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ABSTRACT

Design and Performance Evaluation of Thermal Control for
MEMS-base Charged Particle Type Variable Emissivity

Radiator

Ha Heon Woo
Advisor : Prof. Oh Hyun Ung, Ph. D.
Department of Aerospace Engineering,

Graduate School of Chosun University

The radiator is a thermal control device that radiates waste heat of satellite
from a spacecraft to outer space by radiant heat transfer processes. However,
radiating heat also in cold case, the radiator had require to thermal control by
heater. The variable emissivity radiator that can change the emissivity
properties in accordance with a temperature condition was developed to solve the
conventional drawback. But, the conventional variable emissivity radiator was
difficult to apply to small satellite because that has a large weight and mass.
MEMS(Micro Electro Mechanical System)-base louver and shutter type variable
emissivity radiators was developed to solve weight and mass of the conventional
variable emissivity radiator. However, there are some drawbacks such as a
structural safety of the mechanical moving parts under sever launch environment
and constant power consumption to maintain the intended emissivity. In this
study, to overcome above drawbacks, proposed a MEMS-base charged particle type
variable emissivity radiator, that can change the emissivity property according
to the direction of electronic field by using electric charge of the bead. And
can minimize the power consumption for maintain to emissivity due to bead holds
to the partition by electrostatic force. In this study, a principle and

operating characteristics of MEMS-base charged particle type variable emissivity



radiator was analyzed and performed to test by bead operating. And it performed
the optimization design of thermo-optical property for MEMS-base charged
particle type variable emissivity radiator through the thermal analysis. The
effectiveness of the optimized radiator design has been demonstrated through the
comparison of efficiency with the fixed emissivity radiator. And MEMS-base
charged particle type variable emissivity radiator, which was made in MEMS
process, measured the emissivity of alumina bead, quartz wafer and silver
coating for performance verification. And calculated the effective emissivity of
the measured emissivity using the mathematical calculations, analyzed the
effective emissivity of open and close state. Through test, that performed the
evaluation of thermal control performance by change of emissivity and it
analyzed problem via thermal analysis model. The applicability of the MEMS-base
charged particle type variable emissivity radiator has been demonstrated through

improved thermal analysis model .

_11_
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Fig. 1. Operation Principle of Charged Particle Type Variable Emissivity Radiator
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Electrode

A - Electric Field Force, B - Van der Waals Force, C - Image Force
Fig. 2. Various Force Affected in Unit Cell
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Fig. 3. Movement of Bead by Electrostatic Discharge
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Fig. 5. Improved Electrode Pattern of Test Specimen
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Fig. 6. Operation Test of Beads under Electrostatic Condition
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Fig. 7. Thermal Mathematical Model of Variable Emissivity Radiator
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Fig. 8 Thermal Mathematical Model of Fixed Emissivity Radiator
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Table 1. Orbit Parameters for Thermal Design

Orbit Condition

Parameter
Cold Case Hot Case
Orbit Type Sun—-Synchronous
Orbit Inclination 20°
Attitude (km) 750
Solar Flux (W/m’) 1287 1420
Albedo 0.3 0.35
IR Flux (W/m®) 227 245
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(a) Cold case

(b) Hot case
Fig. 9. On-orbit Profile of Thermal Mathematical Model
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Table 2. Analysis Parameters for Optimization Design

Optimization Design Sequence

Radiator Cover Material

LaRC™CP1 Silicon

Radiator Cover Optical Property

Cover Top (a/e) Cover Bottom (a/¢)

Bead Material & Optical Property
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Table 3. Thermal Analysis Results with regard to Material Variation of Radiator
Cover

Material Type | Material Property i min Trnax
w/o Cover 8 445
. k = O.lZW/mI%
LaRC "CP1 p = 1434kg/m’ 12 49
¢, = 1094]/kgK

k = 148.9W/m1§
Silicon p = 2330kg/m’ 6.7

44
¢ = 0.198]/kgK

Cover Height 0.5mm
Cover Height 1mm
Cover Height 2mm
Cover Height 3mm

Fig. 10. Thermal Analysis Results Summary by Cover Location
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Table 4. Thermal Analysis Results Summary with Various by Optical Property on

