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EVOLUTION OF CENTRIFUGAL DISTILLATION SYSTEM
WITH A THERMOELECTRIC HEAT PUMP
FOR SPACE MISSIONS
Part 2. Study of the variable characteristics of a multi-stage distillation
system with a thermoelectric heat pump

The work presents the results of testing a multi-stage (5 stages) centrifugal distiller (CD) with the use of a
thermoelectric heat pump (THP) to reduce power consumption. In the experiments, measurements were
made of the local (online) data of distillation system, such as the temperature of the liquids (initial and
distillate), current production, total salt content, specific power consumption at different speeds of distiller
rotor, THP power, and the degree of concentration. The total duration of the tests was more than 700
hours, the amount of processed liquid (NaCl and urine) was more than 2000 kg. The study of three
distillers and two THPs and a comparison of their results showed their identity, which characterizes high
quality workmanship of these devices. The obtained operating parameters (revolutions n and THP power)
can be used to optimize the design and operating modes of the entire CD + THP system. Bibl. 28,
Fig. 8, Tabl. 1.
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Introduction

In [1 - 7], information is given on a 3-stage distiller with a thermoelectric heat pump. [8-10] show
the results of the development of a five-stage centrifugal distiller with THP and its testing at the benches of
the distiller manufacturer - Thermodistillation, Ukraine, and the customer - Honeywell, USA. In the
following years, from 2002 to 2015, several articles and reports [11 — 18] were published on CDS tests at
the NASA bench during the concentration of various solutions. These results, as well as some methods for
improving the performance of the CDS system, are described in more detail in [19 — 26]. A more detailed
review of the works is given in the 1st part of the article [27].

The published results quite convincingly describe the uniqueness of the system for its use in the life
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support system of manned spacecraft in long space missions and on the International Space Station.
However, the majority of publications give the integral characteristics of the CDS operation, namely the
production of the Gd system (in distillate), kg/h; specific power consumption SPC, W-h/kg; the degree of
water recovery from the original (processed) liquid %; and some indicators of the quality of the water
obtained.

To create a theoretical model of CDS with a view to further improve it and optimize the design of the
centrifugal distiller and the system as a whole, the data available in the published literature are insufficient.
Attempts at modeling CDS were made in [28]. For the development, without proof of their suitability, the
authors used some relationships to calculate the heat transfer coefficient during condensation and
evaporation and did not take into account the temperature depression that occurs when the initial solutions
are evaporated in the distiller. In addition, the thermal resistance of the wall was not taken into account in
the calculation of heat transfer, which, as will be shown in part 3 of our article, can make up to 30 % of the
total heat transfer. All this leads to a distortion of such important factors in assessing the efficiency of a
thermoelectric heat pump (THP) as the difference in the temperature of liquid flows at the inlet of the
device Aty and the average temperature of liquids in the device Atav.

From the data presented in our report [8] it follows that at the same rotational speeds of the distiller
rotor, with decreasing THP power, a decrease in the specific energy consumption at CDS is observed,
which was also noted in our works [19, 20]. The effect of this factor on the efficiency of THP and the value
of system SPC has not been studied in more detail.

An important parameter of the efficiency of CD + THP system is also the degree of recovery. The
larger this value, the smaller the amount of residue. In test trials of all works in the period from 1990 to
2017 there is no critical analysis of the possibility of achieving the maximum degree of recovery.

Experimental test bench for the study of integral characteristics of CD with THP

As already mentioned, in the period from 2000 to 2007, three identical five-stage centrifugal
distillers were developed and manufactured by “TD” Co: the first one, in 2001, the second in 2002 and the
third in 2006. Also, two thermoelectric heat pumps, developed and manufactured by the Institute of
Thermoelectricity of the NAS and MES of Ukraine (ITE), were transferred to Honeywell International Inc.
These devices were then tested in various versions at several test benches in the United States, including
the NASA test bench.

Before shipment to the USA, the devices were tested at the “TD” Co. test bench.

Fig. 1 is a diagram of the test bench which was used by “TD” Co. for testing three distillers and two
heat pumps.

