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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The preecedures—tsed—to—developth ment-and-these—ntendedfor-its—further-maintenance are
described in the ISO/IEC Directives, Part 1. In particular, the different approval criterianeeded for the
different types of ISO documents should be noted. This document was drafted in acéordapce with the
editdrial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all sugly patent rights. Details of
any patent rights identified during the development of the document willbe in the Introdu¢tion and/or
on the ISO list of patent declarations received (see www.iso.org/patents);

Any trade name used in this document is information given for the'éonvenience of users gnd does not
consfitute an endorsement.

For an explanation of the voluntary nature of standards; the meaning of ISO specifi¢ terms and
exprgssions related to conformity assessment, as wellvas information about ISO's aglherence to
the World Trade Organization (WTO) principles in‘the Technical Barriers to Trade| (TBT), see
www.iso.org/iso/foreword.html.

This| document was prepared by Technical ‘\Committee ISO/TC 20, Aircraft and spqce vehicles,
Subcpmmittee SC 14, Space systems and operations.

Any feedback or questions on this documrent should be directed to the user’s national standprds body. A
complete listing of these bodies can e found at www.iso.org/members.html.

© IS0 2023 - All rights reserved v


https://www.iso.org/directives-and-policies.html
https://www.iso.org/iso-standards-and-patents.html
https://www.iso.org/foreword-supplementary-information.html
https://www.iso.org/members.html
https://standardsiso.com/api/?name=a51bffd425bfeff7938d4b02e88f5500

1SO 24412:2023(E)

Introduction

The on-orbit environments of spacecraft, with their vacuum state, cryogenic and black background, and
complex heat transfer, are harsher and more complex than the ground environment. They have a strong

impact on the success of spacecraft mission. Thermal balance tests (TBT) and thermal vacuum

tests

(TVT) at spacecraft level are conducted to ensure the units in spacecraft operate normally in specified

pressure and thermal range.

This document provides methods and specifies general requirements for spacecraft level thermal
balance tests and thermal vacuum tests. However, the technlcal requlrements in this document can

be tailored py—the—p e-speetal-spaeee : pace—e
extra-terredtrial body lander or the satellites with empha51s on low-cost and fast dellvery, whio
characterizg¢d by extensive use of non-space-qualified commercial-off-the-shelf (COTS) unitst

This document acts as a supplement to ISO 15864 and ISO 19683. It is applicable to test pr
designers and test organizations. It also serves as a reference for spacecraft designersrand test fa
manufacturprs.

orer,
1 are

oject
cility
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Space systems — Thermal vacuum environmental testing

1 Scope

This document provides methods and specifies general requirements for spacecraft level thermal
balance tests (TBT) and thermal vacuum tests (TVT). It also provides basic requirements for test
facilities, test procedures, test malfunction interruption emergency handling and test documentation.
The iethods and requirements can be used as a reference for subsystem-level and unit-leve] test article.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only theledition cited [applies. For
unddted references, the latest edition of the referenced document (including any amendments) applies.

ISO 15864:2021, Space systems — General test methods for spacecraft,subsystems and units

ISO 17566:2011, Space systems — General test documentation

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.
ISO gnd [EC maintain terminology databases foriSe in standardization at the following addresses:

— IS0 Online browsing platform: availablé.at https://www.iso.org/obp

— IEC Electropedia: available at httpsi//www.electropedia.org/

31
maxjmum predicted temperature
high¢st temperature that can be expected to occur during the entire life cycle of the subsystem (3.4)/
unit (3.8) in all operationdl modes plus an uncertainty factor

3.2
minimum predicted temperature
lowept temperature that can be expected to occur during the entire life cycle of the subsystgm (3.4)/unit
(3.8)|in all operational modes plus an uncertainty factor

3.3
spacecraft
integrated Set of SUHSYSTens (34 ) and umnits (3-8) designed to perform Specific tasks or functions in
space

34
subsystem
assembly of functionally related units (3.8), which is dedicated to specific functions of a system

3.5
thermal balance test
test conducted to verify the adequacy of the thermal model and the adequacy of the thermal design

©1S0 2023 - All rights reserved 1
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3.6

thermal uncertainty margin
temperature margin included in the thermal analysis of units (3.8), subsystems (3.4) and spacecraft
(3.3) to account for uncertainties in modelling parameters such as complex view factors, surface
properties, contamination, radiation environments, joint conduction and interface conduction and
ground simulation

3.7

thermal vacuum test
test conducted to demonstrate the capability of the test item to operate according to requirements in
vacuum at predefined temperature condition

Note 1 to ent
number of hi

3.8

unit

lowest leve
mechanical

4 Symbg
AT a

EGSE el
FM fl
IR ir]
MGSE ot
OSR 0
PFT p
QT q
TBT

TQCM te
TVT

UPS u
uv u

Iy: Temperature conditions can be expressed in terms of temperature level, gradient, variatio

bh-low temperature cycles.

of hardware assembly that works with specified complex electrical;” thermal ar

functions

)ls and abbreviated terms

cceptance test

ectrical ground support equipment
ight model

frared

echanical ground support equipment
ptical solar reflector

Foto-flight test

halification test

thermal balance test

mperature-gontrolled quartz crystal microbalances

thermal vacuum test

hintenruptible power supply

h and

1d /or

- [ N
I dvioIcl

5 Test purpose

5.1 Thermal balance test

The purpose of the thermal balance test is to provide the data necessary to verify the analytical
thermal model and demonstrate the ability of the spacecraft thermal control subsystem to maintain

the specified operational temperature limits of the units throughout the entire spacecraft.

© IS0 2023 - All rights reserved
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Thermal vacuum test

5.2.1 General purpose

The purpose of the thermal vacuum test is to demonstrate the ability of the test item and its units to
meet the design requirements under vacuum conditions and temperature extremes that simulate those
predicted for flight. TVT detects material, process and workmanship defects that would respond to
vacuum and thermal stress conditions.

The test level and test duration are described in 6.2.2.1 and 6.2.2.2 respectively.

