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ABSTRACT

A Study on Variable Conductance Radiator by Using
Liquid Metal for Space Applications

Kang Soo-Jin
Advisor : Prof. Oh Hyun-Ung, Ph. D.
Department of Aerospace Engineering

Graduate School of Chosun University

In spacecraft design, the function of the thermal control
subsystem(TCS) is to keep all the spacecraft’ s component systems within
acceptable temperature ranges during all mission phases. |t must cope with
the external environment, which can vary in a wide range as the spacecraft
is exposed to deep space or direct sunlight, sunlight reflected off Earth
(albedo), and infra-red(IR) energy emitted from Earth, and the internal
heat generated by the operation of the spacecraft itself. During launch or
in exceptionally low orbits, there is also a free molecular heating effect
caused by friction in the rarefied upper atmosphere. In this environment,
The thermal control subsystem protects the equipment from overheating,
either by thermal insulation from external heat fluxes, or by proper heat
removal from internal sources and the equipment from temperatures that are
too cold, by thermal insulation from external sinks, by enhanced heat
absorption from external sources, or heat release from internal sources.

Today’ s satellites have been getting high function and performance.
This leads to an ever—larger heat produced by the payloads in the
spacecraft, which will result in a shortened life, malfunction or even
failure of satellite and these developments demands many requirements in

order to realize maximum performance. For example, TCS is necessary to

_Vi_
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keep specific components (such as optical sensors, batteries, atomic
clocks, etc.) within a specified temperature stability requirement, to
ensure that they perform as efficiently as possible. Furthermore, the
recently satellites are getting smaller that led to increase of extremely
high heat flux density and serous heat loads. It request on cooling beyond
what can be offered by the common thermal control method and alternative
ways are being required and implemented gradually at this time. Therefore,
satellites need more effective thermal control technologies for both
survive in harsh space thermal environment and guarantee high performance
that shows within a temperature stability.

Recently, it is realized that using a liquid metal or its alloys with
a low melting point as coolant could significantly lower the electric
component temperature. The thermal conductivity of a metal is much higher
than that of general liquid such as water, oil or more organic fluids.
Thus, if a certain liquid metal or its alloys with a low melting point is
adopted as the cooling fluid, a much higher cooling capacity than that of
traditional fluid can be obtained. The liquid metal cooling is expected to
open a new world for spacecraft cooling because of its evident merits over
traditional coolant. Also, because of its high conductivity, a liquid
metal can be driven by an MHD(Magneto-hydro-dynamic) pump which exploits
the Ampere force arising from the application of direct current normal to
the magnetic filed in the region of the fluid between two permanent
magnets. Advantages of adopting an MHD pump lies in the ability toe pump
these liquid efficiently with a silent, vibration-free, low energy
consumption rate of the non-moving and compact MHD pump.

In this study, we investigate the possibility of using a liquid metal
as coolant to enhance a efficiency of space thermal control. For this, we
proposed a variable conductance radiator(VCR). VCR provide a variable

thermal resistance between the heat source and radiator and can thereby

- Vi -
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maintain the heat sources at a relatively constant temperature while the
radiator temperature varies. Conventional radiator wusually provide a
single thermal emissivity and conductance. Unfortunately, though,
variations in environment and component heat-generation rates, along with
the degradation of surface finishes over time, can drive temperature
variations in a passive design to ranges larger than some components can
withstand. Heaters therefore are sometimes required in a thermal design to
protect components under cold case environmental conditions or to make up
for heat that is not dissipated when an electronic box is turned off. When
VCR is applied the spacecraft, VCR makes it possible the effective thermal
control by optimizing the conductance according to the temperature
condition.

