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B nacmosuyeti pabome npedcmagneno noopobHoe onucanue 3KCRePUMEHMAIbHOU YCMAHO8KU OJisl UC-
NBIMAHUL 08YXPAZHBIX CUCTEM MEPMOPESYTUPOSAHUL KOCMULECKUX annapamos. Y cmanoexka npeocmaeisi-
em coboll KIUMAMUYECKYI0 Kamepy OJisi UMUMAyuu pPeanbHulX YCI08Ull QYHKYUOHUPOBAHUSL IJIeMEHMO8
6 00IACMU OMPUYAMETbHBIX MEMNEPAMYp U 6Kouaem 8 cebsi mpu KOHMypa: KOHMYpP HACOCHOU NPOKAYKU
MEeNIOHOCUmENs, COOMEEMCMBYIOWULL NO NaApamempam Ucciedyemol cucmeme mepmopesyiuposanus,
KOHMYP CUCHEMbL OXJANCOCHUSL U KOHMYD UMUMAmMopa meniogou Hazpysku. B kauecmese umumamopa me-
NN0GOU HASPY3KU UCNOAL3YIOMCS DJeKmMpuyecKue Hazpeeamenvhvle dnemenmol. [Ipospaunvie ecmasku
obecneuusam 603MONCHOCb BU3VATLHOZO KOHMPOJISL CIPYKIMYPbl 08YX(PA3HO20 NOMOKA NPU KUNEHUU U
OYEHKU 0OBEMHO20 COOEPAHCANUSL NAPOBOT Pa3bl.

st paccmampusaemoil yecmanosku Ovlia pazpabomana Memoouka npogedeHus. UCNbIMAHULL, GKIO-
yarowas 6 cebs aneopumm npo8edeHuUs: UCNLIMAHULL U ONUCAHUE NPOSDAMMHO-ANNAPAMHBIX CPeOCma8 Uc-
noimanuil. Ilpoepammuo-annapamuvle cpeocmeda UCNbIMAHULL GKII0UAIOM 8 cebs dIeKMPOHHble CPedcmed
UMepeHull OCHOBHbIX NAPAMEMPO8 PAOOUUX PEHCUMO8 08YXPAZHO20 KOHMYPA CUCHEMbL TNEPMOPeSyIUPO-
BAHUA U ABMOMAMUSUPOBAHHYIO CUCEMY YAPABIEHUS NPOYECCOM UCTIBIIMAHUIL

Paspabomannas asmomamuzuposanuas cucmema ynpagieHus npoyeccom UCHbIMaHull npedocmasisien
B03MOIACHOCb MOHUMOPUHZA UUPOKO20 CHEKMPA MenI0GUIULECKUX NAPAMEMPO8 MENJIOHOCUMENsL 8 Pa3-
JUYHBIX MouKax koumypa. Cucmema ynpaeieHus 0CHOBAHA HA UCHOIb30GAHUU NPOSPAMMUPYEMBIX Jl0cUYe-
CKUX KOHMpoanepos. [[nsa asmomamusayuu pabomvl YCMAHOGKU 6 CMeEHOe NPUMEHSEMCs KOHMPOJLLep
OBEH IIJ/IK200 — MOHOOI0YHbI KOHMPOALEDP ¢ OUCKPEMHBIMU U AHATO0208bLMU 6X00AMU/BLIXO0AMU, Npeo-
HA3HAYEeHHbL 011 KOHMPOIS U YNPAGIeHUs pexcumamu pabomuvl manvix cucmem. OCHOBOU NPOSPAMMHOU
yacmu anzopumma sensemcs cpedoa CODESYS.

Peszyromamul, nonyuennvie ¢ pabome, mocym 6vImsb UCNOILIOBAHBI NPU NIAHUPOBAHUU U Peanu3ayuul
NpOSPaAMM HA3EMHOU IKCHEPUMEHMATLHOU OMPaboOmKu 08YXQAZHBIX CUCEM MEPMOPESYIUPOSAHUS, NPU
paspabomre UCnbIMamenbHblX CMeHO08 0Jisl NPOBEOeHUsT UCCIE008AHULL CUCEM KOCMUHECKUX annapamos.