The main and auxiliary equipment of the bench is combined 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 engine of the distiller 1 is switched on, providing given
revolutions of the distiller rotor. The vacuum pump 7 sets the required pressure in the apparatus, which
corresponds to the required boiling point of the solution. From the tank 13, the cold circuit is filled with
distillate, in which the distillate is circulated through the distiller condenser 1, salimeter 9, rotameter 14, the
cold side of the THP 2, heat exchanger-cooler 3 and again the distiller condenser. The “hot” circuit is filled
from the tank 4 to the level set by the control valve 6. In the hot circuit, the solution circulates from the
evaporator of the distiller 1 through the rotameter 14 to the hot side of the THP 2 and again to the
evaporator of the distiller 1. When the electric power is supplied to the 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
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to the saturation temperature in the evaporator of distiller 1 partially evaporates, and the obtained steam is
used as a heating agent in the next stage of distillation evaporation, the steam obtained in the last stage of
the distiller is condensed in the contact condenser of distiller 1. Excess distillate from the cold circuit is
automatically discharged into the distillate tank 5.

Valve 6 compensates with the fresh solution the evaporated part of the solution circulating in the hot
circuit. At the same time, an increase in the concentration of dissolved substances occurs in it. Due to the
fact that in THP 2 Qr = mr-cpr(t2 — t1) > Qx = mx-cpx(t4 — t3), to ensure the stationarity of the process, the
excess heat is removed by the heat exchanger-cooler 3 to the environment.

t, 3 t, 2
= | 1
t. t, t
L.
14
14
9
15 c
cold
water 1
- cold
) 175 15
16 X X 13 X 5
R R, Dis. Sol. K,
= Em—
10 10

Fig.1. Diagram of the experimental test bench
1 — centrifugal vacuum distiller; 2 — thermoelectric heat pump;
3 — heat-exchanger-cooler; 4 — outlet solution; 5 — distillate collector;
6 — system power control valve; 7 —vacuum pump; 9 —salimeter; 10 —electronic balance;
11 —vacuum gauge; 13 — distillate container for refueling; 14 - rotameters;
15 —shut-off valve; 16 — circuit emptying containers.

After the experiment, the THP 2 power supply is turned off, and the cold and hot circuits are emptied
into the corresponding containers 16.
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The temperature was measured at the inlet and outlet of the thermal battery on the hot (ts, t2) and cold
sides (ts, ts), behind the heat exchanger-cooler in the cold circuit (ts) and at the inlet and outlet of the heat
exchanger-cooler on the cooling side (ts, t7). The temperatures in the hot and cold circuits were measured
with chromel-kopel thermocouples at an accuracy of + 0.1 °C.

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

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

The salinity in the cold circuit was measured with a Hanna salimeter (0 ... 999ppm).

The drive power of the engine and heat pump was measured on the basis of voltmeters and
ammeters, accuracy class 0.5. Revolutions were measured with a tachometer with an accuracy of = 1 rpm.

Calculated values
Production in kilograms per hour:

Gq = XGd/At, 1)

where £Gq is the total mass of the obtained distillate in the tank 13, measured by the weights; At is the
measurement time interval.

Power consumption in watts for the main components of the CDS test product:
W =Wrup + Wep (2)

where Wrp and Wep is the average power consumed by THP and CD, respectively, over the period from
the start to the stop of the distiller. The energy consumption of the vacuum pump was not taken into
account at this stage.

Specific power consumption (SPC), W-h per kg of produced water:

SPC = W/G, W-h/Kg. ©)

Degree of recovery:
R =Gd/ Gin, 4)

where Gin = £Gin/At is the mass of the consumed solution during the experiment, calculated by the weights
in the tank 16.
Heat pump efficiency:

COP = Qi Wrwp 5)

where Qr = Gr-Cy(t2 — t1), W, G, is flow rate of the liquid (solution) in the hot circuit; C, is the average
isobaric heat capacity of the solution, kJ/(kg-K).

Test results

Table presents a typical list of measured key indicators when concentrating urine.
Here, production stands for distiller capacity, TDS is total number of dissolved solids.
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Table

Typical table of measured values (urine, n=)1200 rpm
Time Drive THP Weight TDS Flow Product|{SPC Temperature
10n
Hotin |Hot | Cold ([Cold
U | I w U I W |in out hot |Cold THP  fout |in THP fout
THP THP

