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THE CALCULATION OF THE HEAT CONTROL ACCUMULATOR VOLUME
OF TWO-PHASE HEAT TRANSFER LOOP OF A SPACECRAFT
THERMAL CONTROL SYSTEM

Spacecraft thermal control systems based on two-phase mechanically pumped loops have advantages in terms
of mass and power consumption for auxiliary needs compared to single-phase thermal control systems. How-
ever, the disadvantage of two-phase mechanically pumped loops is that when changing the heat load and heat
removal conditions, when switching from single-phase to two-phase operation mode and vice versa, the
amount of working fluid in the loop changes significantly, which requires the use of a large volume heat-
controlled accumulator. Therefore, determining the minimum required volume of the heat-controlled accumu-
lator for the loop operation is an urgent task due to the need to maintain the performance of the | loop at a
minimum and maximum heat loads and minimize the mass of the structure and the working fluid charged.
When determining the volume of the heat-controlled accumulator, it is necessary to correctly calculate the
mass of the fluid in the loop during the two-phase operation mode. The mass of the fluid depends on the void
fraction, which depends significantly on the phase slip. Many models and correlations have been proposed to
calculate the phase slip factor. However, they all require justification for the parameters characteristic of
spacecraft thermal control systems and weightlessness conditions. The paper presents the results of ground-
based experiments, based on which the verification of different models and correlations for phase slip was per-
formed. The validation of models and correlations for the conditions of weightlessness was performed by com-
paring the results with the horizontal and vertical orientation of the elements of the experimental setup. The
working fluid is ammonia. The experiments showed that the best coincidence of calculation and experience is
provided by Chisholm correlation. The discrepancy between the calculated and experimental values did not
exceed +/-7% in the entire range of study parameters both for horizontal and vertical orientations, which al-
low us to recommend the Chisholm correlation for determining the coolant mass in the two-phase mechanical-
ly pumped loops for parameters characteristic of spacecraft thermal control systems, including zero-gravity

conditions.

Keywords: spacecraft; weightlessness; thermal control system; two-phase mechanically pumped loop; heat-
controlled accumulator; volume; ammonia; slip factor.

the pump (P) to the heat acquisition system (HAS),
where it flows through the thermal sinks/evaporators

Introduction

For spacecraft (SC) with large heat dissipation
(more than 6 kW), the most promising is thermal control
systems (TCS) are based on a two-phase mechanically
pumped loop (2PMPL) [1]. The NASA Technology
Roadmap [2] classifies mechanically pumped two-phase
loops as preferred for a series of future agency space
missions. 2PMPL has many advantages compared to
single-phase TCS, which, as a consequence, lead to sig-
nificant weight savings of the system [3, 4]. A simpli-
fied schematic diagram of TPL with pumped fluid is
shown in Fig. 1.

The loop consists of a pump (P), heat acquisition
system (HAS), including thermal sinks/evaporators
(EV), heat rejection system (HRS) with condensers (C),
heat-controlled accumulator (HCA), liquid (Liquid), and
vapor (Vapor) lines. The liquid work fluid is pumped by

(EV), where it is supplied with heat. As a result, the
working fluid is heated to saturation, evaporates, and
enters the two-phase state. The two-phase fluid enters
the condensers (C) of the heat rejection system (HRS)
where it is condensed and supercooled, as a result of
heat removal to the environment, and then enters the
pump through the liquid line (Liquid). The Heat
Controlled Accumulator (HCA) is required to regulate
the parameters of the loop as well as to compensate for
changing the amount of fluid in the loop when the
operating conditions of the loop change.

The most promising is the heat-controlled accumu-
lator (HCA) [5-T7].

As follows from the working principle, 2PMPL
has a disadvantage compared with a single-phase loop:
when changing the heat load and heat removal condi-
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tions, when switching from single-phase to two-phase
mode and vice versa, the amount of working fluid in the
loop changes significantly, especially in the case of a
large volume of the two-phase section compared with
the volume of the entire loop. Therefore, it is necessary
to have a sufficiently accurate method of calculating the
required volume of HCA, because if the volume of
HCA is underestimated, the loop can lose control or fail
at close to the limit operating modes, and overestimated
volume of HCA will increase the weight of the system
and the charged working fluid.