5.2.2

Duri
quali

5.2.3

Duri
prot
marg

5.2.4
Duri
fligh
accej
6 n
6.1

6.1.1
The
a) 1

The
irrad

Figu

The
artic

Qualification test

hg the qualification test (QT), the thermal vacuum test serves to validate the perforn
fication model (QM) in the intended environments with the specified qualifiéation ma

Proto-flight test

hg the proto-flight test (PFT), the thermal vacuum test serves to ¥alidate the perforr
-flight model (PFM) on the first flight in the intended environménts with the specified
ins.

Acceptance test

 model (FM), except the one used as pro-flight;dn-the intended environments with t
ptance margins.

[est methods
Thermal balance test

Test description
bn-orbit external thepmalflux simulation can be conducted by one of the following met
ncident flux method

ntensity, spectral content and angular distribution of the incident solar, albedo an
iation encousitered by on-orbit spacecraft are simulated by using solar simulator syste
e 1 or using the other method (e.g. with axial location of solar simulator).

soldr simulator is composed of the xenon lamp, the filter and the collimator. Generj

hance of the
rgins.

nance of the
proto-flight

hg the acceptance test (AT), the thermal vacuum test serves to validate the performance of the

he specified

hods:

d planetary
m, shown in

lly, the test
des on orbit.

le-iS installed on a motion simulator (rotating platform) to simulate the different attitu

For the requirements of a solar simulation system, see 7.3.4.5. For the main characteristic of a solar

simu

©ISO

lator, see Annex A.
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Key
1
4

shroud

solar sinf

This metho
characterist
of irradianc
the effects f
be restricte
cost and hed

b) Absorbg

The absorbgq
infrared (IH
external the
absorbed hd
and film hed
flux method

2
5

3
6

motion simulator test article

ulator vacuum chamber collimatér

Figure 1 — Solar simulation method

1 is suitable for spacecraft with complex shapes andlarge differences in surface thq
ics. It can provide incident illumination with matching spectral, uniformity and sta
b, divergence angle for the thermal test of the spacécraft. However, it is difficult to sim
pr performance degradation of thermal controlicoatings at end of lifetime. This method
] for the effect of reflection light or heat fromy;surfaces of shroud and MGSE, large oper
t pipes on-board normally working horizontally.

bd flux method

) heaters (cage, lamps, calreds and thermal plate) with their spectrum adjusted t
rmal coating properties, pt;by using film heaters attached to spacecraft surfaces wit
at flux controlled by electrical power, shown in Figure 2. For the requirements for IR h
ter, see 7.3.4.3 and 7.3:4.4. Annex B describes the design flow of an IR heater in the absa
in TBT.

rmal
hility
ulate
may
ating

bd solar, albedo and planetary irradiation for on-orbit spacecraft, are simulated by using

b the
h the
bater
rbed
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12 3 4 5

//

) \—=

Key
1  vyacuum chamber 2 shroud 3 7 IR cage or IR thermal plate
4  festarticle 5 IRlamp/calrod array

Figure 2 — Absorbed flux method
Thismethod is suitable for spacecraft with simple shapes and similar in surface thermal characteristics.
It hap the advantage of high reliability, low manufacturing and operation cost. It may be restricted for
the dontainment released from MGSE, limited temperature ramp and the numbers of heating loops or
electrical power.
c) The combination of methods a) and\b)
The ¢ombination of the methods a) and b) can be used for heat flux simulation of differenf surfaces of
the tpst article in TBT.
Gengrally, the following shall be considered during test article design:

q

[(

.

The profile, structiires, materials, instrument and device layout, cable network, vari

ontrol measufes, envelop dimension, surface state, installation and connection mode, i

ources, thermal capacity shall meet the requirements of thermal design and simulatign.

apacity and heat consumption are in accord with that on orbit.

he ]nrnn antenna, solar array and other external anhnnnnfc may not harhr‘lnafn in

bus thermal
nternal heat

The thermal simulation model of spacecraft or its units may be designed specially, whose thermal

he test, but

their radlatlon heat effects shall be evaluated. Conductlon heat shall be 51mu1ated on installation
interfaces by proper heat insulation, heat leakage compensation, or constant temperature.

— Additional radiation flux created by thermal vacuum chamber, MGES and heating devices frames
shall be taken into account.

— If the natural convection effects cannot be ignored under the ground gravitation condition,
pressurized cabin convection boundary shall be simulated by adjusting the gas temperature,
pressure and velocity on the units’ surface to ensure the heat transfer is equivalent.

— The propellant tank is filled with protective gas.

©ISO
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6.1.2 Test conditions

6.1.2.1 Test cases design

TBT cases depend on the mission, spacecraft design, spacecraft operational modes, and times required
to reach stabilization. According to the internal heat source heating mode, orbital heating mode and
other thermal boundary conditions, there are four types of operating cases.

a)

b)

d)

The design principles of the test cases are as follews.

Casel

Internal heat source, simulative orbital heating and other thermal boundary conditions are

constant

Case 2

Interna

other tHermal boundary conditions are constant;

Case 3

Interna
therma

Case 4

Interna

the aperiodic change during the specified phase.

Forb) a

mode al

is stead
model i

Test phases shall simulate cold and hot conditions to verify all aspects of the thermal hardwar
softwarje, including heater operation;‘radiator sizing, and critical heat transfer paths.

Test ca
verifica

To validate the adequacy-of the thermal control design, the cases shall contain hot case and
case at Jeast. Considération should be given for testing an “off-nominal” case such as a safehold

surviva

Generally, thefest for the only purpose of verifying thermal analytical model shall contain tran

case.

heat source works in a set periodic change mode, while the simulative orbjtal-heating

heat source works in a set periodic change mode; the simulative‘erbital heating and
boundary conditions are in the periodic orbit change mode;

heat source, simulative orbital heating mode or otherthermal boundary conditions 3

nd c), the cyclic test for several periods can be repeated either with the heat source oper

iy periodically, or with several orbit periods as one test period until the temperature o
5 steady periodically.