Min V| A \ \Y% A W mg/l I/h kg/h | W h/kg ’C
0 242 ( 3.1 75.0 | 20.5 10.08 | 206.6 0 0 12 60 | 82 0.00 0.0 23.2 |23.1 | 229 22.9
6 242 3.1 75.0 | 22.5 109 | 2453 | 288 184 22 60 | 82 1.84 | 174.1 | 31.8 |43.7| 234 22.7
12 2421 3.1 75.0 | 28.5 143 | 407.6 | 634 602 38 60 | 82 | 4.18 | 174.1 | 37.5 |48.3| 245 22.4
18 2421 3.1 75.0 | 29.2 14 408.8 | 1122 | 1070 51 60 | 82 | 4.68 | 103.4 | 38.7 [49.4| 25.1 22.3
24 2421 3.1 75.0 32 144 | 460.8 | 1584 | 1528 61 60 | 82 4.58 117.0 | 38.8 |50.8| 25.1 22.0
30 242 | 3.1 75.0 | 31.8 15.2 | 483.4 | 2078 | 2006 67 60 | 82 4.78 116.8 | 394 |51.5] 252 22.1
36 2421 3.1 75.0 | 323 14.22 | 459.3 | 2592 | 2502 73 60 | 82 496 | 107.7 | 40.0 |52.2] 254 22:1
42 242 3.1 75.0 | 32.1 15.24 | 489.2 | 3110 | 3004 76 60 | 82 5.02 112.4 | 40.0 |52.2] 254 22:3
48 242 3.1 75.0 | 31.9 15.2 | 484.9 | 3628 | 3500 79 61 | 82 496 | 112.9 | 40.1 |52.1| 249 22.0
54 242 3.1 75.0 | 32.4 | 15.36 | 497.7 | 4136 | 3990 82 61 | 83 490 | 116.9 | 40.3 |52.2] 25.1 22.1
60 242 3.1 75.0 33 15.6 | 514.8 | 4656 | 4492 84 62 | 83 5.02 | 117.5 | 40.7 | 53.5( 249 22.0
66 242 ( 3.1 75.0 | 33.2 | 15.64 | 519.2 | 5182 | 5006 87 62 | 83 5.14 [ 115.6 | 40.9 |53.2 249 22:1
72 242 3.1 75.0 | 33.1 15.56 | 515.0 | 5702 | 5508 90 63 | 83 5.02 117.5 | 40.9 |53.1| 249 22.0
78 242 | 3.1 75.0 33 15.58 | 514.1 | 6220 | 6010 92 64 | 83 5.02 | 117.4 | 409 |53.2| 249 22.0
84 242 3.1 75.0 | 332 [ 15.72 | 521.9 | 6740 | 6510 94 65 | 83 5.00 | 119.4 | 41.0 | 53.5| 24.8 22.0
90 2421 3.1 75.0 | 33.2 15.46 | 513.3 | 7250 | 7010 96 67 | 83 5.00 | 117.7 | 41.0 | 53.5| 24.8 22.0
96 242 | 3.1 75:0: | 328 15.34 | 503.2 | 7755 | 7500 97 68 | 83 490 | 118.0 | 41.0 |[53.1| 24.6 22.0
102 2421 3.1 75.0 | 32.9 15.4 | 506.7 | 8175 | 8000 98 71 83 5.00 | 116.3 | 41.0 | 53.1| 24.8 22.0
108 242 ( 3.1 75.0 0 0 0.0 8280 | 8205 96 71 | 83

Average | 24.2| 3 75.0 492.8 75 4.93 115.1

Total 8280 | 8205
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The identity of performance of three models of multi-stage centrifugal distillers with two
THPs

Figs. 2 and 3 show the results of the concentration of urine from three distiller models with a heat
pump power of N = 400 W and a rotational speed of 1200 rpm for 60 minutes. It can be seen from the
figures that the production G4 and the specific power consumption SPC of all three samples of centrifugal
distillers are close. The discrepancy of data on these indicators at the same time T does not exceed 5 %.

This result allows us in the further analysis of the results of the various tests not to indicate the
distiller number.

Production of CD5-1,CD5-2,CD5-3 when operating

Gy, kg/h on urine, n=1200rpm, N,,,=400W
6 .
‘3 EO OCD5-2
OCD5-3
2 g) | _ ,
ACD5-1
1
0
0 10 20 30 40 50 60 70
f, min

Fig.2 Time dependence of production for different distillers

SPC, W-h/kg
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Fig.3 Time dependence of specific power consumption for different distillers,
W =400 W (without account of engine)
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The identity of the THP is shown in Fig. 4, from which it follows that when operating on the same
sample of the CD5-3 distiller with different heat pumps THP-1 and THP-2, the production with the same
heat pump power is identical.

Production of CD5-3 when operating on urine,

G kg/h n=1200 rpm, N,,, = 400W
6
5 | 0 51 o O o .
o O 8 o © o B g

4 0 . ]

3 o0 | OTHP-1

2 O
O THP-2

1

o

0 10 20 30 40 50 60 70

t, min

Fig.4. Time dependence of system production for two
samples of thermoelectric heat pumps

Temperatures

Fig. 5 shows temperature change in online mode when processing urine with the initial concentration
C =5 %, rotations n = 1100 rpm and heat pump power Ntwp = 400 W.

