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PERFORMANCE TESTING OF A THERMOELECTRIC
HEAT PUMP FOR CENTRIFUGAL DISTILLATION
OF WASTEWATER OF A SPACE
LIFE SUPPORT SYSTEM

The paper describes the test results of a multistage centrifugal vacuum distillation (CMED) system
with a thermoelectric heat pump (THP). The paper presents the results of research on the study of
the main characteristics of the process of concentrating water and urine when using three- and five-
stage distillers. Particular attention is paid to studying the influence of process parameters on the
change in the efficiency of a thermoelectric heat pump. Bibl. 26, Fig. 4, Tabl. 3.
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Introduction

For future long-term human missions to the Moon and Mars, water recovery systems from life
support system wastewater are critical. NASA materials note that such a system should ensure maximum
recovery of water from urine, moisture condensation and hygienic water.

Features of many technologies - reverse osmosis (RO), electrodialysis (ED), airborne evaporation
(AES), mixed technologies (RO, AES, bioreactors), thermoelectric membrane evaporation (TIMES),
vacuum compression distillation (VCD) and centrifugal multi-stage distillation (CMED) are considered
in [1 —3]. In doing so, only three technologies (TIMES, VCD, CMED) use the principle (method) of
energy reduction, i.e. heat pumps. This paper describes the main characteristics of a thermoelectric heat
pump (THP) in a CMED system.
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Characteristics of TIMES and VCD

The TIMES system was developed in NASA back in 1975 and is described in reports and papers
[4 —8]. TIMES is a simple and effective system (Gd =1.0-1.51/h, SPC=150 W*h/kg) with urine
concentration up to 20 —25 %. With increasing concentration, temperature depression increases and
productivity sharply decreases (Gd < 1.0 I/h), and specific energy consumption increases to 150 - 250
Wh/kg. These results are explained by the fact that in TIMES the heat transfer coefficients (evaporation
and condensation) have low values (according to our calculations, less than 1000 - 2000 W/m?*°C).
Increasing the surface where the processes take place gives insignificant results. Moreover, low liquid
flow rates (mainly urine) contribute to an increase in deposits on evaporation surfaces. This also leads
to an increase in the total salt content in the distillate (up to 100 puS/cm) and increased ammonia
concentrations (up to 100 mg/l or more) [4 — 6].
As with all technologies using membranes in areas of liquid evaporation, the main drawback is
contamination of the membranes, which requires their frequent replacement.
Another option for thermal distillation is the vacuum compression distiller (VCD), analyzed in
reports [9 — 11]. VCD uses the most efficient heat pump method — a mechanical compressor.
The transformation coefficient of a real vapor-compression heat pump is determined by the
formula
0= qr _ hy — hs
L h,—hy

where

gk is heat flow removed from the THP condenser, kJ/kg;

[ is energy consumed by the comp ressor, kJ/kg;

h is enthalpy of water vapor at the compressor inlet, kJ/kg;
h; is enthalpy of water vapor at the compressor outlet, kJ/kg;
h3 is enthalpy of water vapour at the condenser outlet, kl/kg;

Theoretically, at low AP on the compressor at the beginning of the concentration, energy
consumption is < 10 - 20 W*h/kg. When the vapor pressure in the compressor increases, the density of
the vapor increases under vacuum, which leads to a decrease in system productivity. This is also
facilitated by the increase in temperature depression with increasing liquid concentration. Therefore, in
all VCD tests [9 — 11], during the concentration process, productivity decreases by 2 times and energy
consumption increases [12] to 200 Wh/l.

In [13, 14], the reasons for the high salt content of the distillate (up to 50-250 mg/1) are noted.
VCD technology consumes only for the evaporation - condensation process (costs for compressor drive
and concentration process) about 150-200 Wh/kg).

CMED system with a heat pump

The CMED system, developed by engineers and specialists from the Kiev Polytechnic Institute,
the Thermodistillation company and the Institute of Thermoelectricity of the National Academy of
Sciences of Ukraine, showed the best results: productivity - from 2 to 7 I/h, specific energy consumption
- less than 100 - 200 Wh/kg, recovery — up to 98 %. These main characteristics have been published in
many reports and articles [15 —22].

CMED technology uses two scientifically and practically proven methods for reducing energy
when concentrating heat-sensitive liquids such as urine - a thermoelectric heat pump (THP) and multi-
stage liquid evaporation on a rotating surface.
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High heat transfer coefficients during condensation and evaporation on a rotating surface with
n=1500-1500 rpm amounted to a,, = (1 + 2)-10* i

m?2x°C
film speed, which prevents salt deposits.

[23 — 26]. These characteristics ensure high

During the period 2000-2016, 2018-2022 a large number of tests were performed on 3 and 5 stage
distillers. The identity of three distillers made in Ukraine and two THPs was noted. The purpose of these
tests was to ensure the reliability of the CMED technology, study the influence of n, NTHP, type of
liquid, improve characteristics (increase Gd, reduce SPC, improve distillate quality). Stable operation
of the distiller and THP was noted without any shortcomings in the operation of the system. On the
example of a study of a 3-stage distiller manufactured and tested back in 1986, it was indicated that
long-term idleness of a centrifugal distiller does not affect its start-up and operation after a major
shutdown.

