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Abstract

In this study, we explore the purpose, origin, and history of thermal testing in the development of artificial
satellite components. We seek to understand precisely the test variables associated with thermal vacuum and
thermal cycle tests, including temperature margins and cycle counts, which may differ according to the
development model. We analyze specifications detailed in standards from NASA, ESA, MIL, and others.
Furthermore, given the recent surge in interest in CubeSats and nanosatellites, this paper aims to identify
research trends in customizing satellite development projects according to their budget and duration.
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A2 AEBANA o FAE 2=l A48 & Table 1 Mission Risk Class Profiles [2]
Ll dF7) SaE wE3AAA FdEE Aol
9. o % el=(Qualification) NS Eaje] Zah @ Char. Class A | Class B | Class C | Class D
A ~a8Y HLgow AAulA ofF @ A AT} Ril\s/ﬁksigzp. Lowest Low Moderate | Highest
= AT, A5 (Acceptance) AlE2 QIS AIF R :
National | Extremely . Less Not

= M w2 23 E AEEke] Al 2H oF Significance| Critical Critical Critical | Critical
&l A4 =(Workmanship) B3 A1) Denonstrates) Typically | Typically

Senpld d57] Sl wek WS v=des Payloads |Operational| operational |experiment|experiment
= (National Aeronautics and Space Administration, utility al al
NASA), u]=+ =rHF5(Department of Defense, DOD), Acquisition| | .. . .
w7t (Military, MIL), % $F=(European Space qusts Hehest feh Medium | Lowest
Agency, ESA)vith 7}7] &2} 2AxEo] %5 Developme| MEY (ke 4 | May take 3 | May take 2| May take 1
P ) Pge] AL AVE Pk £F MIL 7249 netime | S0 | “vears | veas | years
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A4 A% Bk

H o]z deinels Ve r B @AEE Col;liuﬁnaci};ts Critical | Medium Few  |Few-None
< A wEA sk A =¥k FAolth. 59,
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g T Aol o] WAlERE s HATH FA7F
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Table 2 Mission Classification Standard for
Domestic Satellite Mission [3]

Ak @2 Class A | Class B | Class C | Class D
$Aes | A% | 3 B s
A 8% HA 55 = 23
A %! _ . .
IR ar | e | 3 | e
AEE, S A8
TAA R AP | AAE NZQMJ) 7EATE
(Demo) AE8 (EM5)
SEE | ARA| 4% | F-a | 59
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Abete] ARl st =
th o] F &3 AEA I E3H A (Thermal environ
mental test)o] 374 ~E#
stress screening, ESS)9] 7] %7} =St

NASA Goddard 8] 41E](Goddard Space Flight
Center, GSFO)°IAE 1960 2 AL 13914459
AAFAH(Thermal Vacuum Test, TVT) Z3E 4
3ke] 19631 NASA TN D-1748) &3kt 5]. ol
w2 A9 37]: Explorer X(1961%), XII(1961%3),
Ariel [(1962W)ll&= ExlFAIFe] 1 A 7]&90 2~5¢
Az FPHAeY 1 Az 371 e 7t
Aol A X vAE ARE B9 &8%e] ESS A
go] APS & 5 Ark o] 7] AN AR
eek TN P 718 Aok AL EFwslont
AlA 7] (Prototype)oll & 1 64 2 A2 494S, Hd

40 _

S(Flight unitoll= 32 49 2 A2 449 Al Ao]
S

232193 (Environmental

48 Aole A3} A]ﬂ]ﬂ Aol 10T Lwrkal
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o] % 1966\l = JM S5YTF 64019] QAFAAE M
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Environmental Verification Specification)”} Table 3
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Table 3 History of GEVS-type Documents at GSFC [4]

Drte Title Renark
General Environmental Test Specifica
192|tion (GETS) for Delta Launched Spac
ecraft, GSFC, Preliminary Draft,
S-320-G-1, GETS for Spacecraft an
d Components

198 |GETS, GETS for ELVPaylaods

GEVS, GEVS for STS Payloads, Subs

Last update

181
ystems and Components
150 GEVS-SE, GEVS for STS & ELV Pa| Rev A
yloads, Subsystems and Components (1996)
906 GSFC-STD-7000, GEVS for GSFC Fl| RevB

ight Programs and Projects (202D

Table 4 History of environmental test documents at
MIL-STD-1540

Doc.No. |Date |Title/Remark

MIL-STD |1974.
-1540 | O4

MIL-STD- |1974.|Test Requirements for Space
1540A 5. |Vehicles

MIL-STD- | 1932
1540B 10.

