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Abstract: The Solar Close Observations and Proximity Experiments (SCOPE) mission, which has been proposed by
the Yunnan Observatories, Chinese Academy of Sciences, aiming to operate at a distance of 5 to 10 solar radii from
the Sun, plans to complete the in situ detection of the solar eruption process and observation of the magnetic field
structure response. The solar flux received by the satellite ranges from 10° to 106 Wm™2, which poses challenges for
thermal management of the solar arrays. In this work, the solar array cooling system of the Parker Solar Probe is
discussed, the developments of the fluid loop technique are reviewed, and a research plan for a next-generation solar
array cooling system is proposed. This paper provides a valuable reference for novel thermal control systems in
spacecraft for solar observation.
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dissipation

Solar activity has a huge impact on Earth's space envi-
ronment and on human life, in ways such as interference
with orbiting satellites and on-board electronic equipment.
Detection of solar activity is conducive to understanding
and minimizing potential interference with satellites, thus
ensuring they operate successfully in orbit. Solar activity
also interferes with the Earth's magnetic field, leading to
the phenomenon of "magnetic storms," which affect terres-
trial electronic communications and information service
equipment.

From ancient times until now, mankind has never
stopped exploring the Sun. Thanks to the gradual develop-
ment of the means of scientific exploration, humanity has
created and used solar telescopes, magnetometers, coro-
nal observers, X-ray imagers and other detectors to photo-
graph coronal loops, solar flares, etclll. In recent years,
national and international space institutions have launched
spacecraft for solar exploration, including the Solar Dynam-
ics Observatory (SDO), launched in 2010; the Parker
Solar Probe (PSP), launched in 2018; the Solar Orbiter,
launched in 2020; the Chinese Hoa Solar Explorer
(CHASE), launched in 2021; the Advanced Space-based
Solar Observatory (ASO-S), launched in 2022. However,
many scientific questions are still waiting to be explored,

such as the exact reason why the coronal temperature is
much higher than that of the photosphere, the origin of
the solar wind, the source of energetic particles, and the
mechanism of acceleration and transport(2].

Although mankind's desire to explore the Sun has per-
sisted for thousands of years, excessive solar radiation is
undoubtedly a great challenge to spacecraft design in the
course of close-up scientific exploration of the Sun. Deal-
ing with extremely high external heat flow, spacecraft ther-
mal protection, and solar array thermal management are
key technologies in guaranteeing the successful comple-
tion of scientific exploration by solar probes. The surface
of the spacecraft facing the Sun approaches 1400 °C at a
solar distance of 0.046 AUPL NASA’s PSP uses a car-
bon-carbon composite sandwich structure for efficient ther-
mal protection. Moreover, it employs a pumped single-
phase water loop system to dissipate heat from the solar
arrays and to protect the internal payloads and equip-
ments from high temperatures.

The Chinese Solar Eruption Approach Probe, first pro-
posed by the Yunnan Observatories, Chinese Academy of
Sciences, aims to orbit the Sun for an extended period of
time within an orbital distance 5 to 10 times that of the
radius of the Sun. The probe intends to complete the
close-up detection of the solar eruption process and
observe the response of the magnetic field structurel* 31,
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The perihelion altitude of its designed orbit is smaller
than that of the PSP, which correspondingly places higher
demands on spacecraft thermal protection and thermal
control technology!® ¢l. In response to the demand for
high heat dissipation in the solar exploration program,
this paper discusses the solar array cooling technology
developed by NASA in the PSP, reviews the current devel-
opment and application status of the pumped fluid loop
technique, and proposes a research plan for a next-genera-
tion solar array cooling system.