VCR is possible to change conductance that exploits the highly
thermo-physical properties of liquid metals with very high heat transfer
coefficients to adopted in a wide range of temperature. In this case of
hot case, panel of VCR is filled with liquid metal inside, it is
transferring the heat from the payload to radiator surface. In this case
of cold case, panel of VCR is vacant with evacuate, it is insulating from
the cold case environmental condition. We can use two type of thermal
management in hot and cold condition by moving the liquid metal. This new
method is expected to be flexible thermal management of a space radiator,
where both efficient thermal control and extremely low energy consumption
are of major concern.

In this paper, we have introduced the VCR that proposed a novel
concept of radiator for spacecrafts and have fabricated a laboratory-scale
test section of the VCR to demonstrate effectiveness of performance that
change for heat conductivity and verify validation of thermal control.
Additionally, we have developed a practical development model of VCR and

verified efficiency by comparing to a conventional radiator from thermal

- viii -
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analysis.
Key Word : Liquid Metal, Coolant, Radiator, Space Thermal Management,

Thermal Control Subsystem
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Cover Film Cover Film
: LI Skin —_—
R “Radiation _) “Radiation
Ti Ti =
=
ﬁ. E7 %
radiation

Intimate Physical
Contact

Insulator

(a) ESR Operational Schematic(Left Panel: High Effective State, Right Panel: Low
Effective Emissivity State) and ESR in ST5 Flight Configuration
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shutter
frame

«IR transparent
material

high-¢ material

Low-emissivity state

\

High-emissivity state

(b) Artiest’” s Illustration of a Partially Open Louver Array on a Satellite

Surface and |llustration of Shutter Concept
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(c) Two Stage Radiator Design Concept
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High emissivity

|| [

Structure lgh emissivity)
layer

Electronic layer
{low emissivity)

(a) Closed mode for a high emissivity

Low emissivity

I,'ppm:r layer I I I
%

(b) Open mode for a low emissivity

< &
W Do,
/d )
f.}'?r-
.

(a) Fabrication result of MEMS variable emissivity (b) Assembly of MEMS variable emissivity radiator
radiator -

(d) Configuration of MEMS Variable Emissivity Radiator and Operating Concept of
MEMS Variable Emissivity Radiator

Fig. 1 Examples of Space Thermal Control Device
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T, Liquid flowing with
mass flow rate m

Heat Cutput
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(a) Liquid Metal Substrate Description
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(b) Test Results (Left: Spreader Thermal
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< Pumping Power

L T A L « - Y R+ - B e ]
) I 1 I I L s

4 6 8 10
Pump Current (amps)

Pump Performance vs. Pumping Current)

Fig. 2 Liquid Metal Device pumped with an Electromagnetic Pump
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(a) Principle and Prototype of Liquid Metal Cooling Loop driven by a
Thermoelectric Generator (TEG) ((A): Principle, (B): Prototype)

Copper plate

i

Temperature (°C)
[+1]
(=]

S
o
|

S e

cold end with one TEG

0 2000 4000 6000 8000
®) Time (s)

N
o

A)

(b) Enhancement of the TEG driven Chip Cooling Device ((A): Schematic for the

two TEGs used for Generating a Larger Electric Current, (B): The Temperature

Response of Chip Surface and Cold Section using One and Two TEG When the Input
Power is 25W)

Fig. 3 Example of Thermal Control Device using by Liquid Metal
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f3, FEXNEN =7EteAs 20| 2HEHSE Thermal Desktop[25]2 01&dt0 ZoHA
S(TMM: Thermal Mathematical Model)S ?=oIUCH, AEH=Z EOQIGHA X&t
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Fig. 4 Liquid Metal with Low Melting Point
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Table 1 Thermal Properties of Typical Metals or Alloys with Low Melting

