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HEAT TRANSFER COEFFICIENT CALCULATION FOR DEVELOPED AMMONIA BOILING
IN THE EVAPORATOR CHANNEL OF A THERMAL SINK

The subject of this article is the heat transfer of ammonia in the channels of thermal sink evaporators. The objective was to determine a suffi-
ciently simple correlation acceptable for engineering practice, which could be used to calculate the heat transfer in cylindrical channels of a
thermal sink, designed for two-phase systems of thermal control systems of uncrewed spacecraft. For this purpose, experiments were per-
formed on two thermal sink having an evaporator channel of ~7 mm diameter made of aluminum alloy and stainless steel, with channel sur-
face roughness Ra 3.33 um and 0.12 um. The experiments were carried out with a subcooled liquid or two-phase flow at the channel inlet.
The results of the experiments were compared with Kupriyanova's formula obtained under markedly different conditions: with ammonia
boiling in a large volume on the external surface of 5...6 mm diameter tubes at —40 °C...+20 °C. It is shown that Kupriyanova's formula can
be used on the ground and in microgravity conditions to calculate heat transfer coefficients during the developed boiling of ammonia in the
range of flow parameters: saturation temperature +35 °C...+75 °C; mass velocity 27...200 kg/(sec-m?); liquid subcooling to saturation tem-
perature at thermal sink inlet 0 °C...30 °C; mass vapor quality at the inlet 0...0.7. Difference of calculated and experimental values of heat
transfer coefficients did not exceed 30 %.
Key words: spacecraft; thermal control system; two-phase mechanically pumped loop; thermal sink; evaporator.

I. 0. TOPBEHKO, P. I0. TYPHA, A. M. TOIYHOB, E. P. PEIIIHTOB, €. E. POTOBHH
PO3PAXYHOK KOE®III€EHTA TEIIJIOBIAJAYI ITPU PO3BBUHEHOMY
KHUIIIHHI AMIAKY B KAHAJII BUTTAPHUKA TEPMOIIJIATHU

VY cratTi po3B’s3yBaiy 3aqaqy Mig0Opy KOpPENsiil, sIKy MOKHa Oyii0 6 BHKOPHCTOBYBATH IS PO3PaXyHKY TEIUIOBIAAAYl B LMTIHAPHIHUX
KaHaJlax TepMOIUIAT, IPU3HAYCHHX Ul ABO(A3HUX CHCTEM 3a0e3MeUeHHs TEMIOBOrO PEXKUMY OE3IIIOIHIX KOCMiYHMX anapartis. Jlist 1boro
OyJ10 IPOBEICHO EKCIIEPHMEHTH Ha JBOX TepMoIUIaTax i 6yio mokasano, mo ¢opmyiry KynpisHoBoi MOXXHa BUKOPHCTOBYBATH Ha 3eMJIi Ta B
HEBaroMoCTi Ul PO3paxyHKy Koeil[ieHTIB TEIIOBiAmadvi mif 4ac pPO3BHHEHOTO KUIHHS aMiaKy B XapaKTepHOMY MAiamna3oHi mapamerpiB
HOTOKY.

Kuti040Bi ci10Ba: KOCMivHUIA aniapat; CHCTEMa TEPMOPETYIIFOBaHHs;, ABO(A3HHUI KOHTYP TEILIONEPEHOCY; TEIUIOBIIBI/; BUITAPHHUK.

Introduction

Thermal control systems (TCS) based on me-
chanically pumped two-phase loops (MPTPL) are the
main innovation for high-power spacecrafts in recent
decades [1], [2]. However, the heat transfer processes
that take place in the heat transfer loop when the ag-
gregate state of the coolant changes are insufficiently
studied.

The key element of MPTPL is the thermal sink —
a contact heat exchanger, on surface of which the
components to be cooled are fixed. Inside the thermal
sink there is a channel where the heat transfer liquid
flows through. The advantage of two-phase thermal
control systems is the use of heat transfer with devel-
oped boiling of the coolant, which allows to obtain
high heat transfer coefficients and thus minimize the
size and weight of heat exchange equipment [3], [4].