Kniouesvie cnosa: nazemmnas IKCnepumernmaibHas 0mpa60ml<a, Kiumamuveckas kamepa, 06yxgba3Haﬂ

cucmema mepmopecyiupoearust, IKCnepumeHmdailbHoe MCCJZQOOGGHMQ, cucmema usmepeHus, asmomamusa-
yust ynpaejilenusd npoyeccom UCNbIMaHuil.
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This article presents a detailed description of an experimental setup for testing two-phase thermal con-
trol systems of spacecraft. The setup is a climatic chamber for simulating real operating conditions of ele-
ments in the subzero temperature range and includes three circuits.: a coolant pumping circuit correspond-
ing in parameters to the thermal control system under study, a cooling system circuit, and a thermal load
simulator circuit. Electric heating elements are used as a thermal load simulator. Transparent inserts pro-
vide the ability to visually monitor the structure of a two-phase flow during boiling and estimate the volume
content of the vapor phase.

A testing methodology was developed for the installation under consideration, including a testing algo-
rithm and a description of the software and hardware testing tools. The software and hardware testing
tools include electronic measuring tools for the main parameters of the operating modes of the two-phase
thermal control system and an automated testing process control system.

The developed automated testing process control system provides the ability to monitor a wide range of
thermal and physical parameters of the coolant at various points in the circuit. The control system is based
on the use of programmable logic controllers. To automate the operation of the installation, the OWEN
PLC200 controller is used in the stand — a monoblock controller with discrete and analog inputs/outputs,
designed to control and manage the operating modes of small systems. The software part of the algorithm
is based on the CODESYS environment.

The results obtained in the work can be used in planning and implementing programs for ground-based
experimental testing of two-phase thermal control systems, in developing test stands for conducting re-
search on spacecraft systems.

Keywords: ground experimental testing, climate chamber, two-phase temperature control system, ex-
perimental study, measurement system, automation of testing process management.

Introduction
Ground experimental testing (GET) is a significant part of the design and construction system of

modern spacecraft (SC). This is a critically important and multi-stage process, the main objective of
which is to check the functioning of the SC elements and systems with the adopted engineering and
technical solutions, and to check compliance with the requirements for the characteristics of the SC
specified in the technical specifications. GET can be applied to individual subsystems, units,
functional elements, as well as fully assembled SC. SC GET plays a key role in preparing them for
effective operation in extreme conditions of outer space [1].

Specialized stands, systems for recording and monitoring key parameters, as well as test methods
are developed to conduct GET. Due to the significant number of types of tests, simulated exposure
conditions and controlled parameters, in modern conditions GET is one of the most labor-intensive
and time-consuming stages of SC design. Reducing the testing time, improving test equipment, opti-
mizing test methods are urgent scientific and technical problems, their solution determines the effi-
ciency of the SC.
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The purpose and objectives of the study

The purpose of this work is to create an experimental setup for conducting ground-based experi-
mental tests of two-phase thermal control systems (TCS) of spacecraft. This setup allows simulating
the operating modes of TCS, recording the characteristic parameters of the coolant, and assessing the
effectiveness of variable circuit solutions of TCS. The setup is a climatic chamber for simulating real
operating conditions of TCS elements in the region of negative temperatures. The objectives of the
study are to develop metrological support for the experimental setup, develop a methodology for con-
ducting experimental studies, and develop a methodology for automating the control of the boiling
process of the working fluid in the thermal control system. The results obtained in the work can be
used in planning and implementing the GET TPHC TCS programs for spacecraft, developing ground-
based test benches for conducting studies of spacecraft systems.

Research object description

The spacecraft thermal control system is one of the basic service systems that maintains the tem-
perature parameters of the main equipment and supporting structures. Stable operation of the thermal
control system is one of the determining factors on which the normal functioning of the spacecraft de-
pends. For modern space platforms with increased power density, the most promising thermal control
system is one based on a two-phase heat transfer circuit (TPHC). The physical basis for the operation
of such a thermal control system is the processes of changing the aggregate state of the coolant during
boiling and condensation [2—5].

Structurally, a two-phase thermal control system refers to closed loop systems with forced circula-
tion of the working fluid using a pump and includes two characteristic heat exchange zones (Fig. 1): a
zone of heat supply to the circuit, in which the boiling process of the coolant occurs, and a zone of
heat removal from the circuit into outer space, in which the condensation process occurs [6; 7].