HRS

Liquid
HCA

-

P

Fig. 1. Conceptual diagram of the 2PMPFL.:
P — pump; HAS — heat acquisition system; EV — thermal
sinks / evaporators; HRS- heat rejection system;
C — condensers; HCA — heat-controlled accumulator;
Liquid — liquid line; Vapor — vapor line

1. Required HCA volume calculation

The required HCA volume Vyca is equal to the
volume of liquid working fluid that the accumulator
must absorb or deliver to the loop, plus the guaranteed
vapor pad volume in “cold” mode and the residual lig-
uid volume in “hot” mode of operation of the loop. In
this case, it is still possible to regulate the loop parame-
ters using HCA, including the limit "cold" and "hot"
modes. The mass of the fluid flowing in/out of the HCA
is determined as the difference of the working fluid

mass in the loop in single-phase mode M,Cgc',g

(mini-
mum heat loads, "cold" orbit) and in two-phase mode
hot
Mlooop
The main calculation formula for the volume of
HCA can be described as:

Id hot hot Id
Vhca :(Mlcc?op _Mlooop)/(pn"? —p%? ), 1)

maximum heat loads, "hot" orbit).

hot

where: py, the average density of the two-phase mix-

tures in the HCA in the “hot” mode, kg/m?; P(r:r?ld the

average density of the two-phase mixture in the HCA in
the “cold” mode, kg/m®.

Average density of the two-phase mixture in the
HCA in the “hot” mode:

hot
Pm = Phot*Pyv (tmax )+ (1= 0ot )pL (tmax )+ ()
where @p; — ratio of vapor volume to full HCA volume

in “hot” mode;

pv(tmax) — Vvapor density at temperature t.
kg/m?;

pL(tmax) — Vapor density at temperature t...
kg/m?;

tmax — temperature of the working fluid in the HCA
at the maximum heat dissipation in the loop and “hot”
orbit.
Average density of two-phase mixture in HCA in
“cold” mode:

P?r?ld = Peold *Pv (tmin )+ (1= Pcotd J*PL (tmin ) - (3)

where @g,q — ratio of vapor volume to full HCA vol-
ume in “cold” mode;

pv(tmin) — vapor density at temperature t,
kg/m3;

pL(tmin) — Vvapor density at temperature t.,;,
kg/m®;

tmin — temperature of the working fluid in the HCA
at the maximum heat dissipation in the loop and “cold”
orbit.

Formula (1) considers safety factors by setting
Qpot >0and @gq <1 then calculating the average
density of working fluid in the HCA.

The accuracy of the calculation of the required
volume of HCA affects the performance of the circuit at
the limit "cold" and "hot" modes and the possibility of
regulating its parameters using HCA.

The main ways to reduce the required volume of
HCA, based on the structure of formula (1), are as fol-

lows: it is necessary to increase Mjg, and pht" de-

cold cold

crease Mijgop and pp, Analysis shows that the possi-

bility of influencing the value My and Mjg, by

changing the parameters of the working fluid (e.g., flow
rate) for the loop of a given design at a given value of
the maximum heat load and heat dissipation conditions,
are limited. Therefore, the main way to reduce the HCA

hot

volume is to increase pp and the “hot” mode and de-

crease pﬁ?ld and the “cold” mode. In the limit it meats:

to allow 100 % filling of HCA with liquid in the “hot”
mode (@t =0 and complete emptying of HCA in the
“cold” mode (g =1. But for this purpose, it is nec-

essary to be able to calculate very accurately the neces-
sary volume of heat-controlled accumulator.

At the stage of 2PMPL design, there are uncertain-
ties and errors in calculating the mass of the fluid in the
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loop. Especially great is the error in calculating the mass
Mits, the two-phase mode at the maximum heat load

and the worst heat removal conditions. This forces the
entry of increased reserve coefficients by setting
Qpot >0 and g <1 which negatively affects the

volume and total mass of the heat-controlled accumula-
tor and TCS.

2. Working fluid mass calculation
in the loop for two-phase mode

The mass of the working fluid in the loop is equal
to the sum of the masses in the individual sections. To
calculate the total mass of the working fluid, the entire
2PMPL must be divided into elementary sections, with-
in which the flow parameters can be assumed to be un-
changed.

Calculation of the working fluid mass in sections
with single-phase liquid working fluid (liquid lines,
pump, etc.) is not difficult, it is enough to know the
temperature of the working fluid in these elements and
the geometric parameters of the loop [8, 9].

