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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.
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Introduction

Since the first artificial satellite was launched into space successfully in 1957, space activities have b

een

developed over the decades. The large amount of experience collected during that period demonstrates
that a significant number of failures or defects appearing during spacecraft in-orbit operation were
induced by space environment factors. These factors include space vacuum, cold black background,
solar radiation, and also albedo and eigenradiation of the Earth. Therefore, thermal balance tests and
thermal vacuum tests for spacecraft are performed in a simulated environment generated by ground
simulation facilities in order to evaluate spacecraft performance, to verify thermal analysis models,

and to discaver early failures and defects in the cpn{‘prr;\ff dpcign and mnnnfn{‘hlring process

Countries ¢ngaged in spacecraft development have established several thermal test facilities, knowtl
thermal vgcuum chambers. They also have standardized requirements for thermal vacuunitests
thermal bglance tests. These efforts greatly improved spacecraft reliability and played-an,import
role in spafe activities.

A thermal yacuum chamber is designed to simulate vacuum, cold black and heat flax-environment {
a spacecrafft experiences during its mission in space. It is composed of vacuum vessel, shroud, nitro
system, vacuum system, heat flux simulation system, specimen support mechanism, measurement
control sygtem, etc. Based on the state-of-the-art simulation technology, the relevant test standards
experiencgs accumulated from facilities development, this document provides development technol
of a thermal vacuum chamber.
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Space systems — Development technology of a thermal
vacuum chamber

1 Scope

This document describes the technology for simulating space environments such as vacuum, cold black,
and heat flux, as well as the compositions and functions of a thermal vacuum chamber (TVE]}. This kind
of facility defined in this document is suitable for thermal vacuum tests (TVT) and thernjal balance
tests (TBT) on spacecraft-system level as well as on large-spacecraft-component level.

2 |Normative references

Thdre are no normative references in this document.

3 |Terms and definitions
For|the purposes of this document, the following terms and définitions apply.
[SO[and [EC maintain terminology databases for use in standardization at the following addresses:

— | ISO Online browsing platform: available at https://www.iso.org/obp

— | IEC Electropedia: available at https://www.eléctropedia.org/

3.1
thermal vacuum chamber
TVC
space environment simulator

facility to simulate the space vacuum, cold black, and heat flux environment on the ground

NotE 1 to entry: It is used for thérmal vacuum tests (TVT) (3.4) and thermal balance tests (TBT) (3.5) of spacecraft.

3.2
shrjoud
subisystem of a therptal vacuum chamber (TVC) (3.1) to simulate the cold black environment (3.3) in space

Note 1 to entryslt is cooled by liquid nitrogen or gaseous nitrogen to simulate the cold black environment in
spafe. It is also'called heat sink.

3.3
coldblack environment

. LR ) A | : 1 1 P o 1 P s | 1 I 1! :
Space—environnrent-witnout—constaermgtne—somar ana tartir raatationrana tire tartirs aLmOSphEI'lC

albedo

Note 1 to entry: The radiated energy from spacecraft under cold black environment will be completely absorbed.

3.4

thermal vacuum test

TVT

test which is conducted to demonstrate the capability of the test item and to operate according to
requirements in vacuum at predefined temperature conditions

Note 1 to entry: A spacecraft is validated by a thermal balance test (TBT) (3.5) and a thermal vacuum test (TVT)
in a similar environment provided by a thermal vacuum chamber (TVC) (3.1) prior to launch.

©1S0 2023 - All rights reserved 1
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3.5

thermal balance test

TBT

test which is conducted to verify the adequacy of the thermal model and the adequacy of the thermal
design

Note 1 to entry: A spacecraft is validated by a thermal balance test (TBT) and a thermal vacuum test (TVT) (3.4)
in a similar environment provided by a thermal vacuum chamber (TVC) (3.1) prior to launch.