Fion and flight mission/indication.

| mode.

r and

bther

re in

ating

hd simulative orbital heating mode in one orbit period until the temperature of test model

f test

b and

Kes shall obtain sufficient critical parameters required for thermal analytical nmpodel

cold
|l or a

sient

Transient case shall be set when the influence of on-orbit heat flux or other thermal boundary
conditions on spacecraft temperature increases with time.

6.1.2.2 Temperature stabilization

The exposure shall be long enough for the test article to reach temperature stabilization so that
temperature distributions are ensured in the steady-state conditions. The test temperature shall be
considered as stabilized, in case that

a) temperature monitored at the test article is within the allowed tolerance around the specified test
temperature;

b) temperature change rate is lower than the value allowed for stable conditions.

© IS0 2023 - All rights reserved
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Steady-state conditions shall be defined in test specification. The temperature fluctuation should be
within +0,5 °C over 4 h; or monotonous change should be less than 0,1 °C/ h over 4 h. Meanwhile the
fluctuation of other temperature points can be used as a reference.

6.1.3 Basic requirements of test facilities

a)
b)

c)

The test pressure should be no higher than 1,33 x 102 Pa.
The shroud surface temperature should be no higher than 100 K.

The distance between testing equipment and a test item shall ensure:

q

q

d)
1

q

6.1.4
The

conducted before, during, and after the test for flightimodel. Sufficient and timely measur¢
ade on the major internal and external units:to verify the major units’ thermal desigm, hardware,

be m|
and
shall

The
para

the modification parameters shall .be configured to the thermal analytical model to

temp

Aftel
sour
gene

simullation mode, déviation between the test model and actual spacecraft, measurement

heat

6.2

gvailability of required uniformity of heat fluxes, incident on a test item surface)when

The shroud surface shall be painted with high-emissivity black coating>whose solaj

The recommendations in a) and b) should be reassessed accordingto-the specified elem

Winits, and flight mission.

onvenience while performing preparation and completion operations with a test itém

ests.

atio shall be higher than 0,95 and hemispheric emissivity shall be higher'than 0,9.

bxternal and internal thermal and pressure environment, operational modes of space

Monitoring during TBT

test article shall be operated and monitored throughout the test. Functional te

hnalyses. The heat flux, temperature, unit’s operation mode and other performance
be controlled to meet the requirementscof the specified case.

meters shall be within the acceptable range. After modification of the thermal analy

erature of spacecraft flyingion orbit.

Ces. The absorbed and’/irradiated heat by the test model shall be compared, whose
rally controlled within 10 %. Test errors generally are derived from limitations of {

flux and teniperature.

Thermal vacuum test

performing

absorption

ents such as
craft and its

5ts shall be
bments shall

parameters

modification of the thermal analytical model is applicable to all test cases. The modification

tical model,
ndicate the

the test, a comprehensive analysis shall be made on energy balance in test cases for test error

lifference is
he heat flux
accuracy of

6.2.1]

Test description

Spacecraft shall be placed in a thermally controlled vacuum chamber having the capability to expose
the test article at or beyond the minimum and maximum test temperatures.

The following should be considered.

a)
b)

Units of spacecraft should be flight products (except qualification test).

Some units may be replaced by qualification parts, process parts or simulation parts with their

thermal performance and electrical performance parameters conforming to the test requirements.

)

apart from spacecraft in test with cable connection.

d)

©ISO

The propellant tank is generally filled with protective gas.
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The temperature can be controlled by the following two measures.

— Controlled by test facility

1) Temperatures of shroud and heating devices shall be controlled by adjusting the flow of gas/
liquids or the electrical power to assure that the test article reaches the required temperature.

2) The temperature on main functional areas (e.g. light entrance, OSR radiation surface) should
be consistent with the extreme external temperature on orbit.

3) The surface protrusion, surface coating, cables temperature change shall be taken into
consideration during adjusting to prevent the test article from being damaged.

— Control
Interna

1) In(

consumption state.

2) In heating up the test article, its units may be powered on and wofk)in a maximum p
consumption state.

3) Tenpperature control thresholds of the active temperature centroller should be extend

bot

4) Temperature should be monitored for temperature-sensitive units during the thermal cy

pro

The temper
stabilizatior
heat inertia

ed by inner heat source
heat sources include heat consumption of active units or active control heaters,

ooling down the test article, its units may be powered off or work in a minimum p

h ends when the unit temperature is required to be reachiedfaster.

Cess.

ature profile for TVT is shown in Figure.8: The durations of thermal soak, thg
and thermal dwell for different units of.\Spacecraft depend on their operation m
characteristics, lifetime, etc. Functional/performance testing should be performed

pwer

pwer

bd at

cling

rmal
bdes,
after

adequate thprmal stabilization during thermal soak:
Y
1 A
1
A
- | | |
1 | |
| | |
2 BN |
- |
| 6, 1| 7 |
[
| 8 - __:_ ] ] |
9! |
1 3
0 20 40 60 80 100 120 140 160 180 200 X
Key
X  time Y temperature 1  hotcase
2 ambient temperature 3 cold case 4  thermal soak
5 thermal dwell 6  thermal stabilization 7  functional/performance testing
8  hot test temperature 9  within test tolerance

Figure 3 — Temperature profile for testing
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Consideration should be given to conducting the thermal balance test in conjunction with the thermal
vacuum test program. A combined test is often technically and economically advantageous. It shall,
however, satisfy the requirements of both tests. Examples for combined test temperature profiles are
shown in Figure 4, where TBT and TVT are performed in sequence, and in Figure 5, where TBT hot and
cold cases are integrated into the first TVT cycle. TBT may be performed after TVT in order to test the
thermal-cycling effect on thermal interfaces.