Calculation of working fluid mass in sections with
two-phase working fluid (evaporators, vapor lines, and
condensers) presents significant difficulties since the
mass is determined not only by the geometry and tem-
perature of the working fluid but also by the distribution
of mass and volume vapor quality, the slip of phases
along the length of the channel.

The mass of the two-phase working fluid in an el-
ementary section of a cylindrical pipeline of length AX
can be estimated by the formula:

AMpp = AVop*pm 4)

where AV,, = F+AX - volume of the elementary section

of the loop with two-phase working fluid, m?;

F — cross-sectional area of the channel. m?;

AX — length of elementary section, m;

pm — average density of two-phase working fluid in
this section, kg/m?.

The average density of the two-phase working fluid
depends on the phase densities and the void fraction.

Pm =pPL —a=(PL —Pv). ®)
where o =1/(1+ l_—X-p—V-S) the void fraction.
X pL

In the equations:

p_and py, — density of liquid and vapor phases,
kg/m?®,

x — vapor quality;

u .
S=—Y _ slip factor;
up

uy and u,_ —average velocity of liquid and vapor

phases, m/s.

Thus, in order to correctly estimate the mass of the
working fluid in the loop, along with other parameters,
if is necessary to know the void fraction, which, in turn,
depends significantly on the slip factor S.

Various models have been proposed to estimate
the slip factor.

—Homogeneous flow for which the slip fac-
tor [10]:
S=1.0;
— Momentum Flux Model [11]:

1/2
s=[p—L] ; (6)

Pv
— Zivi Kinetic Energy Model for annular flow [12]:
1/3
S— [p_l-] ; @)
pv

— Levy Momentum Model [13]. The void fraction is
defined by the equation solving:

a(l- 2a)(§/(12a)2 +a(2%(17 20)? + o (1-201)
v :

X = ’ (8)
2PL 1-20)% + a(l-20)
[y
— Chisholm Method [14]:
S=(@1-x@-PLyvz, )

Pv

— Model proposed by M. Narcy et al. [15], in ac-
cording with this model:

n
o X (10)
1+ (f —)x"
where coefficients f=a+(Q1- a)(p—v)al and
Pv
n=b+@-b)PY%  with values: a=-2.129,

PL

b =0.3487, a; = -02186, by = 0.515.

As the authors point out, this model describes well
the void fraction in microgravity conditions.

As an example, lets calculate the mass of ammonia
in a section of adiabatic pipeline with a diameter of 7
mm and a length of 13.7 m. The flow parameters are as
follows: vapor quality - 0.5; saturation temperature -
65°C. Calculation result: if there is no slip (S=1)
AMj, =0.047 kg; calculating the slip factor by

Chisholm’'s model  AM;, =0.097 kg.

The conclusion is clear: the slip of the phases must
be included when calculating the mass of the working
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fluid in the loop in the two-phase modes of its opera-
tion.

3. Model verification for calculating
the slip factor

The slip factor S depends on many mode parame-
ters and channel geometry. The applicability of slip
modeling proposed by various authors to calculate slip
under specific conditions requires, as a rule, experi-
mental verification.

Therefore, a set of experiments was performed to
determine an acceptable model for calculating the slip
of phases in an experimental two-phase heat transfer
loop at different orientations of the evaporator branch.
At the same time, the same slip model was used to cal-
culate the working fluid mass in all two-phase sections
of the loop.

The mass difference in the two-loop operating
modes (single-phase and two-phase) was also calculated
theoretically. The discrepancy between the calculated
and experimental determination is the main criterion for
the applicability of one or another calculation model for
determining the mass of the working fluid in 2PMPL.

3.1. Experimental setup description

Fig. 2 shows a diagram of the experimental loop, on
which the study was conducted. The working fluid is
ammonia.

HCA PUMP

_,@_

A
HDH

- Condenser —

A

Th
Evaporator

i

Fig. 2. Conceptual diagram
of the experimental loop

The experimental setup was a single-loop loop
containing pump (Pump), heater (HDH), single-phase
transport sections, evaporator (Evaporator), two-phase
transport section, condenser (Condenser). The pressure
in the loop is regulated by a heat-controlled accumulator
(HCA). All elements are located in the same horizontal

plane. The evaporator branch could take horizontal or
vertical position.

The evaporator is a heat exchanger with 10 heat
sinks connected in series with a channel diameter of 7
mm, on which 10 heaters with a total capacity of 6 kW
are installed. The total length of the evaporator is 13700
mm.