3.6
simulation chamber

main body|of a thermal vacuum chamber (TVC) (3.1)

Note 1 to enjtry: It includes vacuum vessel and shroud (3.2) and provides test space for spacecrafts.
4 Symbols and abbreviated terms

B/S browser/server

C/S client/server

DCS distributed control system

FCS field bus control system

GN, gas nitrogen

HMI human-machine interface

LAN local area network

LN, liquid nitrogen

NPSH net positive suction head

PLC programmable logic eontroller

SCADA supervisory control and data acquisition
SS stainless steel

TVC thermal vacuum chamber

TBT thérmal balance test

TCU thermal conditioning unit

TVT thermrat-vacuumtest

5 Vacuum and thermal environment simulation

5.1 General

Spacecrafts in-orbit are exposed to high vacuum, cold black and heat flux radiation environment.
Therefore, a spacecraft is validated by TBT and TVT in a similar environment provided by a TVC prior
to launch. This allows to evaluate the thermal control system's performance, to verify the thermal
analysis model, to discover early failures and defects in spacecraft design and manufacturing process,
and to check the performance of spacecraft in extreme high and low temperatures. With decades of

2 © IS0 2023 - All rights reserved
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technical development and the establishment of testing standards, the simulation methodology for the
three environmental factors (vacuum, cold black and heat flux) tends to be mature.

5.2 Vacuum environment simulation technology

The pressure in space varies with the orbital altitude of the spacecraft. The higher the orbital altitude
is, the lower the pressure would be. The pressure at the Earth's sea level is about 1,013x10° Pa, and the
pressure in the flight orbit of Earth spacecrafts is between 102 Pa and 10712 Pa. According to the heat
exchange theory, under the condition that the pressure is lower than 10-2 Pa, heat exchange between
spacecrafts and space environment is mainly radiation, and conduction and convective heat transfer
i C ACCordir 0 tNE purpose and Tdards of 1VI and IB1 of spacecr e vacuum

5.3
Wit

ironment simulation is satisfied when the test specimen is under test condition with moth
Bx10-2 Pa. According to the development of vacuum acquisition technology, Roots-purnp

if, molecular pump and cryopump are generally combined for obtaining an ultimate pres
-? Pa under non-load condition, so as to ensure that the pressure is not higher than 1,33x1

1 and meet the test for spacecrafts.

Cold black environment simulation technology

hout considering the solar radiation and earth (or other planet)\albedo and eigenradis

spalce is similar to an infinite dissipation black body. Under such c@nditions a passive body e

ab

den

em

env
€eCo|
env

09

The
per
Ty_p
wit]
isp
app

hlance temperature between -270,15 °C (3 K) and -26945 °C (4 K), and the black bg
sity is about 5x10-¢ W/m2. This concept, known as cold)black environment, implies th

ironment is called shroud. However, to generate thie’exact space environment on the
nomically unviable and proved to be unnecessdry. Based on the error analysis, gen|
ironment of below 100 K, shroud absorptivity, 6f'about 0,95, and shroud emissivity of n
can reduce the temperature error on the spacecraft to less than 1 % under vacuum eny
refore, the state-of-the-art simulation requirement for cold black environment requires a
formance, cost and schedule that can be achieved in the design and production of therm
ically shroud consists of SS or aluminium. Its surfaces facing towards the test volume
h black paint to obtain high absorptivity (@) and high emissivity (¢). The volume inside of

roximately -173,15 °C (100 KJ. Nitrogen with a boiling point at 77 K is widely used for th

igher than
dry pump
sure about
D2 Pa with

ition, deep
xperiences
dy energy
ht the heat

tted by a spacecraft will be absorbed completely. Thé.device on the ground which simulates this

ground is
erating an
b less than
yironment.
balance of
hl systems.
are coated
the shroud

art of a cooling circuit with fluids'that are capable of cooling down the shroud to a temperature of

At purpose

singe it is relatively cheap compared to hydrogen, oxygen or helium.

5.4 Space heat flux simulation technology

5.4]1 General

Thd externalheat flux experienced by spacecrafts in Earth orbit comes from solar radiation, albedo and
eig¢nradiation of the earth. The space heat flux is simulated in two different ways, the incident heat flux
simulation-and the absorbed heat flux simulation.

5.4.2 Incident heat flux simulation technology

The incident heat flux method is used to simulate the effect of solar radiation only. For the incident heat
flux method, the heat flux is generated by a solar simulator.

A predefined volume of the thermal vacuum chamber is exposed to solar type energetic illumination
which complies in each respect with the basic parameters of the sun: irradiance, spectrum, divergence,
illumination stability, and spatial uniformity. This is typically achieved by collect light from xenon
lamps through an arrangement of lenses and mirrors. The light beam is focused and superimposed to
the predefined volume. Typically, a solar simulator provides the range of irradiance from 0,5 to 1,3 solar
constant and collimation angle of no more than +2°. A solar simulator provides an accurate simulation
of the actual solar spectrum. A solar simulator is restricted in application due to high-cost, complicated
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system and fixed illumination surface. In addition, when using a solar simulator, the satellite can be
installed on the motion simulator which guides the spacecraft with respect to artificial solar beam.