MIL-STD- |19%.|Test Requirements for Launch,
1540C 9. |Upper-Stage, and Space Vehicles

Product Verification Requirements f
MIL-STD- [1999.|or Launch, Upper—Stage and Space

1540D 0L |Vehicles. (Environmental test conditi
on at MIL-HDBK-340A)

MIL-STD- Test Requirements for Launch, Upper—

1540E | 2006.|Stage, and Space Vehicles.(also publish
TRAUES| M. |ed as SMC-TR-06-11. Reported by T
I-1Rev. A he Aerospace Corporation)

Test Requirements for Launch, Upper—
SMC-S-01|2008.|Stage, and Space Vehicles. (comprise
6 (2008) | 06. |TR-2004(8583)-1 Rev. A. approved by
Space and Missile Systems Center)

Test Requirements for Launch, Upper
SMC-S-01|2014.|-Stage, and Space Vehicles. (compris
6 (2014) | 09. |e TR-RS-2014-00016(2014.06) that

supersede TR-2004(8583)-1 Rev. A)
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1974, DODE A, 1e914d o 48§ 7hs

AAANE £ & o3k MIL-STD-1540 14X &

WRZSEITH 8], ®3F, 19961 9ll+= NASA-STD-7002
A7} GSFC7} T NASA 14 &A1A Al 9
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Fig. 1 The Bathtub Curve [10]

ESS= @399 du= 3, d3 vy

)
Al A el gdF7]A1 8 (Thermal Cycling Test, TCT)
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Thermal Acceptance
un(ﬂiainiy _ _n:_lg_'!gj_n_ L
4 Worst hot case margin_ |
Temperature
range Predicded
by Thermal te
analysks, etc range
. I .
- Worstcokcase 02020 RN ____

Fig. 3 Example of Seasonal Temperature Variation of LEO Satellites and Temperature Range of Thermal

Environmental Tests

olo] 3l x| EobxAds wdaly] gt &
5324 vlR(Thermal uncertainty margin <2 <3|
A wkz) S Frbele] o= 2w 9 (Predicted temperat
ure range)E TS oS 2L A 2L AF
A mxlE Frhete] 72 A SEHE TS

S (Unit), 7 (Subsystem

)
(Payload/Spacecraft) -2 AtAt <=

A7) AA ek 22 Ay FAe g RgE ool w

nit) 2ok FEel Wzslhy] el 1eE, 2% H e
2 0 T Y, 29y an, 9ud 2 AlEA
AAE FRlells WEA dxEAde] dastt e
U 2R JerigAdel WAL dxdde] SEd
e dF7INEeR dAE 5 o 1] =3, FH,
FAA, gAA/ALAE el o2t A
Aef o F e Addd 4= 9l

(1) MIL STANDARD

DOD+= 139149 a4 AIge A&3h= A9 &7
Z7% 19743 MIL-STD-1540 A& Z &A= A A&
Rom, ofF o] ¥ MPES AA dA 20149 SM
C-S-016% AlAlskar givk[12]. MIL-STD-1540B%-
B A4 F7] 359 Fig. 49 go] &% 9
°of AARE g stel=gle]l AAIE o}, 7]
ANEEFAE YTy B2 35 F7)(6508)E 873t

o] Table 59 o] QIF7|FE 243], A47]F 83]= 7|

=]

AE AT m= o] SMC-S-0162 o2 Al™
=AM ek &e] Fig. 22§ A WA F7)9] 2xwsks A
& 2% (Survival temperature)7}#] =@alA s= o]
21k AE F7](Survival cycle)® FA3te] Al@ el
AE Aes HATE + d=F siolth