The two-phase pipeline connects the evaporator
and condenser and is designed as a tube with a diameter
of 7 mm and a length of 7000 mm.

The condenser is a connected two-channel alumi-
num profile. One channel is filled with two-phase am-
monia and the other with coolant glycol. The condensa-
tion section is significantly shorter than the other two-
phase sections.

The HCA was mounted on a high-precision weight
scale.

3.2. Experimental procedure

At first, a series of experiments were performed in
the two-phase mode. The loop was set to stationary
mode with the following specified parameters:

— Saturation temperature in HCA Thca;

— mass flow rate of working fluid m;

—subcooling at the evaporator branch inlet AT, ;

— glycol temperature T giic;

— total supplied power Qel.

The main part of the experiments was performed
with all evaporator heaters turned on simultaneously.

After reaching the steady-state mode, all parame-
ters of the 2PMPL were recorded, including the HCA
mass in the two-phase mode Muca of and the total in-
jected electric power Qel.

After conducting a series of experiments in two-
phase mode, all evaporator heaters (except the heater
(HDH)) were switched off, the 2PMPL was switched to
single-phase mode, while the flow rate and temperatures
along the length of the single-phase part of the loop
were maintained. All parameters of the 2PMPL were
fixed, including the mass of the HCA in single-phase
mode Muca 1 . Thus, the mass of fluid in "single-phase™
elements of 2PMPL (pump, transport liquid pipeline) in
"two-phase" and "single-phase" modes of 2PMPL oper-
ation remained unchanged.

Mass difference:

AMpyca =Myca 2f —Mpca ¢ (11)

determines the change of fluid mass in the loop only in
"two-phase” elements of 2PMPL AMj4p_: in evapora-
tor branch, transport two-phase pipeline and condenser:
AMyca =Mpp - (12)
In other "single-phase” 2PMPL elements, the
change in mass is negligible, since the temperature of
the liquid fluid remained approximately constant.
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The error in determining the heat supplied to the
evaporators was determined in special calibration exper-
iments and was as follows:

—at Tsat =55 °C — no more than 30W;

—at Tsat =75 °C — no more than 40W.

The main error in calculating the vapor quality of
Xex Dehind the evaporator is the amount of heat supplied
to the fluid. Since the flow rate and electrical power
were measured with high accuracy, the error is mainly
determined by the error in calculating heat losses.

— for flow rates greater than 2 g/s, the relative error
in determining the vapor quality was: 4...5 % for x~0,4;
2...3 % for x~0,8.

— for flow rates less than 2 g/s the relative error of
vapor quality determination was 5...14 %.

The mass difference of the fluid in the HCA
AMyca is determined in experiments with high accura-
cy. The division value of the used scales is 1 g. The
relative error of determining the fluid mass in the two-
phase part of the loop did not exceed 1.8 %.

3.3. Working fluid mass calculation
in two-phase part of the loop

To calculate the mass of working fluid in the two-
phase part of the loop, a mathematical model of station-
ary flow distribution in the heat transfer loop was used.
The ammonia mass in the two-phase section of the loop
depends on the temperature, vapor quality distribution
along the length of the channel, and slip between the
phases. The heat input configuration in the evaporator
was taken into account. The models for determining the
slip factor of the phases were set the same in all two-
phase elements of the loop.

3.4. Experimental results and comparison
with calculations

Six series of experiments on ammonia were per-
formed. The range of parameter changes in the experi-
ments was as follow:

— saturation temperature in HCA Tuca = 55°C and
75 °C;

— mass flow rate m=0,8 ... 16 gm/s;

— vapor quality at evaporator branch outlet
Xex = 0,12 ... 0,8;

— subcooling at the evaporator inlet ATgy,

~5...25K;

— glycol temperature Tgjic ~ 20...50 °C.

During changes in the heat load, the main change
in the mass of the working fluid occurs in the elements
with two-phase loop: in the evaporator, the transport
section and in the condenser. Therefore, in the following
we consider only the two-phase sections of the loop.

The volumes of the “two-phase” elements of the
experimental 2PMPL were as follows:

— total volume of two-phase part of 2PMPL is
1,207 L (100%);

— evaporator volume is 0,556 L (46,1%);

— volume of two-phase transport section is 0,57 L
(47,2%);

— volume of the condensation section ~ 0,081 L
(6,7%).