5.4.3 Absorbed heat flux simulation technology

For the absorbed heat flux simulation technology, the heat flux is generated by heat sources within
the test volume. State-of-the-art, there are three ways to generate absorbed heat flux. The first way is
using infrared heat flux simulator, such as infrared lamps, infrared cage, or thermal controlled panel, to
generate infrared radiation to simulate the absorbed heat flux. The second way is using resistive film
heater attached to the specimen surface with the absorbed heat flux controlled by electrical power. The

third way
of GN, thej

The first 4
simple sys
radiation (¢
low-tempe
simulators
dimension
to develop
it has low 3

6 Desig

6.1 Con

A thermal
a spacecra
system, va
control sy
heat flux 5
shroud. Th

fft experiences during its mission in space.1fds composed of vacuum vessel, shroud, nitro

- h 1.1 1 1 - 1 1 1 1 1.1 £l h -
S USIIly d LEIHIPCT dlUulc=dujustdiIc SIToud to SIHITUIdLC LIIC dDSOTIDEU TICAdU TTUX. TUTCYHUIT TS
mal conditioning unit (TCU).

wo ways are widely used due to the characteristics of low-cost, flexible combination
tem configuration. However, the equipment used for these two ways will partially block
f the shroud to the specimen during the test, which brings difficulties to therealizatio
rature conditions for the specimen. In addition, due to poor versatility)infrared heat
and resistive film heaters must be designed and manufactured according to the struct

extra heat flux simulator for thermal test, which saves preparationmtime and cost. Howe
imulation accuracy and slow heat reflection.

n of TVC

figuration of TVC

vacuum chamber is designed to simulate vacuiim, cold black and heat flux environment {

cuum system, heat flux simulation system;specimen support mechanism, measurement
btem, etc. The heat flux simulation syStem can consist of any combination of the diffef
imulation technology: solar simulator, infrared flux simulator and temperature-adjusts
e system composition of TVC is shown in Figure 1.

ral
5 and heat flux requirements of spacecrafts. When the third way is adopted, there is no nted
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Figure 1 — Schematic diagram of a typical TVC

The simalation chamber composed of vacuum vessel and shroud is the main body of TVC, inf which the
spelcimen and its support mechanism are fixed during the test. The nitrogen system provjides liquid
nitt Qgen or gas nifrngpn for the shroud to simulate cold black environment The vacudm system
provides the required vacuum environment for the simulation chamber. The heat flux simulation
system provides the heat flux environment for the specimen. The measurement and control system
realizes the operation control of the whole system and data acquisition.

6.2 General design

Firstly, the test requirements are analysed, including the maximum weight, the maximum structural
dimensions, the attitude regulation, and the method of heat flux simulation of the test specimen, etc.

Secondly, the design standards are selected from the relevant international, national, industrial and
enterprise standards.

© IS0 2023 - All rights reserved 5
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Thirdly, the overall scheme is determined, including equipment configuration, the structural type of the
simulation chamber, the way the specimen access to the simulation chamber, and the overall equipment
layout, etc.

Then, technical specifications are determined, including the size of the simulation chamber, the
maximum weight and the attitude regulation of the specimen, the vacuum degree with load and the
pumping time, ways of heat flux simulation, the shroud temperature, the cleanliness requirement
of simulation chamber, the measurement and control requirements, the reliability, safety and
maintainability requirements. In order to diminish the simulation error brought by the limited volume
of simulation chamber to be acceptable, the space between the specimen and the shroud is at least 1/3

of a characteristic dimension of the test specimen

Finally, th
assembly,

7 Vacui

7.1 Con]

The vacuy
equipment
interfaces
mechanisn
and suppo

7.2 Vesq

7.2.1 Sty

The size off
the other t|

There are
common sl
vessel, it N

b executive plan of TVC is determined, including the development period, transpartat
fommissioning, and cost.