Point
. ) Specific ) Thermal
Liquid Melting Heat Density .
Metals Point [T ] [kg/m3] 4
[kJ/kg—K] [W/m—K]
Mercury -38.87 0.139% 13,546 8.34%
Galinstan -19.00 0.376 6,440 16.50
Cesium 28 .65 0.236" 1,796" 17.40°
Gallium 29.80 0.370% 5,907% 29.40°
Cerrolow117 47.20 0.035 8,900 -
Cerrolow136 58.00 0.032 8,800 -
Field s
tal 62.00 0.250 7,880 28.07
Wood’ s
70.00 - - -
metal
Rose’ s
98.00 - - -
metal
Indium 156.80 0.270% 7,030% 36.40°
Lithium 186.00 4.389" 515" 41.30"

Note: & 25° C, ® 100° C, ® 50° ¢, ¥ at melting point, ® 160° C, © 200° ¢C

Collection @ chosun
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Table 2 Thermo—-physical Properties of Water, Galinstan and Mercury

Property Water Galinstan Mercury

Density [kg/m’] 998 6440 13,533
Melting Point [* C] 0 -19.00 -38.83
Boiling Point [* C] 100 >1300 356.62
Viscosity [Pa - s] 1.0 2.4 1.526%
Surface Tension [N/m] 0.0728 0.718 0.425
Vapor Pressure [Pa] 3169° <10° ¥ 0.1713
Thermal Conductivity [W/m—K] 0.61 16.5 8.541

Electrical Conductivity [S/m] 103 2.30x 10° 1.04x 108
Note: ® 20° C, ” 500" C, @ 25° ¢C
_ o3 -
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High Emissivity Coating

(a) Radiation Mode (Electric Component is ON)

Liquid Metal Reservoir

(b) Insulation Mode (Electric Component is OFF)

AL

(c) Heat Spreader Mode (Electric Component is ON)

Fig. 5 Principle of Variable Conductance Radiator
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Fig. 6 Radiator Energy Balance
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Actuator housing

Actuator adjustment screw Adjustment cylinder
Structural frame

Louver blade
(Typical)

e )
Spool //

. Actuator spring

(a) Schematic View of the Louver

(b) Rosetta Spacecraft

Fig. 8 Thermal Louver for Spacecraft
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Fig. 9 Thermal Resistance Network of Variable Conductance Radiator
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Permangnt magnet

Electrode

Current density, J

(a) 3-Dimensional Diagram

& : Electric Currentin Liquid Metal

F : Lorentz Force
B : Magnetic Field

(b) 2-Dimensional Diagram

Fig. 10 Schematic of the Actuation Principle of the MHD Pump in which
driving Force is Lorentz Force
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(a) Dimension of the Test Section
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l:k <«—— Top Layer
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<— Supporting Jig

(b) Exploded View of the Test Section

Fig. 11 Configuration of the Test Section and Test Rig Assembly
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MHD Pumps

Thermo-couples

Fig. 12 Schematic Diagram of Measurement of the Test Section
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Fig. 13 Configuration of the Test Set-up
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Fig. 14 Video Frame showing Liquid Metal
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(c) Case 3: Heat Spreader Mode

Fig. 15 The Infra-red Images w.r.t Different Modes

_47_

{“/Collection @ chosun



35

Casel

-hcauz ...............
__ 30 z :
S [ AT=9.3°C || ]
. !
2 2
a .
@ :
n NIRRT Ry R T PR T PRy TR R R PR PP PP RE R |
E [
= 20

o | I
0 400 300 1200 1600

Time [sec]
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Fig. 18 TMM of the Test Section for the Variable Conductance Radiator
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Table 3 Thermo—physical Properties for Thermal Analysis

. c Thermal Conductivity Densi Specific Heat
Unit (Material) [W/m-K] g/’ WkgK]
Middle Layer

(Teflon) 0.25 2200 1200

Top Layer

(Acrylic) 0.14 1400 1470

Test Heater 0.12 1410 1090
Liquid Metal

(Galinstan) 16.5 6440 879.2
Surface Optical o e

Property Solar IR

White
(Teflon) 0.39 0.88
Table 4 Thermal Coupling Condition
. Value
Coupling btw Type [W/m-K] Remark