Comparison of calculated and experimental values
of coolant mass changes in the two-phase section of the
loop during "single-phase” and "two-phase” modes
served as a criterion for the applicability of this or that
correlation to solve the problem of calculating the am-
monia mass in the 2PMPL. In Fig. 3 a comparison was
made when using the Chisholm model in the mathemat-
ical model of 2PMPL and different orientations of the
evaporator.

A comparison of calculated and experimental val-
ues using other models shows that the Chisholm model
provides the best match. The mismatch between the
calculated and experimental values of the change in
mass does not exceed +/-7% in the entire range of pa-
rameters of the experiments conducted for both horizon-
tal and vertical orientations. The Chisholm model can
also be recommended for calculating the working fluid
mass in 2PMPL under weightlessness conditions since it
has shown the best agreement between the calculated
and experimental results in ground experiments in a
wide range of parameters characteristic of TCS and for
various evaporator orientations.

To select the best phase slip model, the parameter
was also used:

2
N (AMy i — AMgi i
RMS — iz exp,i simi |- (13)
N AMgyp i

where N — the number of experimental points;
AMgy, — mass change of the working fluid in the

HCA in the experiment;
AMgjy, — estimated mass change of the working flu-

id in the loop.

The RMS value for different series of experiments,
saturation temperatures, evaporator orientation, and the
model used to calculate the slip is shown in Table 1.

A comparison of the calculated and experimental
values of the change in masses according to the RMS
parameter shows that:

— Chisholm model provides the best match be-
tween the calculated and experimental values of the
mass change for the horizontal orientation;

— for the vertical orientation, the best match is giv-
en by the Zivi and Levy models. However, for the verti-
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cal orientation the RMS discrepancy for the Zivi, Levy,
and Chisholm models is insignificant. Therefore, it is
recommended to use the Chisholm model for both hori-
zontal and vertical orientations of the evaporator for
convenient processing of the results of ground-based
experiments.
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Fig. 3. Comparison of calculated and experimental
changes in mass in the loop
in single-phase and two-phase modes.
Chisholm correlation is used

Table 1
RMS value for different models
Horizontal Vertical
T sat, °C 55 75 55 75
Homogeneous 0.135 0.163 0.197 0.219
Momentum flux 0.156 0.153 0.088 0.076
Zivi 0.062 0.054 0.049 0.077
Levy 0.065 | 0.049 | 0.043 | 0.073
Chisholm 0.029 0.039 0.052 0.09
Cincinatti 0.073 0.112 0.1 0.168
Conclusions

To maintain the performance of the two-phase me-
chanically pumped loop of the spacecraft thermal con-
trol system at a minimum and maximum heat load, to
ensure the possibility of controlling the pressure in the
loop over the entire operating range using a heat-
controlled accumulator, to minimize the weight of the
structure and volume of the heat-controlled accumula-
tor, it is necessary to calculate its required volume cor-
rectly.

A method of calculating the required volume of the
heat-controlled accumulator is proposed. The calcula-
tion accuracy of the accumulator volume is determined
mainly by the calculation error of the working fluid
mass in the two-phase part of the loop during its opera-
tion in the "hot" mode (maximum heat load, the worst
heat removal conditions). In addition to considering the
real configuration of heat supply and heat removal and
vapor quality distribution along the loop, the phase slip
factor, which depends on the channel geometry and
flow parameters, should be considered in the calculation
model. Various models for calculating the phase slip
factor have been analyzed (Homogeneous model, Mo-
mentum flux model, Zivi model, Levy model, Chisholm
model, Cincinnati model). Calculation of fluid mass
difference in the loop during single-phase "cold" mode
(minimum heat loads, best heat removal conditions) and
two-phase "hot" mode was compared with the experi-
ment on the loop model. It was shown that the best co-
incidence of calculation and experiment takes place
when the Chisholm model is used in calculations.

