
46th International Conference on Environmental Systems ICES-2016-279 
10-14 July 2016, Vienna, Austria 

High Thermal Conductive Carbon Fiber Radiators with 
Controlled Loop Heat Pipes 

K. Goncharov1, Yu. Panin2, M. Balykin3,  Khimky,  Moscow region,  Russia, 141400 

and 

A. Khmelnitsky4,  Obninsk,  Russia, 249030 

Main results of development оf high thermal conductive carbon-fiber radiators with 
LHPs are presented in this paper. LHPs are intended for controlled cooling of storage 
batteries and operating systems of the SC. Test results of radiator prototype with face sheets 
made of thermal conductive carbon-fiber reinforced plastic are considered in this paper. 
Scope of the radiator qualification tests including autonomous and full-scale tests is 
presented in the paper. 

Nomenclature 
SC = spacecraft 
LHP = loop heat pipe 
TCS = thermal control system 
TEMC = thermal electrical micro cooler 
CC = compensation chamber 
MLI = multi-layer insulation 
AGHP = axial groove heat pipes 
NHSB  = nickel hydrogen storage battery 

I. Introduction 
Steady demand to SC components with small effective mass requires persistent design improvement, especially 

if new materials and technologies are available. Combined application of face sheets made of carbon-epoxy 
composite material and Aluminum LHP condenser makes it possible to design a new version of radiator for TCS. 

Current-technology designs of radiators contain LHP condensers made of Aluminum 6060 structural extrusion 
with inner diameter of 2-4 mm. Mostly, radiators are designed as three-layer honeycomb panels with face sheets 
made of 7075 Aluminum alloy with a thermal conductivity of 170 W/mK. Specific mass of such radiators is more 
than 2.5 kg/m2 and face sheets make up the major part of honeycomb panel mass. To provide high efficiency of 
radiator, LHP condenser lines shall be mounted rather close to each other that increases the radiator mass. 

In comparison with Aluminum alloys, carbon-fiber reinforced plastics differ by such characteristics as low 
specific mass (half compared to Al), high specific strength and stiffness. However, traditional carbon-fiber 
reinforced plastics have low values of linear thermal expansion coefficient and thermal conductivity and cannot be 
used as radiators face sheets. 

We developed new plastic reinforced by high-modular carbon fibers. In comparison with 7075 Aluminum alloy, 
new carbon-fiber reinforced plastic differs by higher thermal conductivity (twice as much), lower specific mass (half 
as much) and essentially higher values of specific strength and stiffness. At the same time, value of its linear thermal 
expansion coefficient is close to the values of Aluminum alloys. Test results of radiator prototype with face sheets 
made of thermal conductive carbon-fiber reinforced plastic are considered in this paper. Mass of developed carbon-
fiber radiator was decreased by 25 percent in comparison with Aluminum radiator of the same design. 
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II. Development of Face Sheet Made of Thermal Conductive Carbon-Fiber Reinforced Plastic 
Development of composite structures becomes complicated due to the fact that actual physical-mechanical 

properties of composite material can be determined only after the structure manufacturing.  
Analytical methods for thermal conductivity determination are based on the data on the structure of composite 

material, properties of its components and mathematical modeling of heat transfer processes that take place in the 
elementary cell of the material. However, for successful application of the analytical method it is necessary to have 
complete and true data on the properties of composite material components: fibers, binders, polymer matrix. But it 
is a difficult scientific and technical task. GENLAM software and “Composit version 2.3.14” software was used for 
calculation of the expected performance of the composite material. 

It is known that carbon fibers made on the base of pitch (analog of Dutch word “rek”) have high thermal 
conductivity and can be used for performance increase of honeycomb structures. Main task to be solved is building 
of effective and reliable mechanical and thermal interface between composite face sheets and metallic parts such as 
axial groove heat pipes and LHP condensers. This task is rather complicated because composite face sheets and 
metallic parts have different values of linear thermal expansion coefficients. 