1m vessel

position and function

m vessel is the main body of the TVC and provides a benchmark for other subsys
installation. It houses the test specimen and the shroud. The vacuum vessel provi
for nitrogen system, vacuum system, heat flux simulation system, specimen supy

n, measurement and control system. The vacuum vessel is ¢omposed of cylinder, door, flan
't as shown in Figure 2.
Vacuum
vessel
[ I : [ ]
Cylinder Door Flanges Support

Figure 2 — Block diagram of vacuum vessel

el design

‘ucture shape

the vacuum yésséel is determined together by the size of the test specimen, the room size
st requirements.
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hape ofTVC is a cylinder vessel. Although its stress state is not as good as that of a spher
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Table 1 — Structural shapes of vacuum vessel

Name

Diagram

Notes

2

This type vessel occupies small
floor area and has high height.

Cylinder

Vartical tuna

J P

TheseatimgTimg s compressed by

the weight of the deor
preload mechanism'is

tself, so no
Fequired.

Horizontal
type

This type vessel is easy
access to the vessel for

The self-weight of the y
duces a bending mome

r and safe
specimen.

essel pro-
nt.

T type

This type vessel combi
features of vertical and
zontal type, but is com
expensive to build.

This type vessel is ofte]
along with solar simulz
motion simulator.

hes the
hori-
blex and

n used
tor and

Under the same extern
sure condition, the sph
vessel has the best strd
and the minimum wall

al pres-
ere type
SS state
thickness

Sphere

required, which mean
material.

saving the

But it is complex to manufacture
and expensive to build. It’s not

widely used due to the
tive space.

low effec-

Key

1 door

2 cylinder
3 flange

4 support
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Table 1 (continued)
Name Diagram Notes
1
G} 2 This type vessel is easy and safe
Cube 3 access to the vessel for specimen,
and high effective space. But it
4 has poor stress state.
BOX u‘/
This type vessel has similar
Mailbox features to the cubévessel with
better stress state.
Key
1 door
2 cylinder
3 flange
4 support

7.2.2 Material

The vacuun vessel is placed indoor. Its external envireiment is ambient temperature and atmosphgric
pressure, and the internal environment is vacuum-and cryogenic temperature. The material of [the
vacuum vefssel not only bears low temperature and.air corrosion, but also has low outgassing rate under
vacuum erfvironment.
The stainlgess steel is often used for the ¢ylinder, dome ends, flanges, and inner parts of the vegsel.
Because it|has many advantages, suchtas ‘good rigidity, easy processing, easy welding, high chemijical
stability, ¢xidation resistance, corresion resistance, cryogenic environment resistance, good |air
tightness, low outgassing rate, etc{ Other components use in ambient environment, such as the suppgort
and stiffening ring etc. These cgmponents use carbon steel to reduce the consumption of stainless steel
and reduce¢ the manufacturingcost. The performance of the stainless steels commonly used in vacqum
vessel are shown in Table 2«
Table 2 — Performance of stainless steel
Name
No. Performance
SS 304 SS 304L SS 316 SS 316L
1 Massdensity/gen 793 793 798 798
Yield strength/MPa
2 (20°C) 205 180 205 180
3 Allowable stress/MPa 137 120 137 120
Modulus of elasticity/103 MPa
4 (20°C) 195
Outgassing rate/ x 133,3 Pa-L-s'l-cm™ 9 10
5 (Pump 1 h to 25 h) 2,1x109t0 1,7 x 10

© IS0 2023 - All rights reserved
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7.2.3 Structure design

7.2.3.1 Cylinder

The cylinder, the main body of the vacuum vessel, mainly includes the straight cylinder, the end, and the
flanges. Refer to 7.2.1 for the structure shape of the cylinder.

The end shape is categorized into spherical, spherical crown, ellipse, disc, cone, flat etc. The spherical
crown, ellipse and disc end are preferred for vacuum vessel because of their good stress state.

In order to increase the rigidity and minimize the thickness of vessel, the stiffening ring is designed
on fthe outer wall of the vessel. By this way, the consumption of stainless steel is reduded, saving
manufacturing cost. Common shapes of stiffening rings include T type, H type and II type as shown in
Fighre 3.

74 | E ] N
[ L ] | N 1
1 2 3
Key
T type
H type
Il type

Figure 3 — Types-of stiffening ring

7.213.2 Door mechanism

Thd door provides the access way for’test specimen and personnel. The type of door mechanism
degends on the vessel shape and the voom layout. Table 3 shows the types of door mechanism.