The single-loop experimental setup included all
main elements of the standard system: pump, evapora-
tor, two-phase transport section, condenser, and heat-
controlled accumulator. The experiments were carried
out with natural working fluid (ammonia), at parameters
characteristic of two-phase mechanically pumped loops
of unmanned spacecraft thermal mode systems, at rela-
tively high flow rates (when gravity does not affect hy-
drodynamics and heat exchange), at the horizontal and
vertical location of the evaporator. This allows us to
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recommend using the Chisholm model to calculate
phase slip in weightless conditions as well.
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PO3PAXYHOK OBCAT'Y I'TIPOAKYMYJIATOPA
JABO®A3ZHOI'O KOHTYPY TEIINIOHNEPEHOCY
CUCTEMMU TEPMOPET'YJIIOBAHHS KOCMIYHOI'O AITAPATY

A. M. I'ooynoe, I. O. I'opoenxo, I1. I'. I'akan

CuctemMu TepMOpPETYJIIOBaHHS KOCMIYHHUX arapatiB Ha 0a3i [BO(a3HUX KOHTYPIB TEIUIONIEPEHOCY MAlOTh Tepe-
Bard 1o Maci i eHeProCIOXXKMBAHHIO HA BJIACHI MOTPeOH B MOPIBHSAHHI 3 OJHO(GA3HUMH CHCTEMaMHU TEPMOPETYITIO-
BaHHs. OnHaK, HeJOJKOM JBO(MA3HUX KOHTYPIB TEIJIONEPEHOCY € Te, IO MPU 3MiHI TEIUIOBOTO HaBaHTAXKEHHS 1
YMOB TEIUTOBIIBEJCHHS, TIPH TIEPEX0/li BiJl 0qHO(pA3HOTO 0 ABO(A3HOTO PEKUMY POOOTH 1 HaBIIAKH, KITBKICT TETI-
JIOHOCISI B KOHTYpi ICTOTHO 3MIHIOETBCS, 110 BUMara€ BUKOPHCTaHHS TiAPOAKyMyJsiTopa Beaukoro obcsry. Tomy,
BHU3HAYCHHS MiHIMAJILHO HEOOXIMHOTO JJIsI POOOTH KOHTYPY OOCSTY TiIpOaKyMyJsiTOpa € aKTyalbHHM 3aBIaHHIM 3
OTJISITy Ha HEOOXiTHICTE 30epe)KeHHS MPane3JaTHOCTI KOHTYPY P MiHIMAIBHUX i MAKCHMAJIBHUX TEIUIOBUX HaBa-
HTa)KEHHSIX 1 MiHIMi3aIlil Macl KOHCTPYKIII 1 3ampaBiaeHoro TemoHocis. [Ipu BU3HaYeHHI 00CATY T1IpOaKyMymIsaTO-
pa HEOOX1THO KOPEKTHO PO3PaXOBYBATH MACy TEIUIOHOCIS B KOHTYPI TEIUIONEPEHOCY Ha ABOGA3HOMY PeKUMI po0o-
TH. Maca TeIUIOHOCIS 3aJIeXKHUTh BiJl 00'€MHOT0 MapOBMICTY, SIKMH ICTOTHO 3aJIe)KUTh BiJl KOB3aHHs (a3. 3anporoHo-
BaHO 0araTo Mozesei i Kopemsinii Uil po3paxyHKy KoB3aHHS ¢a3. OnHak, BCi BOHM BUMAaraloTh OOIPyHTYBaHHS JUIs
mapaMeTpiB, XapaKTePHHUX /IS CHCTEM TEPMOPETYIIOBAaHHS KOCMIYHHX amapaTiB i yMOB HEBaroMocTi. Y cTaTTi
MIPEJCTaBIICHI Pe3yIbTaTH Ha3eMHUX EKCIIEPHMEHTIB, HA OCHOBI SIKMX MPOBOAMIIACA BepHiKaIlis pi3HIX MojeneH i
KOpeJIsiiii Juist KoB3aHHs (a3. OOTrpyHTYBaHHS 3aCTOCOBHOCTI MOJIeJIel 1 KOpeJIsiLii Ui yMOB HEBaroMocTi POBO-
JMJIacs MIJISIXOM MOPIBHSHHS Pe3yJIbTaTiB MPH FOPU30HTANIBHIN 1 BEpTHKAIbHIN Opi€HTAIli]l eIeMEHTIB eKCIlepUMEeH-
TanbHOI yCTaHOBKH. TerioHocii-amiak. EkciepuMeHTH mokaszany, o Haikpamui 30ir po3paxyHKy i JOCBimy 3a-
6e3meuye xopemnsiss Chisholm. Po36ikHICTE MiXK PO3paxyHKOBUM 1 €KCIIEPUMEHTAIFHIM 3HAYCHHSIMH HE IEPEBH-
myBajia +/-7% y BCbOMY Jiana3oHi JOCHIPKEHUX NMapaMeTpiB AK JUIsl TOPU30HTANIBHOI, TakK 1 AJIsl BEPTHKAIBHOI Opi-
€HTAIlii, IO T03BOJIsIE peKoMeHayBaTH Kopessamiro Chisholm as BU3HaueHHS MacH TETJIOHOCIA B [BO(a3HOMY KOH-
Typi TEIJIONEepeHoCy AJIsl apaMeTpiB, XapaKTepPHUX JJIsl CUCTEM TEPMOPETyJIIOBaHHS KOCMIYHUX anapaTiB, B TOMY
YHCIi 1 U1 YMOB HEBAaroMoCTi.