The PSP's orbit at perihelion is approximately
0.046 AU, where the solar intensity is about 7x105 Wm™2.
The Sun-facing side of the spacecraft surface will be sub-
jected to high temperatures of approximately 1400 °C. To
ensure proper functioning of the instrumentation inside
the PSP, the interior of the satellite is required to be main-
tained at a temperature close to room temperature (approxi-
mately 30°C). The Thermal Protect System (TPS) devel-
oped by the Johns Hopkins University Applied Physics
Laboratory uses a sandwich structure with a carbon-car-
bon composite surface material with an interior of nearly
4.5 inches of carbon foam with 97% porosity for highly
efficient thermal insulation!’- 81. The structure of the TPS
has a diameter of 2.4 m, with a weight of about 73 kg.
Fig. 1 shows the structural distribution of the PSP ther-
mal control system. The TPS is located on top of the space-
craft, and the Truss Structure Assembly (TSA) is
mounted behind the TPS to connect it to the satellite plat-
form®1.

In addition to the Sun-facing thermal protection materi-

CSPR (2)

als, the solar arrays, as one of the key components of the
PSP, is subjected to extremely high external heat flow varia-
tions. As the solar distance decreases from 1.02 to
0.046 AU, the solar intensity on the solar arrays varies
from the order of 10> Wm™2 to the order of 105 Wm™2,
and this undoubtedly poses a great challenge to the nor-
mal operation of the solar arrays. To alleviate the
extremely high external heat flow at perihelion, the PSP
incorporates a solar array cooling system.

The cooling system uses a fluid loop to dissipate heat
absorbed from the solar arrays into the Cooling System Pri-
mary Radiator (CSPR), which ensures that the solar
arrays remain at the proper operating temperatures to sup-
ply power under the intense solar heat flow. The solar
array cooling system, shown in Fig. 2, consists of 1 reser-
voir, 1 dual pump set, 2 pump motor controllers, 2 cool-
ing plates, 4 CSPRs, and 3 isolation valves (ISOs). The sys-
tem operating temperature is required to be within 10—
125°C. For the necessary operating temperature range and
heat transfer capacity, the system working medium is deion-
ized water with a filling volume of approximately 3.7 L.
The system is pressurized to increase the boiling point of
the deionized water to over 125 °C to prevent pump cavita-
tion. The system uses single-phase centrifugal pumps, sup-
plied by Hanson, USA, to provide a pressure head of
48—-62 kPa, and a total flow rate of 4—6 L/minl3l. Maxi-
mum power consumption of the solar array cooling sys-
tem is approximately 49 W with a total weight of 86 kg.

During the launch and gradual change in orbit of the
PSP, ensuring the working mass in the system operates
within a safe temperature (between the triple point and boil-
ing point of water) is a critical issue that must be consid-
ered in the system design. According to the mission require-
ments, prior to launch, the PSP uses ground equipment to
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Fig. 1. The thermal control system of the PSPPI,
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Fig. 2. Schematic illustration of the solar array cooling system. (A) Block diagram. (B) Top deck pipes and temperature sensor

locations!10],

carry out closed-loop temperature control of 45—50 °C for
the deionized water in the reservoir. During the launch pro-
cess, this liquid is isolated from the rest of the system by
ISO1, and the deionized water is kept within a safe temper-
ature range through proper insulation and its own stored
thermal capacity.

Incorporating the solar array thermal control require-
ments, in-orbit major events, orbit location, and orienta-
tions of the PSP solar array cooling system are shown in
Fig. 3. Major events include: (1) After spacecraft attitude
adjustments cause the temperature of the solar arrays,
CSPR1 and CSPR4, to increase to a safe temperature
range and open the isolation valve ISOI to start the fluid
loop; (2) When the orbit correction action is executed, all
four CSPRs are in shadow, and to avoid the temperature
of CSPR2 and CSPR3 dropping below —150 °C, the dura-
tion time for orbital correction actions is limited to
3 hours; (3) At a solar distance of 0.94 AU, after the PSP
attitude adjustment, CSPR2 and CSPR3 are warmed up to
higher than 20°C by solar radiation, opening the isolation
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valves ISO2 and ISO3 to start the full loop of the work-
ing fluid; (4) When the solar distance is greater than
0.82 AU, the external heat flow of the solar array is low,
so it is necessary to adjust CSPR2 and CSPR3 to face to
the Sun to ensure that a suitable operating temperature
range is maintained; (5) Upon arrival in Venus orbit, the
TPS is oriented to the Sun and the solar array cooling sys-
tem remains in normal operation; (6) When the PSP experi-
ences Venus eclipses and a corresponding absence of
solar radiation, CSPR2 and CSPR3 will be oriented
toward the Sun before the Venus eclipse so as to store ther-
mal energy in advance to avoid large temperature drop;
(7) During a Venus eclipse, the cooling system needs to
be above the minimum safe temperature level for at least
11 minutes; (8) When approaching the Sun (<0.7 AU),
the solar arrays are folded, and the detector relies on only
the solar cells at the tip of each array to receive light and
supply power, to reduce the heat input [10],