©1S0 2023 - All rights reserved 9
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Table 3 — Types of door mechanism

Name Diagram Notes

The door slides along the
radial direction on overhead
tracks.

? The door-slides along fhe

radial direction on tragks
onthe floor.

Sliding dodg

TdR
i
i

The door slides along a%ial
direction.

The door is hinged on ¢ne
Hinged doqr side to allow itself to rotfate
along the doorway.

I FLQ[:J [

i The door is lifted up and
| down by the crane. Itis usu-
| L ally used for vertical vessel.
|

Hanged door L _.1 |
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The door sealing ring is compressed before pumping. For vertical vessel, the sealing ring is compressed
by the weight of the door itself. For horizontal vessel, preload mechanism is used to compress the
door sealing ring. They are evenly and radially arranged on the door flange to ensure enough force for
compressing the sealing ring.

7.2.3.3 Flanges

Flanges are used to connect other subsystems to the vessel. And the flanges can provide the
feedthroughs for connecting the equipment inside and outside the vessel. In addition to meet the
requirements of strength, rigidity and sealing, the flange is also easy to be installed and removed, and
dogsTrotaffectthe bcaliug peT formmanceafter lcpcdu:d OptT atio: Fldugeb o thevesseare mainly
clagsified as non-knife edge flanges, quick-release flanges, knife-edge flanges. They are/desjgned with
ref¢rence to ISO 1609[1], ISO 2861[2] and 1SO 3669[3],

7.2|3.4 Support

The support bears the weight of the vacuum vessel and all equipment mounted on it. The type of the
support depends on the shape of vacuum vessel. Types of support commonly used in TVC gre column
typke, skirt type, saddle type, as shown in Table 4.

Table 4 — Types of support

Name Diagram Notgs

This type is usgd for hori-
Column type zontal, vertical, spherical
| and cube vessgl.

This type is uged for ver-

Skirrt type tical and sphetical vessel.
This type is used for hori-
Saddle type zontal vessel.

©1S0 2023 - All rights reserved 11
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7.2.4 Design calculation

The design calculation of vacuum vessel includes stress and stability calculation. The calculation steps
are as following.

a)

The external pressure of the vacuum vessel is ambient pressure, while the internal pressure

environment is vacuum. It means that the maximum differential pressure is 0,1 MPa. So, the design
pressure is 0,1 MPa.

b)
The fo
th
th

re

Se

d) Thecd
sectio

VIII4]

The fi
buckli

e)

7.2.5 Manufacturing

During the
standards

Door flang]
flatness of]

The inner
increases f
the surfacq
to decreas

In order tg
helium ma|
The vacuu
objects arg

The design temperature of the vacuum vessel is ambient temperature.

towing toadsare commomnty considered 1T the desigm

[

ad

maximum differential pressure between the inside and outside of the vacuum vesgel;
weight of the vacuum vessel;

ditional load, such as pipelines, platforms, test specimen, etc.;

action force of the supports;

ismic load, referring to the local seismic grade requirements.

h size of strengthening ring, and reinforcement of the openings, etc. Refer to ASME BH
for calculation method.

hite element method is also used for the TVC stréss analysis, deformation analysis,
hg analysis, to check the strength and stability ofthé vessel.

processing of vacuum vessel, these factors are considered, such as industrial manufactur
flatness of door flange, the inner sutface roughness, and leakage rate of the vessel.

e is prone to deformation during.processing to affect the sealing performance. Therefore,
the door flange is considered.during the manufacture.

surface of vessel outgases-in vacuum environment. If it is rough, the amount of outgass
rom the material. In addition, heat exchange between the vessel and the shroud is relate

roughness. The innersurface of the vacuum vessel is polished to obtain minimize roughn
e the outgassing@nd heat radiation.

ensure the fiigh vacuum environment in the vacuum vessel, the leakage rate is detected
ss spectrometry. The total leakage rate of the vessel can meet the requirements of the
In vessehis welded, and the removable parts are connected with flanges. So, leak detecf
welding lines and flanges.