Special attention in this paper is directed to the study of the characteristics of a thermoelectric
heat pump. The results of tests on water and urine of 3-stage and 5-stage distillers with a thermoelectric
heat pump were considered. The effect on Gd and SPC of the number of revolutions » = 800, 900, 1000,
1200, 1500 rpm, with NTHP = 100, 150, 200, 300, 400 and 600 Watts was studied. Cycles of each test
were performed at £ = 60, 90, 120 min.

We measured: Newg, Ntup, Ga, G- and Gy, hot circuit temperatures t; and t,, cold circuit
temperatures 73 and #. Based on these experimental data, the following characteristics were calculated:
1. amount of heat in the hot circuit

Qr=cp'Gin'p'(t2_t1)

where Cp is mass heat capacity of liquid, cm?/sec;
Gy is flow rate of circulating liquid, J/°C*g;
p is liquid density, g/cm’

2. temperature difference in thermoelectric heat pump

ATm = tl - t3
3. THP efficiency

Nrup = Qz/Nryp

4. specific energy consumption in the distiller
SPC = (Nag + Nryp)/Gq

where Ny, is electric power consumed by distiller motor, W;
Npypis electric power consumed by the heat pump, W;
G4 s distiller productivity, I/h.

Unpublished data of testing a centrifugal distillation system with a thermoelectric heat pump,
performed at the test benches the Thermodistillation company, jointly with the Institute of
Thermoelectricity of the National Academy of Sciences of Ukraine and KPI specialists during 2000-
2002 and 2022-2023, are presented.

Table 1 shows the results of testing a 3-stage distiller when concentrating water, Table 2 shows
the results of testing a 5-stage distiller.
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Table 1
Ne| nmor, | Ntue, | ATin, | Ga, | Nyyp | SPC, | No | Bmor. | Ntup, | ATin, | Ga, | nyyp | SPC,
pm, | W °C | Iph W#*h/1 rpm, | W °C | Iph W*h/1
Not, Nior,
i W
11333 145 | 3.2 | 0.6 5 340 | 10| 1200 | 214 | 29 |2.01 | 245 | 127
59 41
211350 | 102 | 32 | 135|323 | 140 |11 |1200| 309 | 74 |248| 22 141
86 42
311400 | 155 | 3.5 [2.09]| 335 | 105 |12]1200| 196 | 3.5 |1.76 | 2.76 | 135
64 42
411400 | 241 | 3.8 | 254|273 | 120 |13 1040 | 392 | 9.5 | 191 | 2.76 | 220
64 29 92 | 29 | 198 | 145
511400 | 392 | 6.3 |3.68| 2.6 123 | 141200 | 196 | 3.5 | 191 | 2.6 125
62 42
6| 1400 | 63 25 | 142 3.55 89 1511380 | 217 | 5.7 |2.18 ] 2.83 | 126
63 57
711750 | 65 1.5 [ 135] 54 127 | 16| 1580 | 414 | 49 | 3.5 | 224 | 140
107 75
811400 | 226 | 4.0 |2.16| 3.7 133 | 171200 | 235 | 5.5 | 192 2.56 | 147
62 48
911500 | 614 | 6.2 | 0.8 | 428 | 168
74
Table 2
Ne Nmots NTHP, ATm, Gd, Nrup SPC, Ne Nmots NTHP, ATin, Gd, Nrup SPC,
pm, | W °C | Iph W#*h/1 pm, | W °C | Iph W#*h/1
Nos, Nos,
W i
111500 90.7 | 6.1 | 1.13| 3.65 146 | 9 | 1000 | 101 38 | 24 | 38 63
74 51
211500 | 244 | 46 |237| 29 134 | 10 | 1000 | 200 | 49 | 3.6 | 3.5 80
74 90
311570 | 414 | 5.1 |3.47 | 2.24 145 | 11 | 1200 | 200 | 5.3 |3.84 | 2.97 78
90 100
4 1 1200 | 408 8 56 | 2.1 89 12 | 1000 | 400 | 64 | 56 | 2.24 88
90 90
511000 | 212 | 5.7 |3.66 | 2.87 84 13 | 1200 | 400 7 6.0 | 2.34 83
96 100
61200 | 236 | 59 | 3.8 | 2.7 87 141000 | 184 | 50 | 1.7 | 2.0 162
96 92
711200 | 420 | 74 | 6.0 | 2.1 87 1511000 | 313 | 53 | 23 1.8 175
100 90
81200 | 415 | 74 | 6.0 | 2.0 86
100
Table 3 shows the results of testing a 5-stage distiller when concentrating urine.
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Table 3