Multiple specimens were investigated for estimation of properties of face sheets made from composite materials 
with monocrystal graphite fibers (thermal conductivity of such fibers is more than 800 W/mK). Nipponese graphite 
fibers CNG 90 were used when designing new composite material. Elastic modulus of these fibers is of 860 GPa, 
tensile strength is of 3430 MPa. Epoxy-formaldehyde compound was used as a binder. Earlier, this compound was 
multiply tested and applied in Russian space industry. The compound has enough high strength and stability when 
exposed to vacuum and ionizing radiation. This compound is characterized by high manufacturability and is used in 
different methods of carbon-fiber reinforced plastics molding. 

Due to very high stiffness of the fibers, method of carbon-fiber reinforced plastics molding and providing of 
required rate of fibers impregnation differs essentially from the procedure of usual carbon fibers impregnation.  

As a result of activities, developed carbon-fiber face sheet has thermal conductivity in longitudinal direction of 
380 W/mK and value of linear thermal expansion coefficient of 20 x 10-6 1/m2 in crosswise direction.  

Measuring of thermal conductivity was made by LFA 457 MicroFlash facility (produced by Netzsch Company) 
using laser flash method. Laser flash method is a fast and valid method for determination of thermal diffusivity of 
solids, liquids and melts in the wide temperature range. This method is widely spread and documented in different 
standards: ASTM E1461, ASTM E2585, DIN 
EN821, DIN 30905, ISO 22007-4:2008, ISO 
18755:2005 etc. As opposed to contact methods of 
thermal diffusivity measuring, application of laser 
flash method makes it possible to exclude influence 
of contact resistance between a heater, recording 
equipment and a specimen and carry out fast 
measurings on small specimens as well [9]. 

When honeycomb panels bonding, it is necessary 
to pay a special attention to surface preparation of 
adherent face sheet and LHP condenser for providing 
reliable thermal contact between a face sheet and 
LHP condenser. 

New material has a linear thermal expansion 
coefficient which value is close to the values of 
Aluminum alloys and high thermal conductivity 
(value of linear thermal expansion coefficient is of 
20 x 10-6 1/m2 in longitudinal direction, thermal 
conductivity is of 380 W/mK in crosswise direction). Thus, traditional opinion of low thermal conductivity of 
carbon-fiber reinforced plastics is not correct any more. 

We built experimental honeycomb panel with six embedded Aluminum heat pipes and high thermal conductive 
carbon-epoxy face sheet see fig. 1. Thermal conductivity of the carbon-epoxy face sheet was twice as much in 
comparison with its Aluminum analog 7075 [1]. The panel was designed for operation in the temperature range from 
minus 20 to plus 40°C and passed 500 test thermal cycles. 

Successful qualification tests of this panel made it possible to take the next step – to design a radiator with 
embedded Aluminum LHP condenser. 

 
Figure 1.  Thermal honeycomb panel with face sheets 
made of carbon-fiber reinforced plastic. 
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III. Development of Radiator with LHP 
LHP radiator was developed 

for new Russian meteorological 
SC “Arctica”. Radiator 
temperature range is from minus 
150 to plus 50°С. Radiator 
withstands seven thousand (7000) 
thermal cycles.  

Four radiators are used for 
cooling of the SC module. Each 
radiator consists of LHP with 
evaporator, pressure regulator and 
transport lines (fig. 2) [2,3,4,5]. 
Propylene was used as a working 
fluid. LHP heat transport ability 
calculated by means of EASY 2.0 
program package is of 180 W [6]. 
Radiator heat rejection ability is 
determined by its area (0.32 m2) 
and ambient conditions. 
Borosilicate glasses of “solar 
reflector” class with thermal 

optical parameters ɛ≥0.92 and As≤0.08 are bonded to outer surface of radiator. 
Pressure regulator with bypass line is integrated into LHP for LHP control. Passive thermal control of LHP 

evaporator is provided at the level of (0 ± 3)°С. Peltier element - TEMC is mounted between evaporator contact 
flange and CC for redundancy of temperature control function and active control of the LHP.  