Radiator Cover

Case Top (a/e) Bottom (a/e) Trin Trnax
1 1.0/1.0 1.0/1.0 14 70
2 0.15/0.91 0.15/0.91 7 45
3 0.15/0.91 0.91/0.15 8.5 52
4 0.15/0.91 0.97/0.91 6.7 44
5 0.97/0.91 0.97/0.91 10 65

a : Absorptivity ¢ : Emissivity
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Fig.

11.

Table 5. Thermo-optical Property by Bead Type

) Optical Property | Thermal Conductivity
Bead Material .
(a/e) (W/mT)
Alumina 0.1/0.2 30
Glass 0.1/09 15
Gold 0.19/0.02 318
Silicon 0.7/0.3 148.9

Box Temperatures Obtained from Variable Emissivity Radiator

Various Beads
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Fig. 12. Performance Comparison between Variable Emissivity Radiator and
Conventional Radiator
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(a) Radiation Exchange between Parallel Planes

High Emissi\rg‘ LowEmim{y‘ e I £3,T3
-. &,T
Bead ——— o
A
AN
¥ €1, Tl

(b) Radiation Exchange between Parallel Planes with Bead

Fig. 13. Schematic of Radiator using the Near—field Thermal Radiation
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Table 6. Designed Thermo-optical Property and Effective Emissivity of Variable

Emissivity Radiator

Open State Close State
w/o Bead with Bead w/o Bead with Bead
& 0.9 0.9 0.9 0.9
& 0.9 0.2 0.9 0.2
& 0.9 0.02 0.02 0.9
&, 0.704 0.018 0.562 0.019

_34_




2. Zdlolg A&

Azl %A erlelelelE A=s] e AL, 28, A
92 5 ofel b A WFES melslokith B AT A PE RAE o

4

delelgel Ala Al welslor & Agomi A% Aol Fasth 4% AHe wE
o $AYL Aol Fa WFRA T3} Tl L] W gd WA A At
& ZYR 940 FFL A A Fig. 14 @% 2& o] 4 vse] 7ol
FAG PFOE FHolT A YA mYRY AN B A% 7 2P o] BFA
WA dAsbely] 9% dEe] avlw Aste] ABe el Frhstel $A WAl
wasA e BA, a9 sk 2P -F 0] 4] %L Wi BA 0

A drjdolE s Bd WA Fa wsz Ages] W o sy A4
stk 7 A URe] MES] gAYe AR uoR
A

olm A WAL mERel X Fig. 14 (b9 2o 3k 44 v
—_L
-

52
w®
—_
S
S5
o
H
T
m
rlo
X
oo

==

e

i)

2

d wyE 7 dn A er A Wess aEe 7P UARE Ely ool
9] Maskt Fig. 159 #oH (a)& A= ", e +2A4 283 ot A WAME
Aotk 10 ecm 1A% €8 Aol 319 mm x 31.9 mm Z7]=2 73k 2] o]
Bl Aldo] 4717k A AE M Maske] d& ZAMelo] +vkaE wiAste] Al@e] A=,
aea ZRETE 29 Al AR AR E=A ERlekal Mask S gk
gir]oolel o] MEMS A2 ¥4 Fig. 169 A2 A= o] Hgwm WA 3t
2l PR(Photoresist) & 72414 dlols FHel =9 395 &3 gkl 474% PR

E

BN

ofd

mlo _I:%

FATT. 2L 5 foly el 4 F95 F38t= LithographyE §3 PR3l

H odlold 9ol FxAY HHs Heoh AL =&" PRT FE& 3heH4

Z7F WAEY m&d FET 7Zhol Al ®Ht}h DRIE(Deep Reactive Ion Etching) &

S &3 dolHE FxA FuUE A4 1 F PRES HAWL FEAE EoW

of WHe Fx2E5 AAGY] A FEAE ST e A=

F2 gol¥ 9o PRTS IVt dA= @S 7FA+= MaskE &3l Lithography &
E]