The PSP arrived at the first perihelion in November
2018. The variation of the inlet and outlet temperatures of
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Fig. 3. PSP solar array cooling system in-orbit major events, orbit location and orientations!!°l.

the solar array cooling plate with solar distance are given
in Fig. 4, which shows that the temperature difference
between the inlet and outlet is approximately 5 °C, and
the outlet temperature is lower than 70 °C, which meets
the thermal design requirements of the solar arrays 1],

The Solar Close Observations and Proximity Experi-
ments (SCOPE) spacecraft will reach a much closer solar
distance than the PSP, facing higher external heat flux
(about 2.5x10° Wm2), which poses a greater challenge to
the heat dissipation capability of the solar array cooling sys-
tem. Pumped fluid loop technology and vapor compres-
sion heat pump technology may be suitable for high heat
flux cooling, which are discussed below.

At present, pumped fluid loop technology has been
gradually developed and has some on-orbit applications,
providing important technical methods for (1) heat dissi-
pation of spacecraft close to the Sun with a heat flux on
the order of MWm™2; (2) temperature control for Transmit-
ter and Receiver (T/R) modules of space-borne phased
array radar and laser payloads['!]; (3) high-power thermal
control of large crewed spacecraft on the level of tens of
kilowatts!2l; (4) precise temperature control of payload
instrumentation[!3], and so on. Pumped fluid loop sys-
tems can be classified into pumped single-phase fluid
loop and pumped two-phase fluid loop, depending on
whether a phase change occurs in the fluid.

As shown in Fig. 5, the thermal control system of
Chang'e-5 consists of a pump module, a flow resistance
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Fig. 4. PSP solar array cooling system temperature history
during first perihelion19,

adjustment valve, a fluid loop separation module, a work-
ing fluid discharge valve and radiator, a water sublima-
tion heat exchanger module, and pipelines. The thermal con-
trol system is used for the integrated heat collection and
heat dissipation for the lander and the ascender, and the sys-
tem ensures the flow path separation and reconfiguration
before the ascender takes off from the lunar surface
through the flow path separation modulel!4-16],

A two-stage fluid loop is adopted for temperature
control in the Destiny module of the International Space
Station (ISS), as shown in Fig. 6. Based on the different
working temperature inside and outside the cabin, water is
used as the working medium for the interior, and heat is
exchanged with an ammonia loop outside the cabin
through an intermediate heat exchanger, facilitating collec-
tion of heat inside and dissipation of heat outsidel!7-18],
The core module of China’s space station (Tiangong)
adopts a three-stage circuit for temperature control, includ-
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ing a ventilation circuit system, an internal fluid loop sys- nel and instruments within the space stationl!? 201,
tem, and a radiated outer loop system, which enables the A fluid loop cooling technique based on microp-
collection, transfer, and dissipation of heat from person- umps is used in the Pujiang-1 satellite, launched in 2015.

66 www.ati.ac.cn



The system, as shown in Fig. 7, includes micropumps and
their controllers, a fluid reservoir, check wvalves, and
three-way valves and pipes. The micropump of this sys-
tem is a centrifugal pump driven by a DC brushless
motor with a rated flow rate of 1.3 L/min, a rated head of
7.7 m, and a rated power of 10.3 W[2!l. According to the
continuous on-orbit test results of the two micropumps
running for 90 days and 9 days, the Shanghai Institute of
Satellite Engineering considers the system to meet the
requirements for long-term use in orbit.