Y
10

4 6 8
2 (1 1 ]

1 3
§ 5 7 9 11
T T T T T T T T N T T T T
X
Key
fime Y temperature 1 ambient temperature
TB hot case 3 TBcold case TV hot casel
5 TV cold casel 6 TV hot case2 7 TV cold case2
TV hot case3 9  TVcoldcase3 10 TV hot case4
11 TV cold case4

Figure4.— TBT and TVT are carried out successively
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Y
] 6 8 10
5 7 9 11
T T T L T T — T
X
Key
time Y temperature 1 arbient temperature
TB hot case 3  TVhotcasel 4 ~TB cold case
TV cold ¢asel 6 TV hot case2 7> TV cold case?2
8 TV hotchse3 9 TV cold case3 10 TV hot case4
11 TV cold ¢ase4
Figure 5 — TBT is integrated in first TVT cycle
6.2.2 Test conditions
6.2.2.1 Tagstlevels
In TVT, the [temperature of all units to be verified can be confirmed on the basis of the temperature
result from| TBT, or the temperature result predicted by the thermal model analysis, as shown in
Figures 6 arfd 7. TVT temperatute margin of unit is determined in Table 1 according to the test level.

10

© IS0 2023 - All rights reserved
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A0 4

4
51
8§
11
Key
1  TBT result 2 AT margin 3" maximum TBT temperature
4  inimum TBT temperature 5 AT margin 6 AT temperature range
7  RFT margin 8  PFT margin 9  PFT temperature range
10 QT margin 11 QT margin 12 QT temperature range
Figure 6 — Temperature range and margin of TVT based on TBT result
N - 8
51
11
2
6 9 11
3
4]
______ X K .
AN
10
Key
1 AT margin 2 maximum predicted temperature 3 minimum predicted temperature
AT margin 5 PFT margin 6 AT temperature range
7  PFT margin 8 QT margin 9  PFT temperature range
10 QT margin 11 QT temperature range

Figure 7 — Temperature range and margin of TVT based on predicted temperature analysis
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Table 1 — Determination of TVT temperature margin

Test |Margin Margin

level based on TBT result based on predicted temperature analysis

QT |[5°Cto 10 °C beyond acceptance tem- 5°Cto 10 °C beyond acceptance tempera-
perature ture

PFT |0°Cto 5 °Cbeyond acceptance temper- |0 °Cto 5 °C beyond acceptance tempera-
ature ture

AT |0°Cto5 °Cbeyond the maximum and |3 °Cto 11 °C as thermal uncertainty mar-
minimum temperatures of TBT gin beyond thermal model analysis

The therm3l uncertainty margin shall be evaluated by importance, complexity, type, oper
temperatur¢ of units, and whether the TBT has been carried out or not.

For passive[thermal control, the thermal uncertainty margin is a temperature added to ‘worst
temperatur¢ predictions. For active thermal control, the thermal uncertainty margin,isxa power m
to ensure thermal control stability. When the margin is added to worst-case temperature predict
the resulting temperature forms the basis for the acceptance temperature range:

Generally, fpr units that adopt active thermal control, the minimum thermal uncertainty m
can be redyced to +3 °C to 5 °C. For units that meet more uncertain,operational or environm
conditions, the thermal uncertainty margin may be larger than +7 °C to#11 °C. Lower thermal ma
may be adopted for units with an allowable operating temperature’ below -170 °C or above 12
Specific estimated uncertainty values are set in a spacecraft thermal system specification. For 3
thermal conjtrol units at the cold extreme, 25 % excess heater control authority is used in lieu of
temperatur¢ margins. For unit controlled by heat pipes, the heat transfer margin should be consid
if one of thelheat pipes fails.

Test temperptures are restricted as follows.

a) The temperature of the working units should not exceed the temperature range foi
correspnding test levels; and the temperature range of the non-working units should not e
the storjage temperature range.

b) The upper and lower temperature-limits in the same thermal control zone shall be withi
tempergture envelope of the test units.

htion

case
hirgin
ions,

Airgin
ental
rgins
0 °C.
ctive
11 °C
ered

the
ceed

h the

c) The tenjperature ramp rate.should be equal to or higher than the maximum predicted ramp rage. In

case thdt the test system.is not capable to achieve the ramp rates, rates may be lower at no exf
of the t¢st objective and\test validity.

6.2.2.2 Tdst duratien

The number| of thermal cycles and the duration of thermal soak shall be specified with considerati
mission reqpirements.

ense

on of

Generally, the numbers of cycles for spacecraft are:
a) QT: 8 cycles;

b) PFT: 4 cycles;

c) AT: 4 cycles.

The thermal soak is suggested to be over 8 h at each temperature extreme during the first and last

cycle, and over 4 h for the intermediate cycles.

Test temperature shall be considered as stabilized, in case:

— the test article temperature is within the allowed test tolerance at the specified test temperature;

12 © IS0 2023 - All rights res
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— the temperature change rate is less than 3 °C per hour.

It is allowed to shorten the measure time or reduce the cycles for some special units such as short-time
or disposable products. Their temperatures are not required to reach the stability value. They shall be
sufficiently tested before the subsystem TVT or unit TVT.

6.2.3 Basic requirements for test facilities

a)
b)

f)

g)

h)

7

The test pressure shall be no higher than 1,33 x 10-2 Pa.

The shroud temperature and heating devices shall be controlled to meet the requirements for the

he size of the thermal vacuum chamber shall be sufficient to safely perform installati
of the test article and MGSE.

for spacecraft with high-voltage and high-power units, the test pressure should be at
dlue to the internal and external pressure difference.

For some special spacecraft such as Mars lander, the test pressure shall be redeterming
jo specified mission environment.

Monitoring during TVT

he performance and function of the test article shall be tested in hot and cold f
tabilization.

efore, during and after the TVT, functional tésts shall be conducted and the resy
§pecification.

ithin thermal soak at cold and hot test temperature of each cycle, the performanc

grticle shall be tested in each operational mode that is foreseen during its service life.