% SolsiAlxE 1994 kel MIL-STD-1540C

¢

o,

e KU 7 Fol HFE 2AH AAGEL, AF
Aol F7) £E QR FHB A3AYe] A 9
gzel 4REe PEeed BEz aa J13)

2 d3AFA G FatE= F27] 847 717 Eet
A dF7] 9 #d 928 WAska ot
T3k MIL-STD-1540CE d&AA A F7] Z5o|

AdzEAd A" F71 F(N,)E wskel =L

dEH ANZE T F WV = 24 AT



AeE FAFE] 7 2EU: 2A2dS AT 4838 E HYHE A7 sd £4 75
AUES EALE Rom, o= A7l fFule] <Hg 2014d%=e] 27k DOD®] SMC-S-016(MIL-STD

Prediction
TLoc = A
Maximam hot
‘Thermal expaced 1 oL fp
uncertainty Rermp.
marFin ———
"<
11°C or 5%
control
Normal
extreme
temp.
range

A3 Hele]" (De-ratin

Qualification
margi 107C)

Fig. 4 Definition of Various Temperature Margin
(MIL-STD1540B) [8]

Table 5 Unit TVT Parameter (MIL-STD 1540B) [14]

-15409] #2l 7A)L EAENAS B3 LEd o5
<EHAE Vo r 7 AP =S F7tsko]
AdE A% HF = H9E A w9
HE Hh 2
d Temperature, MPT)oll W3t A Fi1, & F7)
slaroll hato] kb QISAIR, g, AFA-A
e wgaAstES 99, 97.5, 95% APEY &
12]. Table 62 SMC-S-0169] =
7] R AR FHlel gigt 8 FARRS e

>
d

7} 2

i

H 2] (Maximum and Minimun Predicte

A

Table 6 Summary of Unit TVT (SMC-S-016) [2]

Therml Proto
Hwiromental | Qualification ualification Acceptance
Test Paranmeter d
erumum. Minimum
expected with| .
. . |expected with| , .. .
-10C margin . .| Minimum to
. =5TC margin .
to maximum to maximum maximum
Tenperature |expected with .. |expected, or
. expected with
+10TC . . |at least —24
. +5C margin, 5
margin, or at to +61C
least 34 to or at least
+71C =29 to +66T
Temperature 105°C 95C 85C
range
Number of .. . .
3 minimum | 3 minimum | 1 minimum
cycles
24 minimum | 24 minimum |8 minimum if
if only TV | if only TV only TV
Number of . . .
cvele performed; | performed; | performed;
YEIES st 04 TC | 3if 24 TC | 1if 8 TC
(electrical)
cycles also | cycles also | cycles also
performed | performed performed
Thermal | 1 hr first and last cycles; not required on
dwell intermediate cycles
Thermal 6 hrs first and last cycles; 1 hr
soak intermediate cycles
Pressure 10™%orr or less

Assemb| Test Test Temperature Range®
ly Level | Duration D g
23TC -34°C to +71°C (or
Qual. Max Predicted
16 TV +10°C)
20 TC
Unit! | Proto- 14 TV -29°C to +66°C (or
qual. Max Predicted +5°C)
Burn-In
200 hours®
Aec 4 TC ~24°C to +61°C
b 4TV (or Max Predicted)
Qual. 8 TV? |Max Predicted +10°C
Sub \Proto=| | vy Predicted +5°C
system| qual.
Accp. 4 TV Max Predicted
Qual. 8 TV  |Max Predicted +10°C
Vehicle | T 4 TV | Max Predicted +5°C
qual.
Accp. 4 TV Max Predicted
1. Requirements stated for electrical and electronic units.
2. Burn-in test duration includes time accrued in
unit thermal cycle and unit thermal vacuum
testing.
3. If vacuum insensitivity can be demonstrated,
unit thermal vacuum test can be waived and four
cycles are added to the unit thermal cycle test.
4. Maximum predicted temperature range includes
+11°C thermal uncertainty margin.
5. Test temperature range will envelope these two
temperature ranges
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(2) GSFC STANDARD
GSFCE % AHgle] 33t 7h8s A 84AE &
T3 B 7ol=alE AlFske GEVS(General Envi
ronmental Verification Specification) TFAAZE A|A]
kil 9Itb[15, 16]. GSFCE AEH < <lF-o4:A43
Al EdAlelA 25 WHIE E9 SvSaAE A
A=k 'rc’r”‘)ﬂ el Fig. 59 #o] &
OM TR el §18n 3= (Allowable fli
ght temperature, AFT)ell i3] HA 10CY &%=y
o] H-oJHt} Table 72> GSFC2 EE o A&y
= dvbAERl AIF vz set Y Y 2REvE