Thermal control Heat supply (boiling)
system circuit with

pump T

Spacecraft

e o
e————

PR AN

Solar panels

Heat removal
(condensation)

Puc. 1. Konrtyp aByx¢a3Hoii CHCTEMBI TEPMOPETYINPOBAHHS

Fig. 1. Two-phase thermal control system circuit

Due to the specific nature of heat exchange in the circuit, the number of control points for parame-
ters such as thermal loads, surface temperatures of heat exchangers, steam temperature, liquid tem-
perature, radiator temperature, flow rate, pressure and pressure of the pump increases significantly.

Thermodynamic processes of heat supply and removal in this case occur with a change in the phase
state of the working fluid, which determines the list of difficulties in calculating TPHC. At present, the
issue of heat exchange during phase transitions of the coolant has not been sufficiently studied.

Due to the significant interest in two-phase flows, many experiments have been conducted to study
heat exchange processes in them. However, the presence of many research papers has led to a signifi-
cant differentiation of research methods, terminology and calculation approaches. A review of modern
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methods has shown that at present there is a lack of research to determine the thermodynamic parame-
ters at the initial stages of boiling, especially at a low degree of dryness [8; 9]. The study of the calcu-
lation and schematic constructions of two-phase contour systems showed that most of the time the
equipment operates under variable load.

In the movement of two-phase flows in heat exchangers, continuous and dispersed phases are dis-
tinguished. The latter is distributed in the continuous phase. The main task of the engineering calcula-
tion of the hydrodynamics of two-phase systems is to determine the volume content and linear velocity
of the phases. The design characteristics of the devices through which the two-phase flow occurs have
a significant impact on its state [10; 11]. Therefore, the hydrodynamic analysis of two-phase systems
cannot be separated from the analysis of the design features of the devices, which determines the im-
portance of an integrated approach in this area of research.

Description of the experimental setup

Figure 2 shows the pneumohydraulic diagram (PHD) of the setup for ground-based experimental
testing of the TCS TPHC.

The setup consists of two closed circuits:

— circuit A, designed to circulate the working fluid. This circuit replicates the TCS circuit in geo-
metric and thermal parameters and includes a circulation pump, receiver, heat exchangers for boiling
and condensing the coolant;

— circuit B, which is a simulator of the spacecraft’s devices’ thermal load and consists of a pump,
boilers, and a receiver.

Heat is transferred between the circuits in the evaporator block in heat exchangers TA1-TA6. A
condenser block is used to cool and condense the working fluid of circuit A, including a heat
exchanger 6 with forced air cooling by four fans §—11/.

Expansion tank /2 and circulation pump /3 are responsible for the circulation, accumulation and
regulation of the working fluid in circuit A, and expansion tank 4 and circulation pump 5 in circuit B.
Heat is supplied to circuit B in the heater unit using flow-through electric heating boilers EVAN / and
2. The capacity of the boilers used in the installation is 10 kW each.

To regulate and control the flow parameters of the coolant in the circuits, corresponding blocks 3
and /4 are provided, consisting of a pressure gauge a, a flow meter b and a regulating valve c. The
temperature of the coolant is measured using thermocouples T1-T17.

The experimental setup allows for visual recording of the structure of the two-phase flow at the
outlet of the heating sections to be performed due to the installation of transparent inserts. This feature
is the key to the developed stand and allows for an assessment of the structure of the two-phase flow,
the speeds of the phases to be performed.

For safety reasons, water is used as a heat carrier (the stand is located in the educational and scitific
laboratory of Reshetnev Siberian State University of Science and Technology). Based on the technical
limitations of the heating circuit (the maximum heating temperature of electric boilers is up to 90 °C,
temperature losses along the pipeline), at these temperature values, in order to create the possibility of
a phase transition of the heat carrier, it is necessary to reduce the pressure in the closed measuring cir-
cuit to a value of 0.3 to 0.5 atm, which is ensured by a vacuum pump [12; 13]. The developed meas-
urement system allows monitoring the following parameters of the circuit: the temperature of the
working fluid, the heat carrier and the wall surface, the volumetric flow rate of the working fluid and
the heat carrier [12; 13].

