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Thermal design of Earth-Moon imaging spectrometer load system
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Abstract: In order to meet the long-term observation requirements of the Earth-Moon imaging
spectrometers mounted on the high-altitude balloon platform, the thermal design was presented. The
corresponding thermal environment of the load system was analyzed, the heat transfer model of the load
system was established, and the sensitivity analysis of the main parameters affecting the temperature level
of the load system was carried out by using Spearman rank correlation coefficient formula and the BP—
Garson method combining backpropagation neural network with Garson formula. The thermal control
pattern of the load system was depicted clearly. In addition, the finite element model of the load system
was built and the spectrometers’ two working conditions, the December solstice and the June solstice

conditions, was simulated by using the [I-DEAS/TMG software. The simulation results indicate that under two
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working conditions, the spectrometers can quickly cool down to —5 C within 2 h, and the spectrometers

maintain the temperature level of (=5+2) C for more than 3.5h, the optical window temperature is higher

than the local dew point temperature at the altitude of 20 km, which satisfies the requirements and the

thermal design is reasonable. The research jobs could give some guidance and reference for other ball-

loaded optical remote sensors.
Key words: thermal design;

high-altitude balloon
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Fig.4 Thermal environment of load system
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Tab.1 Average external heat flux of each surface

in December solstice and June solstice
(Unit: W/m?)

Surface +Z +Y -Y +X -X
June
. 684.3 426.2 315.7 553.1 553.2
solstice
Decen.lber 397.3 1195.9 178.2 487.6 487.7
solstice

23 HETRSHMER
2.3.1 BAT A G5 S HHk

HH T S B 4y 44 2 10 K BH 8 5 5 4 U 404 R 5
(4956 2% SO W IR 236 55 R S AN ), AN i 4 BRI A i
VT8 AT 28 G0 10 0] A0 A SR 4 # o 3 B 3ok Xof 28K AT
fits 1 2 T8 5 43 15 20 2K far BE 3R 1E T dA 5 A IR 4R
1) % S 4 B i dQ O

d0=dA[aQut&i(Qurt Qe w)-&:0(T. ~T)]  (3)
Ao e Ry BTG Ah 3 R BT 5 o O o i A 3R
K BH %8 S5 B W Wi 238 5 T ohy 487 8 38 TH 0 BE 5 T, o P Ui
JEIWERE . BT )E R E — A B
AT, MEMRRZLIRAS#BET 2T, Wik THE
L T,=-56.5 C.,
2.3.2 AT R R xTIR

B AEERTREAERTFE L, £ LT B
5 CH B S xTFRRE g, WM mE RS
2 far 8 A XS A B AR TR RATIRES T AT AR A
FEm F R SAR S AR, X e A R L
£33 IC= 0072 W {07 N T IO ( B = 06 o/ O T L <R e R
A Lok

Qun=A+h-AT (4)

A A S X e ST R s B oy 3R T X O 4 R B
AT Sy 38 £ A6 1 B2 55 TR0 B R AROBR B8 T T 2%
2.3.2.1 EABdR SR R BGH A

o eI R K R, A R 5 R A R R
e FA 0] LT Ak A U AR G\ FT KT A A X I e B )

1114004-4



bl ok TR

%11 4

www.irla.cn

% 48 %

T ETHBr B, +Z 1 D RE , +X =X +Y =Y 0
A T SR A T X A A B R KO S T A T
R 3T R A0H B b RO R L B RS, T Oy 1
ARXUF
Re=v-x/v' (5)

v R KRR T 20007 A8 0 3t 2 5 3R 7 200 AR
210 45 Ak B g ) B RS 5 v R A KW as SRl B .