=
pu

GSFCE el wel da@Ads Aagsh, 54
A, Azwl 2 gFugae] QaAne A
8% Aot A FEAFL ddEE Aol 5
@ AARE ABoldan, 88 va L Wl +
5T Welqel & Ao} A5e elahan wE 3 87
279 eRd3e TPt B4 O WAE YD
thoolE Fa A A el ded 4 A
5% Folg

Max Protoflight
Max accep temp 10°C
5C
Max Operational flight temperature__ h
(based on hardware capability)
Allowsble
i temp hight
range the hardware is allowed to = temperahune
operate in throush the mission (AFT)
range
anmm_ L
(based on hardware capability)
L
Mi oy mp 10°C
Min Protoflight

Fig. 5 Thermal-Vacuum Test Temperature Margins
(Passive Thermal Control, GSFC) [16]

(8) NASA STANDARD

NASAE 1996 NASA-STD-70022 =438}
WoAE e ANS FrkskdA 20239 39 249
NASA-STD-7002B-W 1AM E HAl %+ 1Ho=
Hl—j ‘}oﬂl;]_ 9 17

=

AN el A w2 A R Hh 2k
2 JIFoE HAF £10°C o] Al 2EvhlE
Agaof 3m, Ha 10 F7] oo EgHojoF
ok Hd el 2= WeE 28 a7l weh A
odu, A4 BEAHS EdtetA] Ferh o Al
e AHE FTES AP Es AAEH, Y ==
I Pl $7] e el wet wAdE 5 9l
of A=l Slrt.

Table 7 Thermal Vacuum Verification Summary of
GSFC-STD-7000B (Non-Cryogenic) [16]

est Article Level

Assembly|  pit Subsystem| System

/Instrument| /Satellite
Test Parameter

TV Cycle Qty ( preferred)

/Isfbtfyf;eﬁ 4 (0) 4 (0) 4
strument: 8 N/A 4

System /Payload:

TV Cycle Qty (alternate)

Subsyst
fosvaments | 6| 2|2
System /Payload:

Test Temperature|AFT range|AFT rangelAFT range
Margin (Fig. 5) +10°C +10°C +10°C

Plateau Duration

(hrs) 4 12 24
Maximum

Transition Rate 1.0 1.0 1.0
(°C/min)

(4) ECSS STANDARD
ESA9] 202213 71 % ECSS-E-ST-10-03C Rev.01
AAAE EFAE o5 2ERSC AFAFY =%
vpE Hatar, o el oA JISAY 2EvS o
e wAom ARW erwmes LAS[18].
ECSSE /¥ Aujy st=glofel gt oA}
Tk 9 3}5%101‘% Au7E Askd fulel gk de4
AE AS Urel Algdth =g ANAE Gt
T Il M AFVIAR 2 ek derkal <
Hol glon, Iz 3
T 4] fylo]l M i e 7he] H3 A
A 2t A Abel(Depressurisation failure)E al#]
ato] <bHetAl Asdhes Al E<lsh] s &