If parts of units are sensitive to yagtium environment, vacuum gauges shall be mountsg
{pacecraft. These units shall not be powered unless pressure is within acceptable rang

Low-pressure discharge testing (to simulate the pressure decrease during launch
¢onducted during the pumping or pressurization process.

emperatures of high-power units during test deserve special attention to avoid d
¢xcessive temperature.

hermal sensors for testing shall be installed as indicated by the thermal analysis foj
dnd acquiring thermal data.

ackupunits and redundant circuits shall be tested at hot and cold temperature. Their

bn activities

10-4 Pa level

d according

emperature
Its meet its
b of the test
d inside the
.

should be
hmage from

monitoring

lest duration

shal] be the same as that of the primary units and shall be equally distributed in each g

ycle.

Collect and analyse the test environment data, including vacuum degree, shroud temperature,

composition and content of released gas, contamination fluctuation.

If required, the motion property or thermal deformation should be measured or monitored when

checking mechanism or thermal structure.

Test facility

7.1 Laboratory environment

The laboratory environment shall meet the requirements of the specified test article, which include
temperature, humidity, cleanliness, etc.

© IS0 2023 - All rights reserved
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7.2 Laboratory infrastructure

The laboratory infrastructure supports the test system operation and test article handling by providing
e.g. water, pressurized air, power, lifting and transport means and communication interfaces.

The laboratory infrastructure shall provide all means to safely:
a) operate the test system;
b) handle the test article;

c) conduct tests.

7.3 Test system

7.3.1 Overview
TBT and TV[T shall be performed in a thermal vacuum chamber.

An example| for a typical composition of a thermal vacuum chamber is showarin Figure 8. A thgrmal
vacuum chamber usually includes:

a) chamber system;

b) vacuum system;

c) thermalsystem (cryogenic/heating);

d) data acquisition system;

e) mechanlical spacecraft ground support equipment{MGSE);

f) contamjnation measurement and control equipment.

¥ [
/ \ N Chamber system
O |
|
|
. |
Teptarticle — 3 /\ [LTTTETITTII [ Vacuum system
: TR
| 0 ——--— 3
|
| TR [ Data acquisition system
e} ] I (temperature, heat flux, current, etc.)
—> le—
— le— ‘ == — — — — |
1 [ =, ______| Thermal system
‘ =E=3 (shroud, heater)
mcoo ==

TQCM

Mechanical ground
support equipment for test article (MGSE)

! 1= Contamination control equipment

i

Figure 8 — Typical composition of a test system
7.3.2 Chamber system

a) The chamber shall provide sufficient number and performance of feedthrough connectors for
measurement channels, power supply, EGSE communication, to comply with test requirements.
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b) Cables and connectors permanently used inside the chamber shall be suitable for use in extreme

high and low temperature, and vacuum environment.

c) Leakage of flanges and connector/pipe feedthroughs shall be minimized.

d) Temperature sensors on shrouds shall be sufficient and distributed uniformly to ensure
temperature measurement accuracy. The measurement acquisition period for chamber parameters

should not exceed 1 min.

e) Heat flux from sink background shall be less than 10 W/m?2 to 30 W/m? based on the relative sizes

of the tested articles and a vacuum chamber.

f) The chamber shall provide a test article grounding interface. The grounding resistan
ss than 1,0 Ohm.

7.3.3 Vacuum system

re should be

a) The vacuum system shall be capable of achieving and maintaining thervacuum pressyre required

pumps).

for testing under consideration of leakage, heat devices, MGSE, testrarticle. Pressur¢s as low as
10-3 Pa to 10-* Pa are readily obtainable. The vacuum system shéu]d be entirely dry and should
lhave “dry” vacuum pumps both in its fore-vacuum part (e.g. dry ‘'screw and mechanlical booster
foots-type vacuum pumps) and high-vacuum part (e.g. turbomolecular and cryoggnic vacuum

b) The pressure change rates should simulate the pressureenvironment change during the spacecraft

ascent and descend.

c) the vacuum system should provide turbomolectlar pumps to evacuate some releaseq
lesting like hydrogen and helium, provide mass spectrometer to measure the parti
of each composition.

d) Pressurization of the chamber is accomplished with dry nitrogen. This allows the ch
returned to ambient pressure at any time that the contaminant cleaning equipment a

| gas during
W]l pressures

hmber to be
nd all major

¢quipment in the chamber are abioye the minimum allowable temperature of the satellite. Moisture

¢ondensation is prevented with this method.

7.3.4.1 £ General requirements

The 3

rate should

acquisition

the surface of test artice. hermal conditions typically are geneated y:
a) shroud system;

b) film heaters;

c) IR heaters;

d) solar simulation system;

e) others or combinations of above.

© IS0 2023 - All rights reserved
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7.3.4.2 Shroud system

The shroud system generates the required thermal conditions in the vacuum chamber.

Generally, the following apply to the shroud system.

a) The shroud system shall have the ability to maintain the shroud temperatures within the required
range during test. For any temperature zones of shroud required by the test specification,
they should be controlled independently. Usually, an independent special shroud is used as a
decontamination panel, which is filled with liquid nitrogen during testing and shall be wiped more
often.

b) If required, the shroud system should be able to provide hot gas to bake contamination off the
shroud purface.

c) If requifed, the shroud system may provide independent cooling panels inside thé)chiambgr for
large chambers.

d) The shrpud temperature acquisition period should not exceed 1 min.

e) Liquid 1jitrogen is the usual cryogenic fluid. When necessary, gaseous helitim can be used for lower
temperatures.

f)  When the incident flux method is applied in TBT, TVT or combined“I'VT, the ratio of characteristic
dimensjons (e.g. length, diameter) of the shroud to the test article should be no less than 3.

g) When the absorbed flux method is applied in TBT, TVT or combined TVT, the ratio of characteristic
dimensjons (e.g. length, diameter) of the shroud to the testdrticle should be no less than 2.

NOTE f)land g) describe an ideal case to define a cryogehic shroud inner dimension. In some casef, the

characteristif dimensions ratio requirement is not fulfilled\as a result of the specific geometry of the th¢rmal

vacuum chamber or the testing cost.