Radiator is designed as a honeycomb panel (see fig.3). LHP condenser is embedded into the panel. Condenser 
was modeled and optimized by using EASY 2.0 software [7]. Face sheets and frame of radiator edges are made from 
thermal conductive carbon-fiber reinforced 
plastic. The face sheets thickness is of 0.45 
mm. Face sheets of honeycomb panel are 
bonded to honeycombs using epoxy-
formaldehyde film adhesive BK-51 with 
specific mass less than 150 g/m2. Radiator is 
mounted to the SC through original inserts [8] 
embedded into honeycomb panel.  

High thermal conductivity of face sheets 
makes it possible to lay condenser lines with 
increased spacing (one and a half times as 
much in comparison with Aluminum analog) 
without degradation of radiator thermal 
efficiency.  

IV. LHP Test Results 
Verification of radiator and LHP performance was carried out autonomously and when radiator with LHP were 

integrated into thermal control system.  
Autonomous tests included thermal vacuum tests and several tests in exposure to high humidity, high and low 

temperatures, thermal cycling, mechanical strength tests and tests in exposure to ionizing radiation.  
At first the radiator successfully passed the tests being exposed to climatic factors. The radiator specimen was 

kept in a climatic chamber at the temperature of plus 32 ºС and relative air humidity of 95 percent during 72 hours. 
Then the specimen was kept at the temperature of minus 50 ºС and relative air humidity of 70 % during 6 hours. 

Then radiator specimen passed 6 cycles of temperature change: cooling to the temperature of minus 150 ºС and 
heating to plus 70 ºС with a rate of temperature change of 10 ºС per minute. During the tests the LHP evaporator 
temperature was kept in the range from minus 15 to plus 45 ºС. After thermal tests the radiator passed strength tests 

 
Figure 2.  LHP general view. 

Figure 3.  Radiator layout. 

LHP condenser 

Frame 
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under vibration, linear accelerations and shock 
loading. LHP mounted on the vibration platform is 
shown on figure 5. These tests imitated the loads 
acting on the SC when transporting and putting into 
orbit. 

Then all radiator adhesive joints (face 
sheets/honeycombs, face sheets/embedded 
components: LHP condenser and inserts) passed 
ultrasonic nondestructive inspection. No 
degradation of adhesive joints was detected. 

Specially made radiator specimen successfully 
passed thermocyclic tests. Seven thousand cycles of 
temperature change from minus 150 ºС to plus 50 
ºС without any limitations for rate-of-change 
temperature were carried out. 

The following values of ultimate tensile strength 
(σt), ultimate compression strength (σc) and modulus of elasticity (E) were obtained when carrying out the tests of 
carbon-fiber face sheet specimens: 

In the direction of 0 degrees: σt = 22.9 MPa; σc = 56.9 МPa; Ε =5480 MPa.In the direction of 90 degrees: σt = 
150.0 MPa; σc = 132.0 МPa; Ε =53600 MPa.Peel strength of adhesive joint (carbon-fiber face sheet/ Aluminum 
honeycomb) obtained when testing the specimen of honeycomb panel is of σ = 38.1 kg/cm2. Destruction of adhesive 
joint was not observed; destruction mode is exfoliation of face sheet. 

LHP thermal tests under atmospheric conditions 
showed that maximum transferred heat power is more 
than 200 W. LHP thermal resistance is less than 0.04 
K/W when a heat power of 180 W is applied to LHP 
evaporator. Thermograms obtained during radiator 
thermal testing under atmospheric conditions are 
presented in the figure 4.  

Checking of radiator stability in exposure to 
ionizing radiation was made by ɣ-quanta with energy 
of 1.25 MeV, radiation dose was of 2 x 106 rad. 
Checking of radiator parameters that was made after a 
short conditioning period showed absence of carbon-
fiber radiator degradation. Checking of LHP thermal 
performance after a short period of stabilization (3 
days) showed negligible degradation of LHP 
parameters due to the working fluid (propylene) 
decomposition. Maximum transferred heat power in 
atmosphere decreased to 195 W, LHP thermal 
resistance increased to 0.059 K/W when the heat 
power of 180 W was applied to LHP evaporator.  

Finally, the carbon-fiber radiator with LHP passed thermal vacuum tests. Schematic of LHP and radiator location 
when carrying out thermal vacuum tests is presented in the figure 6. The back side of the radiator, the LHP 
evaporator and the liquid lines were covered with MLI. CC of evaporator was covered with MLI separately.  