After turning on the distiller, after 10 minutes, the temperatures of the liquids in the hot and cold
circuits reach the operating value.

45
t,sec
20 ’ [— —i O o —
35
P — e & <o B
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25 4 f— —— ——i
20
15 — " " "
T TS m T —
10
*———o——o = o
5 — -
min
O T T 1
0 10 20 30 40 50 60 70

Fig.5a The dependence of temperatures on the time
of the experiment (Water)
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Fig.5b The dependence of temperatures on the time
of the experiment (Urine)
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Fig.5¢ The dependence of temperatures on the time of the experiment (NaCl)
—hevin solution temperature at the inlet to the heat pump in the “hot” circuit (t1), °C;
hot-

TR Solution temperature at the outlet of the heat pump in the “hot” circuit (t;), °C;
—Hcddin  distillate temperature at the inlet to the heat pump in the “cold” circuit (t3), °C;
Teoldout gistillate temperature at the outlet of the heat pump in the “cold” circuit (ts), °C;

average temperature head at the heat pump, Atay = 0,5(t1 + t2) — 0,5(tz + ts), °C;
I average temperature head at the inlet to the heat pump, Atin = t; — t3, °C;
When concentrating a NaCl solution and urine, the temperatures in the hot circuit increase

throughout the experiment due to an increase in the physical-chemical temperature depression during
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evaporation. In turn, this increases the overall average temperature head at the heat pump (Atay) and the
average temperature head at the inlet to the heat pump (Atin), which affects the efficiency of the heat pump.

Production

It can be seen from Fig. 6 that when NaCl and urine are concentrated, the production is lower than
that obtained when working on the distillate and decreases during the experiment due to an increase in
temperature depression.

SPC, Wh/kg
5,8
5,6 R B o Water
@
54 - B
B NaCl
= \
31 ~— Urine
4,8 SN
. \\\
4,6 - S —— Linear (Water)
4,4
4,2 Polynomial (NaCl)
4
0 20 40 60 80 100 —— Polynomial (Urine)
¢, min

Fig. 6 The production of the distiller depending on the type of processed
solution (n = 1100 rpm; N =400 W).

Figure 7 shows the effect of heat pump power on the production of the distiller. The experiments
were performed on urine at the same distillation speed (n = 1000 rpm). The amount of distillate obtained in
all experiments was 5 kg, which corresponded to recovery = 0.9. The greater the power of the heat pump,
the higher the system production. In so doing, for each power in the initial 15 minutes there is an increase
in the production (the device enters the operating mode), after which, due to an increase in the
concentration of the solution in the hot circuit, the temperature depression increases and the production
decreases. At the same time, the higher the power, the greater effect on the production is produced by
temperature depression.

At the same time, as can be seen from Fig. 8, the higher the power supplied to the heat pump, the
higher the specific energy consumption for producing one kg of distillate. Thus, from an energy point of
view, it is more efficient to work at low heat pump powers.

In all tests performed, the quality of the obtained distillate met all the requirements to potable water.
When processing NaCl, TDS in the “cold” circuit did not exceed 10 ppm. When processing urine,
TDS < 100 ppm; COD (chemical oxygen demand) < 15 mg/l; ammonia NH3 + NH4 <5 mg/I.
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Fig. 7 Effect of heat pump power on the distiller production (n = 1000 rpm)
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Fig. 8 Effect of heat pump power on the specific power consumption
of the distiller without account of engine power (n = 1000 rpm)

Conclusions

1. This paper presents the results of measuring local parameters of distillation system (temperature in the
“hot” and “cold” circuits, production, specific power consumption, TDS) in online mode with a
change in testing time from 30 to 200 min, rotation speed n = 800...1200 rpm, NTHP = 150...600 W.

2. The identity of three manufactured multi-stage centrifugal distillers with 5 stages and 2 thermoelectric
heat pumps is shown.

3. A decrease in SPC with a decrease in NTHP both locally, i.e. at a certain value of time t, and on the
average for the concentration of urine and NaCl solution at the same speed and total amount of
distillate obtained has been noted.