7.3.4.3 Film heater

Film heater$ are composed of a resistor film and an insulation film. Film heaters are attached directly
to surfaces ¢f spacecraft and units, offex;minimal test equipment blockage and in many cases are|used

with specifig heating methods, suchras-appendages (booms, antennas, etc.).

Generally, the following apply to.film heaters.

a)
b)

‘)
d)

e)

f)

The working temperature’in whole test conditions shall not exceed the allowed temperature.

The heqting powefishall be sufficient to meet the maximum temperature requirements of the test
article.

The qugntity of adhesives shall be minimized to avoid additional contamination.

When usedimsertat conmection and paratiel conmection, ieat flux consistency shattbe considered;
and heater resistance matching performance shall be checked.

To increase heating accuracy, a large heating zone should be divided into several individually
controlled heating circuits.

Film heaters should be outgassed before installation on the test article to avoid contamination.

7.3.4.4 Infrared heater

An IR cage is made up of a series of metal strips creating heat from an electrical current, and it is
designed as the same shape as the spacecraft. An IR cage is divided into different isothermal zones
according to different heat flux of spacecraft surface on orbit. The electrical current of each zone is
controlled to simulate the heat flux absorbed by the spacecraft.

16
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An IR lamp/calrod array is made up of a series of IR lamps or IR rods. It can be divided into several
isothermal zones. The electrical current of each lamp and rod is controlled to simulate the heat flux
absorbed by the spacecraft.

A thermal plate is a plate and its temperature is controlled according to the required radiant heat flux,
either by electrical power or by fluid flowing in internal tubes.

Generally, the following apply to infrared heaters.

a)
b)

‘)
d)

e)

f)

g)
h)

Heating power shall be sufficient to meet the maximum temperature requirements of units.

IR heaters shall be thermally and electrically insulated from test article and chamber.

IR heaters and its accessories (e.g. fasteners, slings, structural frame) shall be clearman

The heater and its supporting structure shall contain sufficient rigidity and stfengt
ddapt to the test environment.

The distance from the test article and IR heater shall be suitable to ensune heat flux un
avoid collision damage and local overheating.

Dutgassing from the structure frame and materials in vacuunienvironment shall bg
Iefore the test to avoid contamination.

Uniformity of heat-flux shall be evaluated or measured béfore testing.

$urfaces of the structure facing towards the test article should be high-reflective to m
feflection. The heater structure shall be designed toyminimize shading of the shroud.

To increase accuracy, a large heating zone sheuld be divided into several individuall
lheating circuits.

7.3.4.5 Solar simulation system

Solarf simulation is the preferred method of space external heat flux, because it allows
occlysion and cavity effects to occur, while imposing direct and reflected solar heat flux

simulflator. The test article can piteh and roll under test. The solar simulator heats the test
solar-wavelength rays that simulate the sun. Normally, the solar simulator should be us
motipn simulator.

Gendrally, the following.apply to the solar system.

a)
b)
‘)
d)

e)
f)
g)

h)

The illumination’area of the optical beam shall cover the test article.
Nonconformity of the optical beam irradiance should be within +5 %.

Thedptical beam shall simulate the thermal environment on orbit.

1 oil-free.

h, and shall

formity and

p performed

nimize heat

y controlled

the natural
lwith motion
article with
ed with the

Thecreated spectrunrapproximatesa 3-060K ]ulcu,}x]uudy, sowithrthesumrmorenear 1y 1
blackbody, augmenting xenon short-arc lamps are used to improve spectral matching.

The collimation angle of the optical beam shall meet the uniformity requirement.

The solar simulation spectrum shall meet the test requirements (see Annex A).

kea 5800 K

The load capacity and the number of slip-rings of the motion simulator shall comply with the test

specification.

The motion simulator spin speed and pitch angle shall be suitable to simulate the spacecraft

attitude change. If not specified otherwise, it should be in the range of:

1) spinspeed: 0 to10 rounds per minute;

© IS0 2023 - All rights reserved
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2) pitch angle: -90° to +90°.

7.3.5 Data acquisition system

The data acquisition system shall be able to measure and acquire the status parameters of the test
article and MGSE, such as temperature, heat flux, current and power.

Generally, the following apply to the data acquisition system.

a) The data acquisition system shall provide anti-interference.

b) The da acquisition system shall allow visualization (n g.-curve p]nﬂ'ing)’ processing and st rage
of the data.

c) The datp acquisition system shall allow setting alarms (e.g. minimum/maximum tempérpaturef).

d) All dataacquisition instruments and computers shall use a synchronized time basge throughoyt the
test.

e) The acquisition period should be no more than 1 min.

f) In case fhat a cable/connector is sensitive to temperature (e.g. for electrical performance testing),
it shall be controlled within a suitable temperature range.

g) Instruments used for tests shall be calibrated and used within the valid calibration period.

7.3.6 MGSE

The MGSE i used to support the test article and the test facility (e.g. test bracket).

Generally, the following apply to the MGSE.

a)
b)

‘)
d)

e)

7.3.7 Contamination measurement and control system

a)

b)

‘)
d)

18

The MGBE shall adapt to the working environmeént temperatures.

The strength and stiffness of the test btracket shall be sufficient to support the test article diiring
test.

The MGBE and its accessories (e-g.fasteners, slings, tools) shall be clean and oil free.

The test bracket mechanical‘and thermal interface shall be designed to protect the bracket and test
article from extra force and-thermal effects in the required temperature conditions.

The MGSE outgassing in' vacuum environment shall be minimized to avoid chamber or test article
contamjnation.

An indepéndent cold panel (decontamination plate) should be fixed inside the chamber to alhsorb
the condensable volatiles during test.

The contamination from organic substance generated from the chamber should be as low as
possible.

The contamination from particles brought in the chamber should be as low as possible.

Temperature-controlled quartz crystal microbalances (TQCM), mass spectrometer, wipe samples
and witness plates should lie in a suitable position near the units sensitive to pollution to collect,
measure or analyse the contamination.