KoaiouoBi ciioBa: xocMiuHMI anapar; HEBaroMicTh; CHCTEMa TEPMOPETYJIIOBAHHS; 1BO(A3HUIA KOHTYp TEIIO-
MIEPEHOCY; T1APOAKyMYIIATOP 3 TEIUIOBUM PETYIIOBaHHIM; 00'eM; amiak; KOB3aHHS ¢a3.
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PACYET OBFBEMA T'HIPOAKKYMYJISATOPA
JABYX®A3ZHOI'O KOHTYPA TEIIVIOIIEPEHOCA
CUCTEMBI TEPMOPEI'YJINPOBAHUA KOCMHUYECKOTI' O AIIITAPATA

A. M. I'ooynog, I'. A. I'opébenxo, I1. I'. I'axkan

CHrcTeMBbl TepMOpPETYINPOBAHNS KOCMIYECKIX almnapaToB Ha 0a3e AByX(a3HBIX KOHTYPOB TEIUIOIEpeHoca 00-
JIaar0T MPEUMYIIECTBAaMU IO Macce M YHEPronoTpeOISHUI0 Ha COOCTBEHHBIE HYKBI 110 CPABHEHHIO C OAHO(]a3HBI-
MU CHCTEMaMH TepMoperyiaupoBanus. OIHaKo, HEJOCTATKOM JIBYX(a3HBIX KOHTYPOB TEIUIONEpEHOca SBISETCS TO,
YTO MPU M3MEHEHHH TEIUIOBOI HArpy3KH U YCJIOBHH TEIIOOTBOJA, IIPH Iepexolie 0T 0JHO(A3HOTO K IBYX(pa3HOMY
pexuMy paboThl M HA000POT, KOJIMYECTBO TEINIOHOCUTENS B KOHTYpE CYIIECTBEHHO H3MEHSETCS, YTO TpeOyeT Hc-
TIOJIb30BaHUS THAPOAKKYMYJIsiTopa Oomnbmioro odobsema. [losTomy, omnpeneneHre MHUHUMalIbHO HEOOXOIUMOTO IS
paboTHl KOHTYpa 00BEMa IHIAPOAKKYMYJISITOpA SBISIETCS aKTyalbHOH 3aladel BBHAY HEOOXOIUMOCTH COXPaHEHUS
paboTOCIIOCOOHOCTH KOHTYpa IPH MHHHMAJIBHBIX M MaKCHMAJIBHBIX TEIUIOBBIX HArpy3kax W MHHUMH3AIUH MAaCChI
KOHCTPYKLIMM W 3alpaBieHHOro TemsioHocurens. [Ipu ompeneneHnu oObeMa THUIPOAKKyMYNIATOpa HE00X0IUMO
KOPPEKTHO PacCUUTHIBATH MacCy TEIUIOHOCUTENA B KOHType TeIUIoNepeHoca Ha AByX(a3HOM pexxume padoTel. Mac-
ca TEIUIOHOCHUTENS 3aBUCHT OT 00BEMHOT0O MAapOCOJEPIKaHus, KOTOPOE CYIIECTBEHHO 3aBHCHT OT CKOJIBKCHUS (a3.
IpemioxkeHo MHOrO MOZENEH U KoppessAuuil 1 pacuera CKonbkeHus ¢a3. OnHako, Bce OHU TpeOyloT 060CHOBa-
HUs I [1apaMeTpPOB, XapaKTEPHBIX AJIL CUCTEM TEPMOPETYIMPOBaHUS KOCMUUYECKUX allapaToB U yCJIOBUI HEBE-
COMOCTH. B cTaTbe mpencTaBieHBl pe3yIbTaThl HA3EMHBIX 3KCIEPUMEHTOB, Ha OCHOBE KOTOPBIX MPOBOJIMIACH Be-
pudUKaLKs pa3INYHBIX MOJENeH M KOPpeNsIUui s cKkoibxkeHus ¢pa3. OO0CHOBaHHE NMPHUMEHHUMOCTH MOJCNCH U
KOPPEJSLUIA ISl YCIOBUIT HEBECOMOCTH ITPOBOAMIACH IIyTEM CPAaBHEHUS PE3yJbTaTOB IPU FOPU3OHTAILHON U BEp-
THKAJIBbHOH OPUEHTAIlMU DIEMEHTOB DKCICPHMEHTAJIBHON YCTaHOBKH. TEINIOHOCHTENb — aMMHaK. DKCIICPUMEHTBI
MOKa3ajM, 4TO HaWIydllee COBIAQJCHHE pacdyeTa M ombiTa obecneuynmBaeT Koppemsauus Chisholm. Pacxoxnenue
MEX]y PACUCTHBIM U SKCIICPUMCHTAIBHBIM 3HAYCHUSAMH HE MPEBHIIANO0 +/-7% BO BCEM IHAMA30HE HCCICIOBAHHBIX
rapamMeTpoB Kak Jjisi TOPU30HTAIBHOM, TaK U ISl BEPTHKAJIBHOW OPHUEHTALUH, YTO TI03BOJISIET PEKOMEHI0BAaTh KOP-
pemsaro Chisholm mis onpezneneHnss Macchl TEIUIOHOCHUTENS B ABYX(a3HOM KOHTYpe TeIUIoNepeHoca Ui mapa-
METPOB, XapaKTCPHBIX HJIsI CUCTEM TEPMOPETYIUPOBAHHA KOCMHUYCCKUX allllapaTroB, B TOM YHUCIIC U IJIA YCHOBI/Iﬁ
HEBECOMOCTH.