4. Measured in all the tests, the main characteristics of distillate quality TDS, NH4, TOC meet the
requirements to potable water.
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EBOJIIOIISA CACTEMM BIILIEHTPOBOI JUCTUJIALIT
3 TEPMOEJIEKTPUYHUM TEIIVIOBUM HACOCOM
JJI1 KOCMIYHUX MICIA
Yacruna 2. JlocmikeHHS 3MiHHUX XapaKTEPUCTHK CUCTEMHU
bararocryminyactoi auctwrnii (CME]]) 3 TepmoenekTpuaHIM
terioBuM HacocoM (THP)

Y pobomi nasedeni pesyromamu eunpobysanv Oazamocmyninuacmozo (5 wabnie) 6i0yeHmposo2o
oucmunamopa (CMEJ]) 3 suxopucmanHam Onsl 3HUICEHHS eHEP2OCRONICUBAHHA MEPMOENeKMPULHO2O
mennogozo nacoca (THP). ¥ doceioax 3amipsnu noxanvHi (v pescumi on-n1atin) oani cucmemu oucmunayii,
maki AK memnepamypa pioun (8uxiOHoi U Oucmuiamy) NPOOYKMUGHICMb, WO meye, 3a2aTbHUll
coneeMicm, NumoMy GUMpamy eHepzii npu pi3HUX WEUOKOCMAX 06epmanHs pomopa OUCmuaAmopa,
nomyowcnocmi THP, cmyninb KoHyenmpysanus. 3acanvha mpuganicms eunpobyeans ckiana oinew 700
200uH, Kinbkicmo nepepobaenoi piounu (NaCl i ypunu) cknana 6inour 2000 xe. [ocriosxcenns mpbox
oucmunamopie i 0eox THP i nopiguanna ix pe3yibmamié NOKA3an0 IXHIO [OEHMUYHICMb, WO
Xapaxmepusye 6UCOKA AKICMb 8U20MOBNEHH: yux npucmpois. Ompumani 0ani napamempis excniyamayii
(06epmu n i nomyscruicme THP), moscyms Oymu GUKOpucmani 0ist ONMuMizayii KOHCmpyKyii i pesxxcumis
excniyamayii pooomu aciei cucmemu C/{ + THP. bion. 28, puc. 8, mabn. 1.
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3BOJIIONUA CUCTEMBI HEHTPOBEXKHOM TUCTUJLIAIIANA
C TEPMOJJIEKTPUYECKHUM TEIIJIOBBIM HACOCOM
JIJIsI KOCMUYECKHUX MUCCHI

Yacts 2. UccnenoBanue nepeMEeHHbIX XapaKTEPUCTHK CUCTEMBI
MHoroctynenyaroi auctuusanui (CME]) ¢ TepMoanekTpruyecKium
TeroBsIM HacocoM (THP)

B pabome npusedensi pesyromamsl UCHbIMAHUL MHO2OCTIYREHYAMO20 (5 cmynemeti) yeHmMpoOe#CHO20
oucmunnamopa (CME/]) ¢ ucnonv3osanuem O0nsi CHUNCEHUS. IHEPLONOMPEDIEHUS. MEPMOINEKMPULECKO20
mennogoco Hacoca (THP). B onvimax 3amepsnu jnokaivHble (8 pedicume OH-IAUH) OAHHblE CUCHIEMbl
oucCmunIAYuY, mMaxkue Kaxk memnepamypa olcuokocmell (UCXOOHOU U OUCULIAMG), MEKYWYIO
NpoU3BOOUMENbHOCHb, 00Ujee Conecooepicanue, YOerbHbll pacxo0 HepeUuu Npu DPA3HbIX CKOPOCHIAX
spawenuss pomopa oucmunnamopa, mownocmu THP, cmenenv xonyenmpuposanus. QObwas
NPOOOIHCUMENLHOCMb  UChbIManull  cocmaguna 6onee 700 uacos, Koauwecmeo nepepabomaHHou
arcuoxocmu (NaCl u ypunst) cocmasuna 6onee 2000 ke. Hccredosanue mpex oucmuniamopos u 08yx THP
U CpaeHeHue Uux pe3yIbmamos NOKA3AN0 UX UOEHMUYHOCb, 4O XapaKkmepusyem GblCOKoe Kayecmeo
uzeomosnenuss smux ycmpoticme. Ilonyuenvl OanHble napamempos IKcChayamayuu (060pomsl n u
mowpocmo  THP), mocym 6vimb  ucnonv3o8anvl Ofis  ORMUMUZAYUU KOHCIPYKYUU U PEeHCUMO8
akcnayamayuu pabomet ecetl cucmemot CJ{ + THP. bubn. 28, puc. 8, mabn. 1.
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