Heater to ;
Middle Layer 1700 Adhesive
g/ﬁg d]fea}f;yg; Constant Coefficient 1000 Bolting
Liquid Metal to 1300 )

Test Section
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Mode ~ 32.54
25 D

307 |

9.6

28, 13

[Case 1: Insulation Mode]

23.73
22 26
20.79 [ |
19,32 T

17.85 [N

17.85 [Case 2: Cooling Mode]

Fig. 19 Thermal Contour Map of TMM Correlation Results

Table 5 Case 1 and Case 2 Correlation Results of VCR TMM by Temperature

Difference between Prediction(C) and Test(TC)

Case 1 Case 2
Unit
Test | Analysis | AT Test | Analysis | AT
Test Heater 33.06 31.53 1.53 23.79 24.39 0.60
Reservoir 25.14 | 23.63 1.51 20.92 22.69 1.77

A Third of p-channel | 17.60 | 18.06 046 | 16.78 18.15 1.37

Two Thirds of

Ji-channel 17.43 17.99 0.56 | 16.43 18.06 1.63
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Fig. 20 Thermal Analysis Results of Cold Case
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High Emissivity Coating

| I O R O |

High Thermal Conductivity

\ Low Thermal Conductivity
Liquid Metal

Fig. 21 Schematic Configuration of Heat Flow

Top Layer (Copper)

|

-(— Middle Layer(Copper

Ay .
Test Heater Middle layer(Titanium)

Fig. 22 TMM of Optimization Design
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Table 6 Thermo—properties for Optimization Design
Material Thermal Ct;l;ll(ii?lrclltliili Densigy Specific Heat
Properties W /m_K]ty [kg/m’| W/kg-K]
Titanium 21.9 4430 0.145
Copper 385.0 8930 384.4
Liquid Metal 16.5 6440 376.0
S“rflﬁf(fpgtl;ﬁca' Solar Absorptivity IR Emissivity
Black Paint 0.86 0.86
Silver Coating 0.04 0.02
—_ 61 —_
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MNode 225, 71

2491

24. 1

— 233

22 4%

21, &%

20. 88

1927

18 4T

IT. 66

217 44

(a) Before Optimization Design

19. 67

19, 54

1% 41

19. 87

19,14

19. 01

<1h. 01

(b) After Optimization Design

Fig. 23 Thermal Analysis Results for VCR with Optimization Design

_62_

(*ICollection @ chosun



A

F

<)
—

d=
S

X
A,

=

=

A5 & JtH Z8g 2l 0llolH

ZE O o I O_EEAﬁm:I_MO S WS A a=E MK
S = T Ok B Ol %0 SO 8 . EW T -
=soW® = w5 oCownd =@ )
S o m © _ ol g mo= now KO0
0 = - =T Wm0 = M o U
WY Es wm ST E X WD o WA R
=1 (a5} =y T e i
wBEL BB  F AN e
w ok oo o= B oo U5 T B ek
— om gl N = 3y K ol . D o
D oy s o BREOEHS, -2 O
é%i%%%mime_ﬁ m&1%mm§,wﬁ__
= _ = or 2= 2!
m — ok = F v = o Ol 3 oJ O <k i
m- WHEH w255 oo WS
Wi = Ao ooz a0 T w H = _ =
W2 me Rg o 2 BTl Yy
_ ) = R =5 @ . X
w5 TS T omgom g Woe o oo
ol = — X0 = S 0l s g0 B OKM R
= W0 = 2 W n & Rn B
S — < R oY N X0 ®Koo 2
Sorws WE S SR G L T e N0 0 O
= = —_— |
mw_u%mgmolafamm p O g Ms T
= oK) Mo o < ol Aol mF R e R A S
o ol 5 3 X~ &M 50 oT 2 oW _ =
5P i o=l JO_Em - TF
¥y golpgumwmzyoss. Se§3fesS§
= T I = - T = & £ _ o M
- = e — - |
“N_l _ w K o —= _||,H_ — K o =] ) oY = ) G. K
= O W g =23 0 nd 20 S wom n 2o M
= = 20 S S 50 = 3 R g U RCOIW Tz ok
o T = W X o0 ges o * o) . 8 7 B 3 il
Bl X0 zl K o= = M W@ o = ol
o PO T guwy cmol B ®nT 50 00T
< Al ha g hj =
l s8I g gd 0 yy _welt a5
T T B T TR LT R =
— B L = nl o K -~ — ol K 80 -
_ il ._L_m Ok = B o = o] il H B o = g E = O
=< 6 .3 ~ 8 o o REau o &F = 3
ol Kr © & o) & o) ™ o1 Bl O ol o B 3 MU 30