Both two-phase flow and subcooled liquid can
flow into the thermal sink, so in practice it is neces-
sary to determine the intensity of heat transfer in the
channel at developed boiling in a wide range of cool-
ant parameters. Especially limited information on cal-
culation of heat transfer coefficients in the flow of
liquid below to saturation temperature [5].

Considering that many factors (liquid parameters
and properties, material and state of heat transfer sur-
face, channel geometry, coolant flow parameters,
gravity, etc.) influence on heat transfer in developed
boiling, it is difficult to obtain universal calculation
relation. Preliminary analysis carried out by the au-

thors in [5] showed that the known methods of calcu-
lating heat transfer do not satisfy the practice. In the
present work, we solved the problem of selecting a
sufficiently simple correlation acceptable for engineer-
ing practice, to be used to calculate the average heat
transfer coefficient in cylindrical channels of thermal
sinks in the range of parameters, typical for thermal
control systems of uncrewed spacecrafts. Ammonia
was considered as a coolant, due to its high efficiency
in this class of systems many authors have pointed out
[61. [7].

Based on a literature review and our own studies,
we identified the range of basic flow parameters typi-
cal of uncrewed satellites' thermal control systems:

+  coolant saturation temperature
+35 °C...+75 °C;

+  mass velocity G ~ 5...200 kg/(sec-m?);

. average heat flux density on the evaporator
wall g — up to 20 W/cm?

Methodology

Labuntsov [8] showed that there is a large area of
flow parameters, when the local heat transfer in the
channel at developed boiling can be calculated by cor-
relations obtained for boiling at free convection (in a
large volume). Labuntsov limited this area by the vol-
ume local vapor quality of the flow not more than 0.7.
Preliminary analysis showed that our chosen range of
study mainly corresponds to this area. But it was nec-
essary to select a specific relation and verify it exper-
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imentally in the whole concerned for practice region
of parameters [9].

As a result of literature review we chose for ex-
perimental approbation the correlation of A. V.
Kupriyanova [10]. The author performed a series of
experiments on ammonia boiling in a large volume on
the outer surface of horizontal tubes in range of pa-
rameters:  saturation temperature T = -
40°C...420°C (P = 0.72..8.6 bar) and q = 2.3...8.7
W/cm?. Based on these experiments, Kupriyanova
determined the coefficients in the formula of G.N.
Kruzhilin [11]. A simple, convenient for practical use
dimensional correlation for the local heat transfer co-
efficient was recommended:

h=2.2P%%q%". (1)

The formula uses the following dimensions: h —
W/(m2-K); q — W/m?; P — bar.

The formula does not contain any information on
the material and roughness of the wall. Kupriyanova's
experiments were carried out on "technically smooth
steel pipes" with external diameter of 5...6 mm. The
formula (1) obtained is recommended by the authors
for calculation of the "boiling curve" with a decrease
in the heat flux g in the region of developed boiling,
when all the vaporization centers on the heat-exchange
surface are activated. Possible hysteresis by heat load
was not considered by the author.

Experiments

To confirm the applicability of Kupriyanova's
formula for calculating parameters in TCS thermal
sinks, a series of experiments were performed, which
allowed verifying the formula (1) in a wider range
than previously recommended by the author.

The experimental model of the thermal sink with
side heating is shown in Fig. 1. The payload equip-
ment is represented by dummy 1, which is made of
highly conductive material (Cu, Al), allowing it to be
considered isothermal. Thermal power Q, W was sup-
plied evenly from the top.

A detailed description of the experimental two-
phase loop, thermal sink 1, and the experimental pro-
cedure are presented in [9].