Iculation includes wall thickness of cylinder, wall thickness of end, section size of door flange,

VC.

hnd

ing

the

ing
1 to
eSS,

| by
est.
ion

8 Shroud

8.1 Composition and function

The shroud is installed inside the vessel and covers the inner surfaces of the vessel as much as possible.
It is a kind of structure made of large numbers of metal panels and pipes with good heat conductivity,
to simulate cold black environment in space. At the same time, the shroud is coated with specific paints
on the surfaces facing the test specimen, to meet the requirements of absorptivity and hemispherical
emissivity. By flooding with LN,/ GN,, shroud temperature keeps below 100 K (LN, circulating) or 93 K
to 423 K (GN,, circulating) during the test.
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Shroud design

8.2.1 Material of shroud
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The shroud experiences high vacuum, cryogenic environment during the test of specimen. It is generally
made of aluminium, SS or red copper, which has low outgassing rate in high vacuum environment, good
mechanical performance at low temperature and better welding performance. The performances of all
materials are shown in Table 5.

Table 5 — Performance of shroud materials

Material
No Item Stainless steel Red copper Alfiminium
SS 304 T4 L4
. o o 193 to 241 87 to 186 31td 39
1 Yield strength (MPa) (20 °C to -180 °C) High Moderate Low
o o 0Oto1,12 0,771 6, 0,892 0910 1,55
2 Impact toughness (MPa-m) (20 °C to -180 °C) Good Good Excellent
3 Specific heat capacity (W-m1-K1) 490 to 251 386'to 254 902 to 376
(20 °Cto -180°C) High Higher Highpst
4 Thermal conductivity coefficient (W-m'1-K1)|15 to 8 395 to 609 152 o 351
(20 °Cto -180°C) Lower High Highl
5 Density (g-cm3) 79 8,9 2,7
. 60 to 42 30to 31 35tq 48
0, o _ o
6 Elongation (%) (20 °C to -180 °C) Excéllent Good Good
7 Processing difficulty High Moderate Low
8 Welding difficulty Low Moderate High|
8.2|2 Structure of shroud
Thd shroud structure is related to the materials. The aluminium shroud is generally welded [by various
pipgs with wings on both sides. The red copper shroud is typically welded by a whole red cdoper sheet
and pipes. SS shrouds are of ditnple type and flow channel type. The shroud panel are shown|in Table 6.
The flow channels inside the dimple type shroud are interconnected. The dimpled shropd surface
increases the heat convective surfaces with LN,, thus enhances the heat convective effect. Laser
autpmatic welding is‘used in the manufacturing, which improves the manufacturing effitiency and
relipbility. These properties make this type of shroud widely used.
Table 6 — Materials and panel forms of shroud
No. Types Diagram Material
1 Pipe plate Red copper
©1S0 2023 - All rights reserved 13
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Table 6 (continued)

No. Types Diagram Material

SS pipe weld with red copper
fin or both of the pipe and
the fin is made of aluminium

2 Pipe fin

47

+
e
&
O

57 S
N\
S

>

] Bump shroud

K

8.2.3 Shroud area division and thermal design $

8.2.3.1 Shroud area division 3
xO

As for the|large size shroud, each part bears @(ﬂferent thermal loads. To ensure the temperature pnd
uniformity of the shroud, generally the s is divided into multiple areas, and the supply of LN,
or GN, of g¢ach area is in parallel. Shroud.is-divided based on different heat load, the shroud structure
form, and the calculation results of te@efature uniformity.

O

8.2.3.2 Shroud thermal desi C)

.

The shroufl thermal desig%@wes on heat load calculation, temperature distribution, LN, flowrpte,
etc.; it is checked wheth e temperature and uniformity of the shroud meet the requirements, and
whether thje area divis@l f shroud is reasonable, to provide the design basis for nitrogen system.

Heat load ¢f shro ?;alculated, including radiation heat transfer between shroud and inner surface
of vessel, petw shroud and surface of test specimen, between shroud and heat flux simulation
equipment, eat conduction leakage between shroud and vessel. Through the calculation of heat
radiation gnd-heat conduction transfer, the total heat load of the shroud and the heat load of each zpne
is obtained. In order to reduce the heatload of the shroud, a passive thermal radiation protection screen
is added between the shroud and the vessel to reduce the radiant heat transfer.

8.2.4 Decontamination panel design

Generally, the decontamination panel is of the same structure as the shroud and is installed inside the
simulation chamber. It is specifically designed as an individual cold panel or just choose one part of
shroud. It is flooded with LN, separately during working. During the warming up process of shroud,
the decontamination plate captures gaseous molecules that collide on their surface and turns them
into crystalized solid particles, to avoid the specimen being contaminated because of the shroud
temperature rise. The decontamination panel creates a low temperature area inside the simulation
chamber, reducing the vapour pressure and capturing the molecules in suspension, allowing a clean
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control of the process, obtaining different vacuum levels inside the chamber faster. This mechanism

con

8.2.

siderably reduces the pumping time.