THEEAT 3 25 18 B KA B /N T 5x10°, K
IR R N E < B = B A o o =/ [ N TR A= LTI S DS I
e I Z AT LA 43 ) e BEUZ SRS TR AR 9l K F AR
J 5 AT B X A A R RO A A KT m A Ak
PEALER A, 2 IR AT 3R X g 4 A R BRORT D g
HE R A 9 THT 5 38 0 i 4 B R RO A O

Nu="% 0 332Re "/ Pr” 6)
Nu=""P1 =0, 102Re" pr ()
Nu=1D2=3.0.47Re Py (8)

K Nu 9 55 FE IR B s h O 2000 X B R B A
2= IR B Pr o MR R, Pr=pC/A, p 9 75
BBl 3R BE s Dy Ok A R XU A A AR K R 5 D,
g A BRI TR S T BRI BLAR .

1 T b TH B BEAT 2R G A IO S Kb )
AL KA 20 km LR RAWIVE S BER SR BN 23
Befls Jr ik, SR AT 2 AR 2% HL IR 30w )5 3804 e Sh 3%
T X 3 R R R B, LA 2 n L 15 3 BB
SO T T KU B 5 28 BRI e AR BRIV B
BEA A 2 W& 5 Frm

10 -
—a—Side
st —e—Back
B —a— Balloom
2 o
‘g
z 4
=
2 -
ol | . . "
0 5 10 15 20

Height/km

5 BT B B w0 i 4 3 AR RO b il 28
Fig.5 Surface convective heat transfer coefficient in rising phase
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of pod in level flight(Unit: W/(m?:K))

Nu =Pr’®x xRe" 9)

Surface Front Side Back
Following wind 2.8 2.3 3.8
Against the wind 5.9 4.6 6.7

3 i-A MR RIE N EET R g R

31 R SHRFGESN

ABTE S RO R T2 R R S B LR L 22
il K P AR X T A BT S B e U i il
X B AR GEEAT RALE or M, AT AR R &
BT S A, DL A BT B0 B X R R R, A A
TR AR AR A T S RO R AU
O M B A R R Sy B AR R R A M. A2
JRy RAFEE 3 B BE 08 B 4 ThT Ml B W B AN BT B R
AN Bt 2 B 2 T AR L AR R AR, A A
ST REUZ T, 4R R BUE 53 Bl LUE
YE B 3t SIS 2 HOuk i B K P B9 52 W AR o DRI 36 R
T 14 A EE RIS Bk T 2/ RO 5,
AN BT S B R AR B L3 3.

1114004-5



bl ok TR

% 11 3 www.irla.cn % 48 %
£IHWRGETERGIHBY Lo n
Tab.3 Main thermal design parameters of the osl ® - ::‘
load system :ﬁ‘
_0.6f . s
Symbol Parameter meaning o ¢ 4 K‘
- 04F 4 & A * R,
A Thermal conductivity of pod 0.3 e VR %
& Outer surface infrared emissivity of pod 02r © S ™ :th
a Outer surface solar absorption of pod 0 | ’ ; i hy
T, T, T, T, hs
& Inner surface infrared emissivity of pod Temperature monitoring point
R, Thermal resistance between spectrometer’s side plate B 6 B R S
and bottom plate
Fig.6 Sensitivity distribution of thermal design parameters
R Thermal resistance between CCD and spectrometer
2
frame y
MNIEL 6 Hal LA M, 4 o il B M 47 X 48 £ AR
R, Thermal resistance between the electrical box and pod +Y . —Y ﬁ Xd_ (ﬁ ilﬁ% fj’}g % i#& hl L & ﬁ % ﬂﬁ ﬁl\ %% ﬁ j( ﬁH
X, Thermal conductivity between the CCD of infrared 0 1 % o WA W% % Gk BZBIRIYI KT 0.3, B Ay
spectrometer and the pod
5 o Dy B R R R R A R BT B
% Thermal conductivity between the infrared s . .
2 spectrometer frame and the pod /ﬂéé‘%ﬁﬂﬂ‘éjé&ﬂgiﬁiﬁgkd\iI&ULW%
¥ ol 33t Ay hn e [ =] FH f
X Thermal conductivity between the CCD of visible e, R B SCAE 2R 1 ik B2 /AP A AN [ i EE
’ light spectrometer and the pod S, R BP f £ M 4% 5 Garson B I AH 45 & 1911
% Thermal conductivity between the visible light %: 73‘ {25 é’lﬂ ’ﬂj é )%’ i @I E 63\ *ﬁ Zéf % ° 7F|J Hﬂ EFEH 1‘5]5 ﬁ% ?‘J E@
4
t ter fi d th d v W g § N
spectiometer frame and fhe po 200 2 HBETE S BB B DL K 4 A TR BE AR R Y R
h Convective heat transfer coefficient of +Y, —Y of pod % NI N S N .
' P JE O A A Dy v 22 W 2% I 2 5 KA, IR A
h, Convective heat transfer coefficient of +X of pod @J %/\ﬂ‘:’ 14 /I\:‘mﬁi‘l“ﬁ}ﬁ(ﬁfﬁ EHAU Hj ﬂi] 4 /l\{ElFi%
hy Convective heat transfer coefficient of —X of pod