Fadel A3 Aue A olF WPy P g%

ot of
oX

-

)«

_35_



b /e

doz s

IAE &

ol &

o
3

ke
T

ARk ol el FA #r

—_L
=

%

A

EHg

o

No

—_—
fie)

—_—
fi%e)

ﬂp‘O

el
ol

ol

Agrata v

=
=

b el A PR

S

-
T

A 714

—_L
=

il A

J

=
S

MEMS &3 <=

KR
T

h4

gt} Fig. 17

bol ghg

5]
=] [

A
Zhr)olo]Ee] A

=
=

= Hd
s

& Bl bw Al

A

y

g A

o g2 A

A

y

o
=

e b

_36_



(+) Electrode Structure

\ () Electrode Low ¢ coating

(a) Before

(b) After
Fig. 14. Difference of Radiation Area by Electrode Pattern
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Cover Layer Structure Laver Electrode Layer Assembly

Quartz Si Quartz
PR Coating Lithography PR Pattern PR Coating

Structure laver Bonding
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Quartz

L Lithography PR Pattern X :
Al Deposition sj Si
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Fig. 16. Fabrication Process Flow of MEMS-based Charged Particle Type Variable

Emissivity Radiator
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Fig. 17. Fabricated Test Specimen of MEMS-based Charged Particle Type Variable
Emissivity Radiator by MEMS Process
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[R Camera

Heating Plate

PC

Fig. 18. Test Configuration by using IR Camera
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Spl = 61.6T
Sp2 = 62.8T
Epredict = 0.87

(a) Powder Type

Spl = 63T
Sp2 = 55.6T
Epredict = 0.76

S
(b) Plate Type

Fig. 19. Temperature and Predicted Emissivity of Alumina Bead by Type
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Sp1. . Spl = 63.4T

Sp2 = 62.8C
Sp5 = 64.3C
Sp6 = 35.3C
Sp7 = 61.6T

Silver &pregice = 0.29

Qllaf[z Ep'redict = (.86

Fig. 20. Temperature and Predicted Emissivity of Quartz Wafer and Silver Coating

Surface
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Table 7.

of Test

Predicted Thermo-optical Property and Effective Emissivity
Specimen
Open State Close State

w/o Bead with Bead w/o Bead with Bead
& 0.86 0.86 0.86 0.86
& 0.86 0.76 0.86 0.76
& 0.86 0.29 0.29 0.86
e, 0.67 0.234 0.259 0.603
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Reflective Tape

(a) Open State (Bead is Located below Low Emissivity Surface)

Bead

(b) Close State (Bead is Located below High Emissivity Surface)
Fig. 21. Test Specimen of Variable Emissivity Radiator
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(a) IR Image of Variable Emissivity Radiator

Open State Close State
80 T T T 80 T T T
—o—Sp 1 —o—Sp 1
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(b) Temperature Results of Variable Emissivity Radiator by Location of Bead
Fig. 22. IR Image and Temperature Results of Variable Emissivity Radiator by
Location of Bead (Heating Plate = 70C)
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Open State Close State

170 T T T 1?0 T T T
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Fig. 23. Temperature Results of Variable Emissivity Radiator by Location of Bead
(Heating Plate = 150C)
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Table 8. Average Temperature by State and Measurement Point

Sp 1 Sp 2 Sp 3 Sp 4 Sp 5
Open State
. 59.61 59.68 59.36 5941 60.47
(70C)
Close State
i 61.34 61.15 61.01 61.09 62.44
(70C)
Open State
. 127.19 127.87 129.19 129.73 130.41
(150C)
Close State
. 129.29 128.58 130.35 130.66 131.61
(150C)
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Structure

(a) Current Thermal Mathematical Model

(b) Modified Thermal Mathematical Model

Fig. 24. Thermal Mathematical Model of Improved Variable Emissivity Radiator
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