The developed measurement system allows monitoring the following parameters of the circuit op-
eration: temperature of the working fluid, coolant and wall surface, volumetric flow rate of the work-
ing fluid and coolant.
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Puc. 2. III'C crenpa anst Ha3eMHOH sKcnepuMenTanbHoi orpabotku JOK CTP:
1 u 2 —»snexrpokoren OBAH 10 KBrt; 3 u /4 — 610K U3MepeHUs U PeryIHpOBaHNUS;
4 1 13 — UMPKYJIAUUOHHBIE HACOCHL; 5 U /2 — paclIMpUTENbHBIN 0aK; 6 — paJuaTop KOHACHCATOpa;
7 — TETII00OMEHHasl HOBEPXHOCTb paauaropa; 8—I/ / — BEeHTUIISTOPBI IPUHYAUTENBHOTO OXJIXKICHUS

Fig. 2. Pneumatic-hydraulic system of the stand for ground experimental testing of a two-phase circuit:
1, 2 — electric boiler EVAN 10 kW; 3, /4 — measurement and control unit; 4, /3 — circulation pumps;
5, 12 — expansion tank; 6 — condenser radiator; 7 — heat exchange surface of radiator;

8-11 — forced cooling fans; HE1- HE6 — heat exchangers

The experimental setup can operate in the following ranges of operating parameters: working fluid
temperature from +20 to +90 °C; working fluid pressure from 0.016 to 3.04 MPa; working fluid flow
rate from 0.5 to 4 I/min; coolant flow rate from 2 to 16 1/min; consumed electric power from 1 to 30
kW; temperature in the climatic chamber from —40 to +20 °C. According to these operating parame-
ters, the setup meets the objectives of thermal ground experimental development of two-phase TCS
with pump circulation of coolant with a capacity of more than 10 kW at the stage of research and de-
velopment work.

Use of climatic chamber in the experimental setup

To be able to conduct experimental studies under conditions of circuit operation at negative tem-
peratures (simulation of operating conditions of unsealed spacecraft during GET), a climatic chamber
with a refrigeration unit was introduced into the experimental setup. The pneumatic-hydraulic diagram
of the rig for ground-based experimental testing of the TPHC TCS SC with a climatic chamber is
shown in Fig. 3. The temperature regime inside the chamber is maintained using a compressor-
condenser monoblock.

The setup consists of three closed circuits: circuit C is added to circuits A and B from the previous
diagram, which is the circuit of the refrigeration machine and includes compressor 25, air cooler /6,
condenser 26 and expansion valve 32.
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BO3/1yXO00XJaIUTeNs; 25 — KOMIIpeccop; 26 — KOHAEHCATOP XONOAUIBHON yCTaHOBKH; 27—3() — BEHTUIIATOPBI
KOHJICHCATOPa XOJOAUIBHOH yCTaHOBKY; 3/ — TeII00OMEHHAast IOBEPXHOCTh KOHAEHCATOPa XOJIOJMIbHON
YCTaHOBKH; 32 — pacIIUPUTEIbHBII BEHTUIIb

Fig. 3. Pneumatic-hydraulic system of the stand for ground experimental testing of the two-phase circuit
with a climatic chamber:
1, 2 — electric boiler EVAN 10 kW; 3, /4 — measurement and control unit; 4, /3 — circulation pumps;

5, 12 — expansion tank; 6 — condenser radiator; 7 — heat exchange surface of radiator; §—17 — forced cooling fans;
15, 17, 24 — connecting channels; /6 — chamber wall; /8 — air cooler; /9 — heat exchange surface of air cooler;
20-23 — air cooler fans; 25 — compressor; 26 — condenser of refrigeration unit; 27-30 — condenser fans
of refrigeration unit; 3/ — heat exchange surface of condenser of refrigeration unit; 32 — expansion valve;
HE1-HE 6 — heat exchangers

In this case, the main circuit is placed in a climatic chamber - a heat-insulated volume that provides
a temperature below the ambient temperature. In this form, the experimental setup allows for a tem-
perature in the climatic chamber of up to —40 °C. Providing a lower temperature level is possible using
cascade cooling schemes.

Testing Methodology

A testing methodology was developed for testing on the developed experimental stand for the GET
TPHC TCS. It includes a testing algorithm and a description of the software and hardware for testing.
The software and hardware for testing include electronic means for measuring the main parameters of
the operating modes of the TPHC TCS and an automated test process control system [14; 15]. The fol-
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lowing electronic measuring instruments are used in the rig: for measuring temperature - thermocou-
ples of the OWEN DTPKOI11 type with a measurement range from —40 to +300 °C; for measuring
pressure diaphragm pressure sensors of the OWEN PD100 type with a measurement range of 0.016 to
100 MPa are used; for flow measurement FLOW SWITTCH PF2W504-F03 turbine volume flow me-
ter with a measurement range from 0.5 to 4 1/min for circuit A and FLOW SWITTCH PF2W520-F03
turbine volume flow meter with a measurement range from 2 to 16 I/min for circuit B is used. Parame-
ters for the experimental rig for GET TPHC TCS are the following: power consumption from 1 to 30
kW; pressure in circuits A, B and C from 0.015 to 3.04 MPa; temperature in circuits A, B and C from
—40 to +300 °C.