FEXT LA b R 3T 2 Bl AT 42 R RO S b e
F I HL T 88 57 05 e 5 i 5 Bk 14 SRR S5
75 U Y P O A7 AR AR E 200 418085 414 L A
Fil I-DEAS/TMG X% 200 415085 247315, 153 4 4
TR W LD HE IR T £0 41 X
CCD i BE T\ v] WO G35 A HE 223 B2 T DL K& m Dot
H %A CCD R Ty i 3 52 5 o AR I 0 B A5 21 1
200 41%H , 1 G032 1 1) Spearman % 44 A 56 &
ooz, W DA AR B0 45 R T S B0 IR W AR
R 56 280, T s A K R
63, [o(X)—o(¥)]

[N(N*-1)]
AN R EG X, S T S B AR Y
W4 U BE S5 R 5 o(X) 7R X N Al FE S B AT
THIT ok 5 7 HE S B, X 1 HEBE 5 5 0(Y) R X N Ik
HFES B R 17 T e s K T HE L Y RS T S

WA 4 AR B W Sk 14 AR S
B0 A oy A S B LA 6

IR J=1— (10)

R 3 )2 BP # & W 4%, R H % BP # & ¥
2% Pl 28 J0 8] 1 35 FEAUE K/, AR A BCEE IS 1) Garson
75 OBt AT LAAS B i AAF 5 52 e i A5 S 0 R e 2 B
BEAE K /N, Garson 24 2 40
Y (o vl 3, lay i)

S S (g vl S ey vgl)
ARy R A T A X RO KN 5 0y v 4390 R
MAR-BRETE. RETE-WH 20N EEE,i=
1,2, N;k=1,2,--- ,M(N.M 53 5| % AME 5 i
HE S 140,

FI ] BP—Garson Jy 1+ 15% 2] 4 A>T M 45 A3
53 R £ A PR T S EO A R KN, R
AATES R ILE 7,

M7 sl DUE R R AR A T X K K by
Ky hy S0 RERR T X Ky hy by Ky 8 %5
SR RIGE KR, T X Ky Ky by he e S50 R
WK, T4 Ky oy Ky he (Ko 55 28000 20 38
Koo BEXF LA L 43 0 25 5, 45 21 52 i O 33 {SOHE 22 38 B 7K
Vg BRI SRR - B A 3% T K BH W IR

R.=

i

(11)

1114004-6



bl ok TR

%11 4

www.irla.cn

% 48 %

o FLLONR ST AR o, AT IR +Y (Y 54X T A X I
ARy hy, CCD A F 5 EHEZE Z (8] (9 FABH Ry (R,
CCD 4 {5 2 A e U 1T 22 8] 1 5 3 &R 00 KK, O
T ASC T HE 2R (O AR ) 45 28 Ay A 0 T 2 T Y S AR KL
K, Ky 55 FEIABETEI, 225X LA B SRt AT it .