dF7INE s AEP

o2
o



A3 FgAEY 4 2Ed 2 2389 g 4338 HddE AT 5 4 77
7 84S AEUolMst Fuje] & 4 Y $ SMC-S-016(DOD), ECSS-E-ST-10-03C Rev.1
BellM el saE Hrretr] fls AP AE Foll A (ESA) ¥ MIL-STD 1540(DOD), GSFC-STD-7000
7 A& AYE Fawtol FEslor st AR 8T B(GEVS) ¥ NASA-STD-7002B-W(NASA), LSP-R
Abgto] 7Y ES, A Y FoE 2%, & EQ-317(NASA)°] 8 Alg e HE ASAEA
=, HeH AR/ T A9y o 54 upHSE A Table 8, 214=A1& ¢l Table 99} Zo] v nl&}3dt}.
& wUEPeo} s,
Table 8 Comparison of Thermal Vacuum Test Condition (Qualification)
BCSS-E-ST-10-03C NASA-STD
SMC-S-016 Rev.1 GSFC-STD-7000B 009B-W
Rules MIL-STD Sub
& Standard . |Subsys| Vehicl . 1540E . ubsyst System/ | Equip
Unit Equipment| System Unit | em/Instr . system
tem e Satellite | ment
ument
i
Chamber 13.3x107%Pa 107Pa 107 torr 1.3x107°Pa 107%Pa
pressure or less
Tenperature 34 Colsh+ 71 CoPE -170Ce]sl/+120C |-34 OCO]’3V+7 At the SRR to PDR phase this is B
range o 1CoPd the AFT temperature range
Thermal
) . dAF &= w9 AP . A 2% W9
g RE e £ . . + .
Uncerta}nty o] A 9] £10T 450 10T AFT range £10C 10T
Margin
only 27 only 8 TV |only 4 TV preferred | preferred | preferred Minimu | Minim
Number | TV or TV TV or or 4 TV + 4 TVor|4TVor|4TVor m 10 lum 10
of cycles | 23'IC 7 TC 3TC 23TC alternate | alternate | alternate TV TV
+4 TV +1 TV +1 TV 6TV 4 TV 2TV
Thermal g g | g 2h 1h 4h 12h 24h %h
soak time
Table 9 Comparison of Thermal Vacuum Test Condition (Acceptance)
BCSS-E-ST-10-03C NASA-STD
SMC-S-016 Rev.1 GSFC-STD-7000B —T002B-W
Rules MIL-STD Sub
& Standard .. |Subsys| Vehicl ) 1540E . ubsyst System/ | Equip
Unit Equipment| System Unit | em/Instr . system
tem e Satellite | ment
ument
)
Chamber 13.3x10°° Pa 107 Pa 107 torr 1.3%10*Pa 107%Pa
pressure or less
Tenperature -24°Colsl/ -170Ce]sl/ -247C o] 38}/ |At the SRR to PDR phase this is B
range +61Colt +120Co) +61TCo|A |  the AFT tenperature range
e | e wel 11| s o e anp| A EE . ol L= s
Uncertqmty o 2 HE 11T | oA =% MY £5T WMo £11C AFT range 5T 45T
Margin
preferre | preferre | preferre
only 14 only 4 TV only 4 TV d4TV|d4TV|d4 TV |Minim|Minim
Number | TV or 4TV | 4TV or or 4 TV+10 or or or um 10{um 10
of cycles | 10 TC+ 3TC+1 T|3TC+H1 T TC
ATV v v alternate | alternate | alternate | TV TV
6 TV 4 TV 2TV
Thermal g g | g No info. 1h 4h 12h 24h No info.
soak time
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Fig. 6 Test Effectiveness for Thermal Cycles

(Temperature Range of 85C) [2]
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Table 10 Differentiation between Two Types of
Class D Space Programs [2]

Class D Space Program

Program Feature High Success |[Lower Success
Expectations | Expectations
Program More than 1 Less than
development cost| million dollars |[100,000 dollars
Ground testing Yes Safety
Test levels Acceptance |Not applicable
Th 1 | .
ermal mode Simple model None
development
Thermal Thermal
subsystem balance test or None
verification analysis
f . limi
Use o Very limited Very limited to
redundancy none
Number of Minimum 4 TV -
cycles

(1) Only for the verification of safety margins
as mandated by launch vehicle and payload
requirements.
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