During the chamber pressurization process after the vacuum test, dry nitrogen should be filled
first to about 500 Pa to 1 000 Pa to prevent the releasing of absorbed coagulable volatile matter
from the decontamination plate.
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f) Before opening the chamber after the test, check that the temperature of the shroud and MGSE shall
be above the dew point of the ambient air pumped into the chamber to avoid water condensing on
the test article surface and major equipment in the chamber.

g) The number of staff inside the chamber should be as small as possible. Active movement of the staff

inside the chamber should be avoided.

8 Testrequirements

8.1 Test tolerance and accuracy

The yalues for allowed tolerance and the allowed accuracy shall be defined in the test-%
according to the different categories of the test article. If not otherwise specified)th

allowable test tolerance listed in Table 2 should apply.

Table 2 — Maximum allowable test tolerance

pecification
P maximum

Test parameters

Test tolerance

Temperature:
— Above -193 °C:

— Below -193 °C:

T i +0/-4°C T, . -0/+4°C

7 “max

Defined case by case

Atmospheric pressure:
— Above 133 Pa

— 133 Pato 0,133 Pa

— Below 0,133 Pa

+15 %
+30 %

+80 %

Solar flux:

— Inreference plane

— Inreference volume

+59% of the set value

+5 % of the set value

IR flux:

— Mean value

+3 % on reference plane

If nof otherwise specified;-the measurement accuracy listed in Table 3 shall apply.

Table 3 — Test accuracy

Test parameters

Accuracy

Temperature:
— Above -193 °C

+2°C

— bBelow -195°C

Delined case by case

Atmospheric pressure:
— Above 133 Pa

— 133 Pato 0,133 Pa

— Below 0,133 Pa

+15 %
+30 %
+80 %

8.2 Test configuration

The test configuration should be defined taking the following into consideration.

a) The thermal vacuum chamber shall be able to receive the test article by shape and size.

© IS0 2023 - All rights reserved
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b) The thermal, electrical and mechanical interfaces of the test facility and test articles shall match
each other.

c¢) The thermal boundary simulation method should take into account the configuration of heat pipes,
and the orientation and main radiating surfaces of the test article.

d) The test system shall meet the spacecraft operational modes requirements.

e) The volume and leakage rate of the sealed cabin shall be determined before TBT and TVT.

8.3 Temperature and heat flux measurement

8.3.1 Genleral
In the thernjal vacuum environment test:
a) temperatures are measured by sensors like thermocouple, thermal resistor and thérmistor;
b) heat fluk is measured by:
1) radjation intensity meter or Wattmeter (radiometer) for IR heating;
2) calgrimeter (absolute radiometer) and solar cell for solar simulator.
In order to minimize thermal leakage, the temperature of the sensor wiring shall be kept close tp the
temperatur¢ of the controlled object.
If only one Heat flux sensor is installed in a heated area, it should be arranged in the average heat flux

line of this 4

8.3.2 Loc

The monitoj

rea.

htion of temperature monitoring pointfor test article

ing point locations for the test article'shall be defined considering:

a) computhtional nodes for the thermal analysis model;

b) telemetfy points for the flight model

8.3.3 Locption of temperature monitoring point for test equipment
Monitoring fensors for thetest equipment shall be:

a) placed in differentypdsitions on the shroud surface allowing for backup;
b) on the ipterfacessbetween the MGSE and the test article;

c) other testdevices as required by the test specification.

8.4 Heating device selection

Heating devices of thermal system can be used alone or coherently for TBT or TVT. The following
factors should be considered in selection:

a) the specified purpose of TBT or TVT;

b) thermal parameters of the simulated environment (e.g. the uniformity or heat flux, control range of
temperature and power);

c) statusand stage of the product (qualification model, proto-flight model, acceptance model, thermal
dummy);

d) influence of gravity (e.g. heat pipes or other equipment susceptible to the direction of gravity);
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e) impact on the test article (e.g. contaminants or remainders from the film heaters attached to the
test article);

f) facility capacities (e.g. chamber volume, shroud temperature, cable channel, power supply);
g) verification means on the capacities of the heating device;
h) convenience and safety for production and installation;

i) cost of operation, storage and reusing or reproduction.

8.5 Qafnfy rnqnirnmnnfc and recommendations

The following safety requirements and recommendations apply.
a) Test facilities shall be equipped with uninterruptible power supply (UPS) for Critical injstruments.

b) $ecurity-related parameters like nitrogen pressure and vacuum degree shall be dontinuously
monitored.

c) S$ufficient measures shall be adopted at high-risk areas against.accidents or damages, such as
¢aution signs, safety fences, cable coverers, electrostatic release-and measurement devjices.

d) (ritical electrical interface relationship and relevant parameters such as electrical [power load,
hase sequence and ground insulation, shall be confirmed before the test.

e) If risky operation has to be performed high above\the ground or in narrow space, protection
easures such as using aerial working platforms.aid safety belts shall be adopted.

f) hile the solar simulator is active, operatorsthat can be exposed to the beam shall wedr protection
pparatus, such as protective clothing, masks and gloves with UV-protection and goggles.

g) An emergency response procedure to handle interruptions or anomalies of participatiing systems
hall be established and practiced before test. Procedures shall address test article, ppwer supply,
eating and cooling devices, medsuring and control instruments.

9 Testprocedure

9.1 | Test flow

A typical test flow.fop TBT and TVT is shown in Figure 9.

Test design and -, Test articles A Perfofmance
documents Test facilities and MGSE Combination prefboot _‘

preparation check check check tegting

'

Test readiness
review

IBT & TV1
performance
testing

Remove test .
Performance . Data analysis
article and

post-testing MGSE and test report

Figure 9 — Typical test flow

9.2 Test procedure

9.2.1 General

If no otherwise specified, the procedures specified in 9.2.2 to 9.2.4 should be applied.
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9.2.2 Before test

9.2.2.1 Testdesign and documents preparation

a) Select the test method and make the test plan according to experimental resources and mission.

b) Carry out the thermal and mechanical design, develop the heating device and other relevant

facilities required.

c) Prepare the test documents according to ISO 15864:2021, 4.9. Test documents should be reviewed

by the customer.