Ne| Amor, | N1up, | AT, | Ga, | Nrup | SPC, | Ne | Buwor, | Ntup, | AT, | Ga, | nryp | SPC,
pm, | W °C | Iph W*h/1 pm, | W °C | Iph Wh/1
Nos, Nos,
\\% \W%

1] 800 | 400 6.9 3.5 | 1.97 125 9 | 1100 | 150 59 2.9 3.5 83
39 7.9 2.02 90 7.9 2.6 3.0 92

2| 800 | 300 | 6.0 | 4.08 | 2.27 33 10| 900 | 150 | 59 | 29 | 2.7 71
39 6.7 | 335|227 | 101 55 7.0

31 800 150 4.7 2.6 | 245 73 11 | 1000 | 600 8.7 50 | 1.91 133
39 6.9 2.75 66 10.1 | 40 | 1.89 166

41 800 | 200 | 6,4 |2.82| 2.41 85 12| 1200 | 200 | 9.1 | 3.5 | 25 84
39 8.8 1290 | 2.45 82 96 13.4

51900 | 300 94 | 41 | 2.22 86 13 | 1100 | 400 99 |534 | 2.16 92
55 11.8 93 114 | 523 | 2.04 94

611000 | 150 | 6.4 |3.00| 2.86 74 14 | 1100 | 200 | 7.0 |3.25| 3.1 90
73 8.8 | 2521 2.71 89 93 7.6 35 1 273 84

711100 | 600 | 11.8 | 6.6 | 1.89 104 1511200 | 400 | 12.5 | 5.06 | 2.74 102
90 131 | 54 | 1.76 | 128 114 13.5 2.0

8 | 1000 | 200 6.4 34 | 2.82 80 16 | 1060 | 300 74 | 4.3 24 88
73 7.7 34 | 2.62 80 80 9.0

In tables 1 and 2 with testing on water, one figure AT}, is written in all tests, since the temperature

at the inlet to the THP does not change after turning on the system for no more than 5-10 minutes after

turning on the engine. In table 3 on urine in the hot circuit, the temperature changes during the entire

concentration period due to the appearance of temperature depression. Therefore, in these tables, AT;,

increases during the entire concentration cycle. We have written this ATj,,, its values at the beginning of

the cycle and at the end of the system work.

Fig. 1 shows data on water evaporation in 3- and 5-stage distillers.
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Fig. 2 shows data on the operation of a 5-stage distiller using urine.
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Fig.2. Dependence np= f(Nrup) at
n=3800...1200 rpm

Figures 3 and 4 present a comparison of theoretical and experimental data on the dependence of
the efficiency of a thermoelectric heat pump 7nryp on power consumption for various coolant
temperature differences at the inputs of the cold and hot circuits. Pump efficiency increases significantly
as electrical consumption decreases and coolant temperatures become closer. Taking these dependencies

into account makes it possible to optimize the energy parameters of the space distillation complex as a
whole.
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Fig.3. Comparison of experimental data with the results
of theoretical calculations at ATy, = 5°C
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Fig.4. Comparison of experimental data with the results
of theoretical calculations at AT;, = 10°C
Summary

This paper presents a study of the efficiency factor of a thermoelectric heat pump based on the
power it consumes. During the research, the power consumption of the heat pump varied from 60 to 600
Watts, and the distiller engine speed varied from 800 to 2000 rpm. When the heat pump power
consumption changes from 400 to 600 Watts, the value of the nyp coefficient changes slightly, while in
the range of 200 - 400 Watts the nyp value almost doubles. The maximum value of nyp on the heat
pump under study reaches 5 with a power consumption of 145 Watts. The specific energy consumption of
SPC to produce one litre of distillate has minimum values precisely at low heat pump powers, which makes
it possible to use this fact for the further development of energy-efficient distillation units.
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EKCILTYATAIIMHI BUTIPOBYBAHHS TEPMOEJIEKTPUYHOI'O TEILIOBOT'O
HACOCY AJISI BIIHEHTPOBOI JUCTHUJISAIII CTIYHUX BOJ KOCMIYHOI
CUCTEMM KUTTE3ABE3NNEYEHHSI

Y emammi onucano pesynemamu eunpobyeanv cucmemu 6a2amocmyninyacmoi 8ioyeHmpogoi
saxyymuoi oucmunsyii (CMED) 3 mepmoenexmpuunum mennosum nacocom (THP). B pobomi
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HABeOeHo pe3ynbmamu  O00CNIONCeHb 3 GUGHEHHS OCHOGHUX Xapaxmepucmuk npoyecy npu
KOHYEHMPYBAHHI 800U MA YpuHu 8 pasi  GUKOPUCMAHHS — OUCMUIAMOPIE  MPbOX- i
n’amucmyninyacnoi xoncmpykyii. Ocobnugy yeazy npudileHo GUEUEHHIO 6NIUSY NaApamempie
npoyecy Ha 3MiHy KoeiyicHma epexmusHoCmi mepmoereKmpuiHo2o menioeo2o nacocy. bion. 26,
puc. 4, mabn.3.
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