LHP start-up power did not exceed 10 W. Also, LHP started successfully by means of TEMC with power of 15 
W. If heat power of Q=150 W was applied to LHP evaporator and heat was rejected from radiator to a shroud with a 
temperature of 150 K and emissivity ɛ≥0,88, then the evaporator temperature in vacuum was 29.9 ºC. When LHP 
operation was controlled by means of pressure regulator, evaporator temperature was in the range of  minus (1.3 ± 1) 
ºC. 

After autonomous tests, carbon-fiber radiators with LHP passed thermal vacuum tests being integrated into the 
TCS. TCS contains two radiators with LHP. LHP evaporators are mounted to collector heat pipes. TCS contains 
honeycomb panel with embedded AGHP and collector heat pipes mounted to one of outer surfaces of honeycomb 
panel. Payload simulator (simulator of  NHSB) was mounted to another outer surface of honeycomb panel. Also, 
TCS contains heaters, thermal sensors and MLI. The TCS mounted into vacuum chamber is presented in the figure 
7.  

 
Figure 4.  Thermograms obtained when radiator thermal 
testing under atmospheric conditions. 

 
Figure 5. LHP with radiator mounted to the vibration 
platorm. 
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Thermal vacuum tests of TCS were 
carried out in the modes that imitated 
flight modes: putting into orbit, cold 
stand-by mode, mode of passing Earth 
shadow, the most severe thermal mode 
with simulation of exposure to sun light 
and earth albedo with combined heat 
flux of 930 W/m2. 

In addition to the main modes 
simulating TCS operation on board the 
SC there was determined the margin of 
power that can be transferred by TCS 
without exceeding allowable payload 
temperature when one of radiators is 
exposed to sun light and earth albedo. 

As a result of the tests, temperature 
values in the zone of payload (NHSB) 
interface were determined for different test modes. These values are: 

• 16.6 оC maximum – hot mode when radiator is exposed to sun light and earth albedo; 
• in the range from minus 2.2 to plus 11.8 оС – stand-by mode on illuminated leg; 

• 0.45 оС maximum – at the end of battery charging during 4 hours at most (hot mode when radiator is exposed 
to sun light); 

• 4.7 оС – hot mode with overheating when one NHSB failed; 

• no less than minus 1.73 оС – mode of passing Earth shadow. 
Multiple TCS tests in different test modes proved the TCS operation ability and agreement of TCS parameters 

with calculated values. Application of carbon-fiber radiators with LHP provided optimal thermal performance of the 
system.  

Figure 7. TCS mounted into vacuum chamber. 

Figure 6.  Schematic of LHP and radiator location when carrying 
out thermal vacuum tests. 



 
International Conference on Environmental Systems 

 
 

6 

V. Conclusion 
Thermal conductivity of newly developed carbon-fiber composite face sheet with CNG 90 fibers is 380 W/mK in 

longitudinal direction and the value of linear thermal expansion coefficient is of 20 x 10-6 1/m2 in crosswise 
direction.  

Developed radiator with controlled LHP and face sheets made from thermal conductive carbon-fiber reinforced 
plastic successfully passed full-scale qualification tests in accordance with Russian space standards. Four such 
radiators were manufactured, successfully passed acceptance tests and will be used on board of “Arctica” 
meteorological satellite which shall be put into orbit next year. 

As a result of the application of thermal conductive carbon-fiber composite face sheet, the radiator mass was 
decreased by more than 25 percent in comparison with its Aluminum analog. It can be expected that weight 
efficiency of carbon fiber face sheets application in the design of fair-sized radiators will be essentially higher as 
high thermal conductivity of carbon fiber face sheets makes it possible to lay condenser lines with increased spacing 
without degradation of radiator thermal efficiency.  

Multiple tests proved high performance of carbon-fiber radiators with LHP and showed high efficiency of the 
radiators application in the design of thermal control systems. 

Successful results of thermocyclic tests of specially made radiator specimen (seven thousand cycles with a 
temperature change from minus 150 ºС to plus 50 ºС) proved correctness of chosen design and technological 
solutions. 
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