Q l ”_L

Fig. 1 — Cross section profile
of the experimental thermal sink 2:
1 — payload equipment dummy with heater on top;
2 — thermal sink; 3 — graphite layer;
4 — evaporator channel

The experiments were performed on two thermal
sinks with significantly different design parameters of
the evaporator channel:

Table 1 — Characteristics of thermal sinks

Thermal sink
Parameter
1 2
Diameter, mm 6.9 7
Length, mm 150 98
Channel material Aluminum alloy Stainless steel

Roughness Ra, um 3.33 0.12

?ni?t transfer area, Fd, 355 216

The experimental technique involved determin-
ing the average coefficient of heat transfer for the en-
tire surface of the thermal sink evaporator channel
using the formula:

q
hypw =———, 2
o Tw_Tsat ( )
where g — average specific heat flux through the evap-
orator channel wall, W/m?;

Tsat — Saturation temperature by pressure in the
channel, °C;

Tw — average temperature of the evaporator
channel heat heat-release surface, °C.

In the experiment, the temperature Tq4 of the sur-
face 1 on which the heater was installed was meas-
ured. The average temperature of the heat dissipating
wall of the evaporator channel Ty in the steady-state
mode was calculated by the formula:

Ty =Tg —QRprL
or
T =Ty —aFgRyre 3)
where Q — input heat to the thermal sink, W;

Fa — heat dissipating wall area of the evaporator
channel, m?;

RupL, K/IW — thermal resistance of the thermal
sink, calculated using SolidWorks and verified by test
experiments.

More than 160 series of experiments were per-
formed with different conditions of single-valuedness:
saturation temperature Tsa, Subcooling to saturation
temperature ATgp Or mass vapor quality xi, at the
channel inlet, mass flow rate m and orientation of the
channel relative to the vector of gravity. Liquid under-
heated to saturation temperature or two-phase flow
with mass vapor quality xi» was supplied to the inlet of
thermal sink.

The experiments were performed in the follow-
ing parameter range:

»  saturation temperature by pressure

Tsat = 35 °C...75°C;
. inlet fluid subcooling
ATsub = Tsa[ - Tin = 0 K30 K,
. mass vapor quality at the inlet
Xin = 0 . 07,
. mass vapor quality at the outlet
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Xex ~ 0095,

. mass flow rate m = 0.2...7.5 g/sec;

*  mass velocity: G = 5...200 kg/(sec-m?);

»  average heat flux density q = 0...18 W/cm?
(thermal sink 1) and 0...9 W/cm? (thermal sink 2);

*  evaporator channel orientation — horizontal
(heater at the top or at the bottom) and vertical.

The experiment measured:

e pressure in the evaporator thermal sink
channel Pyca;

«  mass flow rate of liquid m, g/sec;

*  heater power Q, W;

»  temperatures of coolant at the evaporator
inlet and outlet Ti, and Tex, °C;

. surface temperature of the
(9 sensors).

Instrumental errors of basic measurements are as
follows: absolute pressure +0.2 %; fluid mass flow
rate £0.2 %; temperature +0.15 °C (0 °C), £0.35 °C
(100 °C).

The thermal sinks were carefully insulated. The
heat loss was no more than 3 % of Q and was not con-
sidered in the analysis of the results.

The value of the heat input to the thermal sink Q
in each series of experiments varied from zero to the
maximum value. Experimental points were fixed at
steady-state conditions at different values of Q. As a
result, a "boiling curve" was obtained — the depend-
ence of the wall temperature Ty, on the heat flux g, on
which a zone of developed boiling was distinguished
(details in [9]).
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Results

In the zone of developed boiling, the experi-
mental heat transfer coefficient was calculated by
formula (2). For the same points, heat transfer coeffi-
cient hcaic was calculated by formula (1), and the val-
ues of pressure P and average heat flux density g from
the experiment were substituted into the formula. The
results of comparing the calculation and experiment
are shown in Fig. 2.