The automated test process control system is based on the use of programmable logic controllers.
To automate the operation of the installation, the stand uses the OWEN PLC200 controller — a mon-
oblock controller with discrete and analog inputs/outputs, designed to monitor and control the operat-
ing modes of small systems. The system operates using the CODESYS (Controller Development Sys-
tem) application development environment for programmable logic controllers. The automated testing
process control system based on OWEN controllers and the CODESYS complex is shown in Fig. 4.
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Fig. 4. Automated testing process control system based on OWEN controllers

and the CODESYS complex

Nowadays, CoDeSys is the most common hardware-independent application software development
complex for programmable logic controllers (PLCs) and embedded controllers. The central element of
this system is the software environment developed using languages that comply with the IEC 61131-3

standard.
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The measuring system is built on the basis of PLC200-04-CS controllers, according to the diagram
in Fig. 4. The process of reading and registering parameters is carried out in the graphical development
CODESYS. When the program starts, configuration files are loaded, which contain a detailed descrip-
tion of the measuring channels, after which the general measurement cycle is immediately initiated
[13].

The experiment is carried out in several stages, the purpose of which is to obtain the main parame-
ters of the boiling working fluid in small-diameter pipes with visual confirmation of the structure of
the two-phase flow. The flow chart of the testing algorithm is shown in Fig. 5

- !
Operational | Visuadl inSpection|
documentation

NO
> System purgingfa

Defects
found?

YES
o Troubl eshootinq

Is the
moisture
emoved?

YES

YES]
Vacuuming of .
circuit A Fixing a fault and
stopping the test

L

Signing of the act|

Is the
system
sealed?

JLeak detection
and repair

Heating of the coolant

v

Starting up the Filling
refrigeration unit circuit A

v

~—Heating of the coolant

Measuring and
fixing
é : Signing of the
resene, ' [lexperimental :

research act

Puc. 5. biaok-cxema anropurma npoBeA€HUs UCIIBITAHUI

Fig. 5. Block diagram of the testing algorithm

Before testing, a visual inspection of the unit is carried out to determine its operability and elimi-
nate possible defects. At the next stage of the GET, circuit A is purged with air to remove moisture for
3 hours. After purging, the circuit is evacuated and its tightness is checked for 1 hour.

At the next stage, the circulation pump of circuit B (heat load simulator) is started, the boiler is
started, and the unit is heated to a temperature of 70 °C.

Then, the refrigeration unit is started, and work is carried out to fill circuit A with hot coolant from
circuit B until the specified pressure is reached.

At the next stage of system startup, the coolant of circuit A is heated to the specified temperature.
Upon completion of this stage, the stand is ready to conduct tests of the TPHC TCS in accordance
with the specified test program. Measurement and recording of parameters are performed automati-
cally.
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This algorithm was successfully tested during tests of TPHC TCS in the conditions of the educa-
tional and scientific laboratory of Reshetnev Siberian State University of Science and Technology.
Currently, work is underway to summarize the obtained test results and develop practical recommen-
dations for the design of the spacecraft TPHC TCS SC.

Conclusion

The developed experimental setup for conducting studies of two-phase spacecraft thermal control
systems is a climatic chamber for simulating real operating conditions of elements in the negative
temperature range and includes three circuits: a coolant pumping circuit corresponding in parameters
to the studied thermal control system, a cooling system circuit and a thermal load simulator circuit.
Electric heating elements are used as a thermal load simulator. The bench measurement system allows
monitoring the parameters of temperature, pressure and flow at various points in the circuit. Transpar-
ent inserts provide the ability to visually control the structure of the two-phase flow during boiling and
assess the volumetric content of the vapor phase.

A test procedure was developed for the considered setup, including a test algorithm and a descrip-
tion of the software and hardware for testing. The software and hardware testing tools include elec-
tronic measuring tools for the main parameters of the operating modes of the TPHC TCS and an au-
tomated testing process control system based on OWEN controllers and the CODESYS complex. The
results obtained in the work can be used in planning and implementing the GET TPHC TCS SC pro-
grams, in developing ground test stands for conducting studies of spacecraft systems.
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