KiroueBble ¢j10Ba: KOCMUYECKHH allapar; HEBECOMOCTh; CHCTEMa TepMOPEryIMPOBaHus; AByX(a3Hblid KOH-
TYp TEIUIONEePEHOCa; THAPOAKKYMYJISTOP C TEIJIOBBIM PEryJIUpOBaHUEM; 00bEM; aMMHAK; CKOJIbKeHHUE (a3.

TogynoB Aprem MuxaiijoBud — acm. Kad. adpOKOCMHYECCKON TEIUIOTEXHUKH, HarmoHaIbHBIA a’dpoKoc-
Mudeckuit yausepcuteT uM. H. E. JKykoBckoro «XappKoBCKHI aBHAIIMOHHBIH HHCTUTYT», XapbKOB, YKpauHa.

I'op6enko I'ennaamii AjiekcaHAPOBUY — JI-p TEXH. HayK, Mpod., npod. kad. adIpoOKOCMHUIECKON TETUIOTEXHH-
k4, HanmonaneHbiil aspokocmuueckuit yuusepcuter uM. H. E. JKykoBckoro «XapbKOBCKUI aBUALMOHHBIN MHCTH-
TyT», XapbKoB, YKpauHa.

TI'akana IlaBen I'puropbeBUY — J-p TEXH. HAYK, JIOIEHT, 3aB. Kad. adpOKOCMUYECKON TETIOTeXHUKH, Harmo-
HalbHBIMA aspokocMudeckuil yHuBepcuteT uM. H. E. XKykoBckoro «XapbKOBCKUN aBUALIMOHHBIA UHCTUTYT», Xaph-
KOB, YKpauHa.

Artem Hodunov — PhD student of Dep. of Aerospace Heat Engineering, National Aerospace University
«Kharkov Aviation Institute», Kharkov, Ukraine,
e-mail: artem.hodunov@ctph.com.ua, ORCID: 0000-0001-8850-8367.

Gennady Gorbenko — Doctor of Technical Sciences, Professor of Dep. of Aerospace Heat Engineering,
National Aerospace University «Kharkiv Aviation Institute», Kharkiv, Ukraine,
e-mail: gennadiy.gorbenko@ctph.com.ua.

Pavel Gakal — Doctor of Technical Sciences, Assistant Professor, Head of Department of Aerospace Heat
Engineering, National Aerospace University «Kharkiv Aviation Institute», Kharkiv, Ukraine,
e-mail: p.gakal@khai.edu, ORCID: 0000-0003-3043-2448.