In conclusion, in recent years, pumped single-phase
fluid loop technology has been applied in spacecraft both
at national and international levels, with good on-orbit per-
formance, high efficiency heat dissipation, and long-term
stable operation, which can cope with the high-power-den-
sity heat dissipation demand of next-generation spacecraft.

Currently, the pumped two-phase fluid loop tech-
nique is less commonly used in spacecrafts. Its main diffi-
culties include: (1) Compared with that of single-phase
flow, the flow and heat transfer stability of a two-phase
loop system is somewhat inferior, resulting in a signifi-
cant increase in system complexity; (2) The two-phase sys-
tem operates under high pressure is not as safe and reli-
able as a single-phase fluid loop; (3) Due to the influ-
ence of microgravity on bubble dynamics, the heat trans-
fer characteristics at boiling point change in orbit. [221; (4)
The vapor quality at the pump inlet needs to be strictly con-
trolled in a two-phase system to avoid lifetime degrada-
tion of the pump due to cavitation[23]. The Alpha Mag-
netic Spectrometer (AMS02) on the ISS adopts a pumped
two-phase CO, loop to precisely control the temperature
of tracker instrument in the detector, as shown in Fig. §,
and the stability of temperature control has been verified
to be £ 0.2 °C in orbitl!3: 24271, The gear pump (GA-
HT23.PVS, flow rate of 8.5—506 ml/min, maximum head
of 5.2 bar) manufactured by MICROPUMP, USA, is used
for the pumping unit!26l, The instrument was launched in

Micropump B

Prefill valve Micropump A

2011, and its cooling system is reported to require peri-
odic in-orbit maintenance, including cooling pump replace-
ment, system leak detection, and fluid chargel?8].

The pumped two-phase fluid loop is still in an experi-
mental stage for Chinese spacecrafts. The Beijing Insti-
tute of Spacecraft System Engineering designed a pumped
two-phase fluid loop system, with R134a (1,1,1,2-Tetrafluo-
roethane) as a working fluid, and a flow rate of 514 L/h,
for 3 x 3 m surface source blackbody temperature con-
trol. Test results show that system temperature unifor-
mity can be achieved to + 0.8 °C, with a stability of +
0.2 °C/15 min, at room temperature above 30 °C, which
helps to improve the accuracy of satellite infrared and
hyperspectral payload radiation calibration[?]. In addition,
the pumped ammonia two-phase loop system built by the
Beijing Institute of Spacecraft System Engineering was
given a three-hour flight test in orbit, involving a
microchannel evaporator, a two-phase pump, a high heat
source simulator, and a system controller component. Test
results showed that the flow boiling heat transfer coeffi-
cient of the evaporator reached 7.8-9.1 W/(cm2-°C) with
a flow rate range of 0.18—0.65 L/min, and its maximum
heat dissipation capacity can reach 271 W/cm?2[30],

A ground-based test of a mechanical pumped two-
phase fluid loop for a space-based remote sensing camera,
built by the Beijing Institute of Space Mechanics & Elec-
tricity, uses a shielded pump as the driving source. The sys-
tem has a two-phase, temperature-controlled reservoir
with passive cooling as the temperature-control compo-
nent, and nine heat sources to simulate distributed instru-
ments on a spacecraft. The feasibility and stability of the
two-phase fluid loop system was verified based on data
monitoring results during the experiments, including start-
up of the preheater, start-up and shut-down of the heat
source, normal operation of the heat source, and power
change conditionsB! 321,

For thermal management of large spacecraft plat-
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Fig. 7. The micro-mechanical pumped fluid loop of the Pujiang-1 satellitel21],
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forms, such as future space stations, the use of vapor com-
pression heat pump systems can enhance the heat trans-
fer temperature difference between the evaporator and con-
denser sides, compared with pumped two-phase fluid loop
technology, which further improves system heat transfer
efficiency and reduces the required radiator area of the
spacecraft®3l. However, there are still some scientific and
technical difficulties in the space application of a vapor
compression heat pump system, such as bubble dynamics
in the evaporator during the boiling process under micro-
gravity conditions, oil and gas separation in the compres-
sor, enhancement of the condensation process, and ground
equivalent simulation methodst4l.