=l

2122 (Deep

ctCIOOIE Ot BE

tROM,

9]

FCH

2
=

t

= MLIZ2 &8 Xel

_63_

9]

9 25HA 0.2321°2 H<

ctCI Ol Ol &
gt

Aol

=
=
|

o

Collection @ chosun



£ S Stot AL
golld =22 HE 80l Helst it 20l, M2 D20 ot & JtXl B0 CHal
O =&atACH. ctCIOoIEDE HE&E MEs MeAs &M 72 (Spacecraft’ s
Structure)llle BAHREZ24(Boundary Condition)22 AFGIH 1N L M3
Mol Mo 255 2Ate SolAES +AoIU2H, dM 2= I2XAH0A
+45°C, M2XAHUAM -15°C2 JIE8GtH HAE S ~2HGHAC

_64_

Collection @ chosun



Fig. 24 Configuration of Aluminum Honeycomb Panel [50]
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Aluminum
Face-sheet Aluminum
Honeycomb Core

(a) Conventional Radiator

Low-k

(Titanium marked in gray)

High-k
(Copper marked in orange)

Vacant Reservoir

Reservoir filled with
Liquid Metal (Radiation Mode)

(b) Variable Conductance Radiator

Fig. 25 Design Schematic of Conventional Radiator and Variable Conductance
Radiator
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MLI

Structures

(a) External View

Aluminum
Honeycomb Panel
MLI

Radiator Payload

(b) Internal View

Fig. 26 Thermal Mathematical Model of Spacecraft applied Radiator
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Table 7 Thermo and Optical Properties for Analysis of Spacecraft

c Thermal Conductivity Densi Specific
bbbl [W/m-K] [kg/mg]y Heat[J/ke-K]
Titanium 21.9 4430 540

Copper 391.2 8860 390
Galinstan 16.5 6440 376
Aluminum 167.9 2770 879.2
Face-sheet
Aluminum
Honeycomb Core 3.0 380 800
Parameter Solar Absorptivity IR Emissivity ale
Radiator 0.24 0.79 0.304
MLI 0.87 0.82 1.061
Black Paint 0.95 0.87 1.092
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Table 8 Thermal Analysis Case Condition

Analysis Case

Hot Case

Cold Case

Initial Temperature

0°C

Deep Space

-270.42°C

Spacecraft’s
Structure

+45°C

-15°C

Heat Dissipation of
Electric Component
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Node 338, 31 Node 332, 59

Electric Component

Radiator

>-38. 32 Node 5-17, 65
-38. 32 -17, 65
-39, 62 -24. 69
-40. 91 -31. 74
-a2.21 -38. 78
-43, 51 -45, 82
-a4.8 -52. 87
-46, 1 -59. 91
-47. 4 —66. 95
-48, 7 -74
-49. 99 -81. 04
-51. 29 -88. 09
<-51.29 <-88. 09

(b)Cold Case (Left: Convectional Radiator, Right: Variable Conductance Radiator)

Fig. 27 Thermal Contour Map of Thermal Analysis Results
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Fig. 28 Thermal Analysis Results w.r.t Comparison between Conventional

Radiator and Variable Conductance Radiator
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