As was identified, Kupriyanova's formula (1) de-
scribes well the heat transfer of ammonia at developed
boiling in the channel of both thermal sinks with an
error of no more than 30 % in the following parameter
range:

+  saturation temperature

Tsat =+ 35°C... + 75 °C;

. mass velocity G =27...200 kg/(sec-m?);

. inlet fluid subcooling ATs = 0 °C...30 °C;

. mass vapor quality at the inlet xj, = 0-0.7.

The minimum flow rate mmin = 1 g/sec was lim-
ited by the value of mass velocity G = 27 kg/(sec-m?).
At lower flow rates, the heat transfer coefficient was
affected by the orientation of the channel in the gravi-
ty field, which makes it impossible to recommend
correlation for microgravity conditions. Although up
to mass flow rate mmin=0.4g/s (mass velocity
G = 10 kg/(sec-m?)) the difference of experimental
values of the heat transfer coefficient at the horizontal
and vertical location of the channel did not exceed
5 %.
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Fig. 2 — Comparison of experimental and calculated values of heat transfer coefficients:
a — thermal sink 1; b — thermal sink 2

Following the recommendations of Labuntsov's
work [9], the upper bound on the heat flux Q at devel-
oped boiling should be limited to the mass vapor qual-
ity at the thermal sink outlet xex ~ 0.7-0.8. However,
as our experimental results have shown, satisfactory
coincidence of calculation and experiment was ob-
served up to the mass vapor quality at the outlet Xex =

0.85, which corresponds to the volume vapor quality
at the thermal sink channel outlet @ex ~ 0.95. At the
same time, the volume vapor quality was calculated
taking into account phase slip [13].
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Conclusions

Based on our own experiments on two thermal
sink models, the possibility of using the Kupriyanova
formula [11] to calculate the average heat transfer
coefficient for developed boiling of ammonia in the
evaporator channel of a thermal sink in the range of
parameters characteristic of two-phase heat transfer
loops of thermal control systems of unmanned space-
craft has been shown. Kupriyanova's correlation (1) is
recommended for calculating boiling both in a sub-
cooled liquid and in a two-phase flow, in weightless-
ness and on the ground, under the following condi-
tions:

e saturation temperature by pressure Tsat

35°C...75 °C;

e mass velocity: G = 27...200 kg/(sec-m?);

e inlet fluid subcooling ATsws = Tsat — Tin

0K...30K;

e mass vapor quality at the inlet xi» = 0...0,7;

e mass vapor quality at the outlet xe

0...0,85;

e volume vapor quality @ex = 0...0,95.

The difference between the calculated and exper-
imental values of the heat transfer coefficient does not
exceed 30 %.

The experiments were performed on two thermal
sinks with significantly different material and rough-
ness of the evaporator channel: aluminum alloy with
roughness Ra 3.33 pm and stainless steel with rough-
ness Ra 0.12 pm. Material and roughness in principle
affect the nucleation of vaporization centers and, ulti-
mately, the presence of heat flux hysteresis [14].
However, it is known that during developed boiling,
when all vapor formation centers are activated, rough-
ness and wall material (if it is well wetted by liquid)
have almost no effect on heat transfer coefficient [12].
The conducted experiments confirmed this statement.
Therefore, the formula is recommended for calculating
the average heat transfer coefficient during developed
ammonia boiling in evaporator channels made of any
well-wetted material with different roughness outside
the hysteresis zone.

Most of the experiments were performed on hor-
izontally mounted thermal sinks with the heater placed
on top of the evaporator channel (Fig. 1). Some of the
experiments were performed with the heater placed at
the bottom or with the coolant flowing vertically. Up
to the mass velocity G ~ 27 kg/(sec-m?), no differ-
ences in the heat transfer rate were detected. At de-
crease of mass velocity up to G = 10 kg/(sec-m?) the
difference of experimental values of heat transfer co-
efficient at horizontal and vertical channel arrange-
ment did not exceed 5 %. Moreover, the horizontal
orientation of the thermal sink with the heater on top
gives a more conservative result. Therefore,
Kupriyanova's formula can also be recommended for
calculating heat transfer in weightlessness.
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