Based on analysis of the PSP solar array cooling sys-
tem and the current development of pumped fluid loop ther-
mal control technology, the following prospects are pro-
posed for the technological development of the thermal con-
trol system for the SCOPE spacecraft:

(1) Flexible fluid loop thermal control technology pro-
vides important tools for spacecraft stage thermal manage-
ment. Pumped single-phase loop active thermal control tech-
nology can increase heat dissipation capacity by one order
of magnitude compared with conventional heat pipe
coolingl®1. Tt is also more reliable than both two-phase
fluid loop systems and vapor compression heat pump sys-
tems, and it is suitable for small and medium-sized space-
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crafts with long lifetime requirements. Meanwhile, using
the improved heat transfer capability of the pumped fluid
loop, a spacecraft-level pumped single-phase water loop is
designed. A multi-level coupling heat transfer layout
between the fluid loop and solar arrays, radiators, and plat-
form heat exchangers has been developed to achieve effi-
cient heat transfer, thermal compensation, and waste heat
dissipation. Highly dynamic management of heat can be
achieved by switching flow paths and controlling the flow
rate at various levels within the fluid loop to achieve an
optimal operating temperature range for each component.

(2) The importance of adaptive thermal control meth-
ods is increasing. Adaptive control of the solar array cool-
ing system is essential because the signal from the solar
detection spacecraft at perihelion takes approximately
8 minutes to return to Earth, which makes it difficult for
ground-based crews to deal with on-board thermal con-
trol anomalies in a timely manner. The adaptive control
method requires a multi-level fusion of temperature, flow
and position data information, a mathematical model for
temperature field prediction, and the quantification of tem-
perature sensitivity of the controlled object to different
parameters under large heat flow density. Through data
analysis and machine learning, optimal temperature con-
trol strategies have been planned, enabling adjustable ther-
mal management through tracking, collecting, distributing,
and dissipating heat from multiple components such as
spacecraft equipment, payloads, and solar arrays.

(3) Adaptive thermal control integrated analysis sys-
tems for complex tasks should have the ability to opti-
mize multiple interfaces with various parameters. An adap-



tive thermal control flow chart is shown in Fig. 9. The
adaptive thermal analysis system will carry out an inte-
grated analysis of the solar approach detection mission
from the main aspects of physical field simulation, intelli-
gent control algorithms, parametric fitting, and system visu-

Misson planning

alization. Self-programming and various types of analysis
software will be jointly developed to achieve data interac-
tion, control and analysis between different modules to
achieve the required characteristics of advanced integra-
tion and analysis.
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Fig. 9. Adaptive thermal control flow chart.

This article summarizes the cooling system of the
PSP solar arrays, as well as the development and applica-
tion of efficient heat dissipation technology on different
spacecrafts, and proposes research prospects for the future
development of thermal control technology for the
SCOPE spacecraft. The following insights are obtained:

(1) With the advancement of space exploration mis-
sions, high heat flux cooling technology has taken on
greater significance. Conventional cooling methods have
difficulty meeting the thermal control requirements of
solar close-up exploration missions, and development of
technologies with higher heat dissipation capabilities is
urgently needed.

(2) Compared with pumped two-phase fluid loop sys-
tems and heat pump technology, a pumped single-phase
fluid loop ensures a balance between efficiency and reliabil-
ity, making it an important means of high heat flux cool-
ing for future spacecraft. The SCOPE vehicle may use
pumped single-phase fluid loop technology for the cool-
ing of solar arrays, and detailed design work needs to be
carried out in the future.

(3) There are many parameters that can be con-
trolled in a pumped single-phase loop, such as flow rate,
flow path, temperature, and radiator area. How to coordi-
nate the various parameters relevant to heat transfer perfor-
mance is a key issue. Therefore, it is necessary to

develop an on-orbit adaptive thermal control method for
pumped fluid loop systems to allow real-time adjustment
of the heat dissipation capacity of the SCOPE spacecraft.
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