5 Temperature measurement

The temperature measurement of the shroud is accomplished by temperature sensors installed on the
shroud surfaces and the measurement system which collects data in real time. The commonly used
temperature sensors are PT100 platinum resistance or T type copper constantan thermocouple. The
measurement range of the sensor covers the shroud’s working temperature, and the quantity of sensors

can fully reflect the average temperature of shroud.

8.2|6 Inner surface painting

In drder to simulate cold black environment in space, the surface of the shroud facing the tesf specimen

is cpated with a special kind of black paint of which has a solar absorptivity (a).0fnot less than 0,95, a

hemispherical emissivity (¢) of not less than 0,90, a low outgassing rate, good-¢ehesion performance,

easly painting operation, and stable mechanical properties as no peeling ofshedding phenpmenon in

the|temperature range from 77 K to 423 K [2],

8.2|7 Leak testing

Shrjouds are welded by large numbers of metal plates and pipes{Since the shroud works in high vacuum

environment, leakage detection is carried out on each welding line and the whole shroud by leakage

detpctor.

9 |Nitrogen system

9.1 Composition and function

Nitfogen system is designed to supply(GN,/LN, to the shroud during TVT and TBT. It gonsists of

LN} subsystem and GN, subsystem.ifiugeneral. LN, subsystem circulates LN, to keep the shroud’s

temperature below 100 K and GN,‘subsystem circulates GN, to keep the shroud’s temperature in the

required temperature range.

9.2 Design of LN, subsystem

9.2{1 Technical secheme

9.2|11.1 Opencooling scheme

Op¢n cooling'Scheme consists of LN, tank, piping, valves, etc. as shown in Figure 4. LN, flow through the

shrpudcdriven by the pressure of LN, tank and absorbs heat load by evaporation, to keep the shroud’s

tenjpérsature below 100 K. This scheme is of simple composition, low cost, and high reliability. However,
lifficult to

it camromty withstamd retatively tow heat toad—When the shroud bears highheat toad; it s

ens

ure its temperature below 100 K and temperature uniformity.
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Y

Key
1
2

shroud
LN, tay

q

J

9.2.1.2

The single

The flowchart is shown in Figure 5. When LN, subsystem"is running, the piping, shroud, LN, py

and subco
subcooled
shroud is t
the test. L]}
subcooler
closed loof

The single

differentiall head, high heat exchange-efficiency between LN, and shroud. Therefore, it can withst

large heat
higher cos

A

k

Figure 4 — Flowchart of open cooling scheme

ingle-phase closed loop scheme

-phase closed loop scheme mainly consists of LNg tank, LN, pump, subcooler, piping,

pler are fully pre-cooled and filled with LNj; then LN, pump is started, and sends LN

state to the shroud with a certain pressure and flow rate. The heat load absorbed by

aken away by circulated LN, so as to keep the shroud temperature lower than 100 K duf

N, flows out of the shroud, returns to.the subcooler to reach subcooled state again. LN, in

fank is partially vaporized after abserbing heat load, and then vented to atmosphere. In
scheme, circulated LN, is single-phase liquid state all the time.

-phase closed loop schemethas the advantages of large circulating flowrate of LN,, 1

load, and the shroud’s, temperature is more uniform, but with the disadvantage of slig
. This scheme has been widely used in large TVC.

etc.
mp
b in
the
ing
the
this

igh
hnd
htly
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2

X

Key
1 syibcooler
2 shroud

3 LN, pump
4 LN, tank

Figure 5 — Flowchart of single-phase clesed loop scheme

9.211.3 Pressurized circulating scheme

Prejssured circulating scheme is composed of LN, tatxk, LN, pump, valves, piping, etc. shown in Figure 6.