9.2.2.2 Tdst facilities check

a) All test facilities shall work steadily, safely and reliably, and be examined before testto.confof
test eqyipment requirements. Sometimes, electromechanical and thermal properties‘of IR he
and its $upporting structure may be checked under vacuum environment beforétest. If neces
test facilities and MGSE can be checked combined with a dummy of the test article.

b) Measur|ng instruments shall be calibrated in a valid period.

9.2.2.3 T¢gstarticle check
a) The testarticle configuration and condition shall be examined;

b) The leakage rates required for sealed cabin, propellanttank and pipelines and so on shd
verified,

c) Mechanfical and electrical functions and performances shall be tested.

d) The conductivity and insulation of cables for miéasurement, heating and signal transmission
be inspé¢cted.

e) Heatingdevices and temperature sensotsshall be examined.

9.2.2.4 Cgmbination state check

a) The status of connection between cables and the test article shall be verified; insulation
conductivity of all cables shall'be tested.

b) Measurjng instruments'shall be well grounded. The grounding resistance of the test article sh
controlled within the acceptable level.

c) IR radiation heatér circuits shall be corresponding to relevant temperature measuring p
Heater ¢ircuits-shall not interfere with each other, when IR radiation heaters are used for simul
of orbitalheating in TBT.

m to
nters
sary,

1l be

shall

and

11l be

ints.
htion

d) The electromagnetic interference between the test article and the test equipment shall be tested.

9.2.2.5 Testreadiness review

The test readiness review shall verify that:

a) the configuration of all systems participating in test have finished and the clock synchronization on

software and hardware have been checked out without abnormality according to test docume

b) operation handbooks on software, equipment, instrument have been prepared properly;

nts;

c) the emergency response procedure is ready and necessary exercises for emergency handling and

recovery activities have been performed;
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The staff are in position.

9.2.3 Testimplementation

The main steps are as follows.

a)
b)

g)

9.2.4 After test

The main steps are as follows.

a)
b)

f)

Set up the initial operating state of the test article.

Power on the data acquisition system, vacuum system, thermal system and contamination control
equipment, and so on.

PDuring the va M pUMPINng Brocess,in or the units working in the launching stage, inspect
the low-pressure discharge and multipacting. The test pressure reduction rate shotild not exceed
the actual pressure reduction rate in the rising process of the carrier rocket to, engure enough
fime for monitoring the low-pressure discharge phenomenon. Units not workingldurinig the launch
phase shall be powered on after reaching the specified test pressure.

ay attention to the heating device and MGSE sensitive to rapid pressune ehanges.

Measure and control the temperature, heat flux, vacuum degree, contaminate and other parameters,
monitor the performance of units under specified operation conditions.

ower off the thermal system, vacuum system, and cortamination control equipment, data
dcquisition system after confirming that all test cases orwnits have been verified and the test
purpose has been achieved.

Avoid contamination to the test article, moisture,conhdensation on test article and lpw-pressure
discharge during shroud temperature and chamber pressure recovery.

The chamber door shall not be opened unless the chamber is pressurized to laboratory| pressure.

Health protection measures.shall be taken in view of potential harmful gas inside the ¢hamber, for
example, gas composition Mmeasurement, oxygen concentration check, ventilation strengthening, or
inserting appropriate délay in operation.

.

'he status and appearance of the test article and MGSE shall be checked and compared with that
Ibefore test. Espeeially, the abnormalities occurred during testing shall be identified. Take detailed
yideos and phoetos for abnormal sites when necessary.

The testingyon performance and functionality inside the chamber under atmospheric pressure may
Ibe perfermed for data comparison, interpretation.

.

[lie,test article and the MGSE shall be removed safely from the vacuum chamber fgllowing the

)| ]
It proctcuurtc.

The acquired data test data shall be evaluated; and final test reports shall be issued.
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10 Test interruption and handling

10.1 Interruption

10.1.1 Test facility malfunction

A test should be interrupted in the following case.

a) After pump-down and building of the cold environment, the pressure of the vacuum chamber rises
above the set value (generally, 1,3 x 10-2 Pa) or a specified value for a predefined time. The pressure

and tim

" and

TBT.

b) Thermgd
examplg
TBT.

c) Some of

d) The da]

shallhe defined before test r]npnnr‘]"ng ontest documents andbe different due-to T

| shroud temperatures are too high to meet the requirements of cold condjtions
p, affect units heat dissipation in TVT or cause unacceptable extra background heat fl

heating devices or its control system is broken and unable to meet test requirements.

Q acquisition system (sensor, measuring and processing device) cannot work as spec

which j(fects the judgment of test conclusion and test validity.

e) Safety

10.1.2 Test{

Testing shall be interrupted in case that:

a) some of]
affects {

b) safety 4

10.2 Inter

a) Ifmalfunctions or abnormalities.ocecur only on a few of on-board units during test, and the fau

abnorm

b) Incaset
are elim

c) InTBT,
the basi

d) The con

ccident occurs.

F article malfunction

he judgment of test conclusion and test validity;

ccident occurs.

ruption handling

al unit effect on test purpose can be ignored, the test may be continued.

inated, testingamnay be continued.

s of the.thermal non-uniformity analysis to guarantee the test objective and test valid

tandination control procedure should be conducted in the case that the vacuum cha

has to b

elopened in an emergency.

, for
X in

ified,

the key on-board units do not work as specified, such as power source and computer, Which

ty or

hat failures comingfrom the test facility are dealt with in a timely manner and abnormallities

n case thatsome of lamps/calrods or fluid circuits are invalid, testing may be continug¢d on

ty.

mber

e) According to the severity analysis of the malfunction or abnormality, adopt some improvement

counter

measures after the test.

11 Test documentation

Test documentation shall conform to ISO 17566:2011, 3.4.
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