S ASASANR

Thermal parameters

X R

, , ()
0.10 0.14  0.18

0.02 0.06

Relative sensitivity of 7,

K,
h,
»
5 K
o 61
2K
<
KZ
£
= R,
= R
&,
A, . . . (®
0.02 0.06 0.10 0.14 0.18
Relative sensitivity of 7,
K,
Kl
» h'
§om
o g
g K
— Kl
=
E o.
5 h
= 1
= R,
R,
& L L L ©
0.02 0.06 0.10 0.14 0.18
Relative sensitivity of T,
K,
hl
v K4
£
5} KI
g &,
S a
=
= R,
= K,
= h,
&
R, (@

0.02 0.06 0.10 0.14

Relative sensitivity of 7,

B 7 BB S RO o R U oy BT 4
Fig.7 Relative sensitivity analysis results of thermal design
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A FHE SR Je CCD i BE 2o @ B, 38 3 R o o8 i 4 K
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K\ K> Ky K, UL S BE

(7) BATHE+Y =Y 5 +X TH BT 55 28 R 8 b
By 3E DL 3E b 18] 5 A R A AR, BRI TE b T B B
AN PR BT U R A A B, A O R R OBR AT R
19 75 3G Ky o
3.2.2 FEHMEHE i

(1) ZLAR S35 A 5 AT U 6 i A S HE 2R 1 % 3
F MK, SR R W e 7 L i #A g8 AT 32 B
TR, B A ] 5 R S S (R A ) T
PR T FBE X fn #  S B B b RS Y P BR R, RIOE
AN HMIE R B AR T =5 T, IF RS bR A, 757 AN E
HUI BE G T -5 Ol AN IS

(2) W62 50 1 AR B 3 o X, 5 W0 fie
D o A AT FE AR, PO B A D
H o RET, B8 H AR R 0°C, & F i 4K 20 km )
> b 5% AU B ORUE L B B AR B RS R
33 ASWItE

XF B A R G AT, BB T R
AV . FIJH I-DEAS/TMG # A %o #8525 3K S B &
GEEAT R, A5 B IS Hr R R A &) 8 i o A A 2
5 41 D HRFEA 15620 4~ FT,8 768 5 A,

/ ]/ \\ e\ Highaliitude
/- e
| m - )

\\ \ \ l / / // Load system
\ \\ [ ] 7

P9 8 BRAT A G HY I BT A
Fig.8 Thermal analysis model of the load system

Oy xR A B T AL AT a0 T, A S P
Ui TOUT HOHEE o A B TOL R, M A58 B 5 00 1
ASC R 354 B 0 A TR R A, mT AR S AR BT O IR TR
0L, K 5 T Bl B it ) T AT s R T OUAE O
B R O G R R G A HCGARE )
T E SR 8oy by by 50 TE V)G R T, K
N TE UL 4

KABMMIRRFESHEESR
Tab.4 Values of thermal simulation parameters

of two working conditions

Code June solstice December solstice
& 0.86 0.86
a 0.17 0.17
/W - (m?-K)™' 2.3 4.6
hy/ W+ (m?-K)™! 3.8 6.7
hy/ W+ (m?-K)™! 2.8 5.9
T,/C 25 0

331 AEZT

AR TLHF, W E 6 CCD #1304 4 F T+
B AL, P B e LAE S RE 4R R 15 W Fl 5 W
SIRZRGAARTRGNFEL 200W; F3hRds4
P2 TAE G5 AHE 42 H AR i B -5 °C, 1 il I-DEAS/
TMG B F X 3 ff 2 48 19 & & T 0047 05 B35, 1%
P ETH T LTS CH B & 6% UHE 42 16 )%
T, T, Bt BF [0 25 4k il 8 i B9 BT o

Temperature/°C

6000 9000 12000 15000 18000
Flight time/s

%0 3000

P9 2 2 TG AUAE 42 i B2 2 Ak il 2%
Fig.9 Temperature of the spectrometer frame at the

December solstice

MIE 9 G5 ]I LLEH, &2 T F X &m A%
SR B i AR, T DA SE B B 6 UHE 2L R
FFFBE 1 h YRR (=5+2) THY B bR IR [8 7R P
CEOUL I B B 1 4 h B[] PN IR 28 DR RO BE KO i 2
P& PO TR AT
332 AEIRN

