of a thermoelectric heat pump was approximately equal to only two [22-24].

Table 2
Main results of the experimental study for 32 selected tests
o Revolutions Motor Heat pump Current Iplet temperature Average temperature Delivered Heat pump
Ne Liquid 1 > | power, Np, ower. Ny W strength, | difference, AT;,= | difference, ATavg = (#1 | thermal power, officieric
> TP w power, Nip, LA H-t3 +0)2- (Lt )2 oW Y> N

1 Urine 1200 76 386 14.5 12.2 18.8 780 2.02

2 Water 1000 76 430 17.7 9 16.8 1000 2.33

3 Urine 1000 76 235 11 9 15.8 600 2.55

4 Urine 1000 77 240 11 9.7 15 614 2.56

) Urine 1200 92 96.4 6.8 2.4 113 320 3.32

6 Urine 800 40 150 8.8 6.7 10 490 3.27

7 Urine 1000 71 150 8.8 8.8 12 459 3.06

8 Urine 1200 77 386 14 12 235 880 2.28

9 Urine 800 40 150 8.8 6.7 10 491 327

10 | Urine 1000 70 150 8.8 8.8 12 459 3.06

11 | Urine 1200 78 386 14 12 23.5 880 2.28

12 | Water 1200 79 106 7.6 3.9 5.8 360 34

13 | Water 1200 78 200 10.4 43 9.3 600 3.0

14 | Water 1100 63 100 7.3 3.5 6.8 380 3.8

15 | Water 1200 78 400 14.3 1.0 13.7 972 2.43

16 | Water 1100 78 603 12.8 13.4 15.5 1110 1.84

17 | Urine 900 59 150 8.7 53 10.5 495 33

18 | Urine 1100 78 200 10.0 5.0 10.3 640 3.2

19 | Urine 1300 100 63 2.0 1.5 3.8 351 5.4

20 | Urine 1300 99 61 2.0 6.2 8.0 263 4.3

21 | Urine 1300 98 100 7.0 3:2 73 330 33

22 | Urine 1300 99 155 4.6 6.8 9.3 496 32

23 | Water 1000 354 109 7.5 3.9 8.2 352 3.23

24 | Water 1300 104 110 7.5 3.9 6.3 402 3.66

25 | Water 900 35 200 10 5.1 10 492 2.46

26 | Water 1300 98 200 10 4.5 10.2 528 2.64

27 | Water 1100 78 606 17.6 10.5 16.5 196 1.94

28 | Water 1000 51 101 7.3 3.5 6.8 379 3.75

29 | Urine 1100 78 150 8.8 8.0 10.5 465 3:1

30 | Urine 1100 77 150 8.8 5.7 9.2 540 3.6

31 | Urine 1250 85 164 7.6 12 - 328 2.0

32 | Urine 1100 79 165 13 13.5 - 396 24

The influence of the average temperature drop, the temperature difference at the THP inlet and the

current strength on the efficiency of the ALTEC heat pump is shown in Fig. 4 and 5, respectively.

n thp
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Fig. 4 Dependence of heat pump efficiency on the average temperature difference;
current strength: @ 1 —2...4A; @ 2—7...104; A 3 13...174;

11
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Fig. 5 Dependence of heat pump efficiency on the temperature
difference at the inlet to heat pump.

Conclusions

The conducted experimental studies have shown that in the developed system of a centrifugal
distiller with a thermoelectric heat pump, it is possible to achieve high performance indicators of the
thermopile, the heat pump efficiency n, is in the range of 3...5. This can be achieved due to very intense
heat transfer processes in the field of action of centrifugal forces, which makes it possible to maintain a
minimum average temperature difference of the working fluids in a thermoelectric heat pump. The
obtained data will be used to create a mathematical model of a water distillation system (centrifugal
distiller + thermoelectric heat pump) and to design a water regeneration system for a given capacity with a
predicted specific power consumption.

The work was supported by the grant of the Ministry of Education and Science of Ukraine
"Development and preparation of innovative distillers for the concentration of thermosensitive solutions”,
State registration number: 0121U110195.
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