HZETH R, PG CCD #4041 1 4 2
T AR, P B e 45 35 1 X 3 4 24 R B
KR S B, MG EER 25C, KA K S4 2T

1114004-8



bl ok TR

%11 4

www.irla.cn

% 48 %

LA o ) I-DEAS/TMG #F #E 47 11 55 45
H, BB R TN ETHS S CEHBP & s X
i BE T, (T B I 18] 722 A il 26 B 10 s o

30
25

4]

%}:.‘-

Temperature/°C
S

6000 9000 12000 15000 18000
Flight time/s

0 3000

P10 X2 0O 1 ACHE 29 3L A A il 26

Fig.10 Temperature of the spectrometer frame at the June solstice

ME 10 el B W, EE T, B G - A
RIS ER Ao 28 G AR SR 6 2 PRk o TR %8 (—5+2) €, [l
B} 24 F5 1% 00 5 K 3h R E T R A SRR AR
333 AFHFumEER

MR 20 km &5 45 T ORARE CRAEE KA
IRAE & DA S K SR S HR A T o, b ER
SR AR, R R T =50 T o 2 5 1R B AR
TR L D45 %, K1l R TEESL

BEPA TOLF A RGE AT ROt E DR T

14 7 Al T 26

30

25 —s=—December solstice
—e— June solstice

6000 9000 12000 15000 18000
Flight time/s

0 3000

PTG ot o IR 2R

Fig.11 Temperature of optical window under two working conditions

NI R U N S S = S VU A = 5 - B
JE 2 RE4E+5 75 (0+8) °C, i T 24 5% 45 IEL L OB B
HANZE B ORI T G ASOULIN Y 2 15 38 225K

4% %

FT T I 30T =5 () A2 2% 9 3 B8 4% 1R 15 0l o 18 et oy

Z 0 AR, 6 3 23 (8] A 09 O 2 18 J8 4% 1 47 34
WAL B, 255 SO I E R TAE A3 8140 458 .

(1) 3R JH 3 9l sh PP A 45 4 19 05 ¥, ) 340 #r
4 I-DEAS/TMG 43 i %) i — H A5 6 385 A0 27 &=
G A& B 5 E B T B0, 45 R BoR 6k U
& 2 h R TE] Y RE R R 2 (-5+2) T, HAE & T8 Tk
T ACHE S 3L B DR R (—5%2) Tl AL 3 h, 6% 8 1R ¥
IO FEF LI B B 4t 55 8 (0£8) T, 5 24 3% 1
B, G 6 DR S8R Tl B R A .

(2) R RGAE EIHE SV B T AR
(IR 25 R, W 3R A R e AT AT I 43 B AT o
1E T B AN EE 3 . ) DA KRS B R
AR A, 6 G A T B N R FH I A 43 B LA kL R4
ETFBOR T B B, SRS B R R B 1
{85 00 i 2k, mT LA VE B e 31 30 ) 3 e P L O KB
BT RGN ANES R B AR G, AR AT 4R T S N R
TSR Ik

(3) I J Spearman 45 ¢ A 5C & ¥ /A UL & BP—
Garson Jy i #E47 # % 1H S 800 & i RAEE 4y B, vl
DA B A2 o 1 b 75 ) $A 5 3T S 800 AT 48R B 1Y 5
FEEE, 7R SEAT BT B AR 4 S B0 R BE W 95 5 1
TR 93 A B WL ) 7 5 Y R s £ 2 i O (O
Xt F o REUEA RIS H, W R F 15
T8 e A RO Al 7 TS e, R R AT O 2 i
TF PARIE G TAE R 2w A

(4) SCHHEAT B M= A BUAROG IS AL 3T 7R G 1 B
BT TE AR S0 R 4% B 25 AR LI BT iy BE il |, 45
HRBREE TAEMRERYE, 8 T 2007 & 500
WILAE, RIET A2 5E S M Lol TRk m
A . BETF R bR A RS A B LA I DL
Spearman 2% X, 5 BP-Garson 45 & i 2 %5 42 7 72 0%
OB, X RO R A S R G I B
H—EMS %M.

S % 3k
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