LN{ from LN, tank pressurized by LN, pump is sent to shroud, absorbs heat load of shroud, then returns

to LN, tank. Evaporated LN, is separated in the’tank and vented to atmosphere. The scherpe has less

eqyipment than single-phase closed loop scheme. Apart from the advantages, it is prone to ¢avitations

on LN, pump. Hence, the suction pressure of LN, pump is provided enough higher than NPSH.
—DK—

|

Key

1 LN, tank
2 shroud

3 LN, pump

Figure 6 — Flowchart of pressurized circulating system
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922 Eq

uipment configuration

9.2.2.1 LN, tank

LN, tank is used to store LN, required by the test. Its parameters are volume, design pressure, rated
supplying flowrate, and the type of structure. The choice of LN, tank’s volume is related to factors
such as LN, consumption per day during the test and local LN, supply condition. To avoid the test
from being interrupted by lack of LN,, enough large volume of LN, tank is chosen in the design. The
design pressure of the LN, tank is not lower than LN, subsystem operating pressure. LN, tank has
vertical type, horizontal type, and sphere type; and the type choice considers the on-site construction

layout and
and sensol
transmitte

9.2.2.2 1

In LN, sin

differential head and makes LN, circulate in the system. LN, pump is generally a kind of centrify

pump, and
reliability
is also equ
monitored,

q

o

9.2.2.3

The subco
shroud thy
then is ve

pressure a
subcooling
tank ensu

ipped with pressure and flowrate meters and sensors, so that the pressure and flowrate

traSportation CoMaition. £iN;, tank 15 also equipped Witlr pressure and tiquid fevet me
's, so that the pressure and liquid level of the tank are monitored on site, and canalsqg
d to the control system.

LN, pump
ble-phase closed loop scheme and pressurized LN, circulation scheme,{.N, pump provi

flowrate and differential head decide model of LN, pump. Moreover,.to achieve high sys
hind avoid test interruption, backup of LN, pump is always considered in the design. LN, py

on site and can also be transmitted to the control system.

ubcooler

pler is designed to utilize LN, under normal pressuare to cool circulated LN, returned f1
ough heat exchanger. LN, under normal pressute absorbs heat and partially vaporizes
ed to atmosphere. The subcooler is mainly composed of a tank for storing LN, under nor
d a heat exchanger immersed in LN,. During the design, the area of heat exchanger and
degree is determined by heat load, circujated LN, flowrate and pressure. The volume of|
es that the heat exchanger is completely immersed in LN,, and certain space and suffic

L

exhaust ca|
meters an:[‘sensors, so that the pressure andliquid levels of the subcooler are monitored on site and

also trans

9.2.3 Pi
The design
design. SS
and series
design, to
including ¢
operating
etc. In ord|

acity is reserved at the upper part:The subcooler is equipped with pressure and liquid I¢

itted to the control system.

bing design

of LN, piping includes pipeline layout design, valve and sensor configuration, heat insulaf
pipe is chosen as pipeline material because of its excellent performance, reasonable pi
of mature products. Secondly, pipeline layout design comes after LN, subsystem schg
ensure that,LN, piping is arranged reasonably. LN, piping is equipped with various va
heck valves, pneumatic valves, and safety valves, etc. Valve selection is mainly based on
temperature range, rated pressure, diameter, regulating performance of regulating v

meters an

|
 'sensors to show pressure, temperature, and flowrate of the system. These paramete1

ers

be

des
1gal
fem
mp
are

om
hnd
mal

N,

the
ent
pvel
are

ion
ice,
me
ves
the
ve,
er to_ know the operating state of LN, subsystem, the pipeline is equipped with necesdary

of

the system are monitored not only on site but also remotely on HMI or remote computer. To reduce
heat loss, the pipeline of LN, subsystem is heat insulated in two different ways of vacuum insulation
or heat insulation material coating, so that outer surfaces of the pipeline is not dewed during the test.
Compared with heat insulation material coating, vacuum insulation has less heat loss but higher cost.

18
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9.3 Design of GN, subsystem
9.3.1 Technical scheme

9.3.1.1 GN, TCU scheme

By sending adjustable temperature GN, to the shroud, TCU keeps the shroud in the required temperature
range during the test, which is equivalent to simulating the heat flux suffered by spacecrafts in-orbit.
And it also has a function of warming up shroud. It mainly consists of blower, heater and spray vessel,
as shown in Figure 7. In the low temperature condition, the blower conveys GN,, which enters LN,
sprpy vessel and mixes with the sprayed LN, to cool it down, and then enters the shroud.affer precise
tenjperature control by electric heater.l] Since the vaporization of sprayed LN, causes|the pressure
risg¢ of system, automatic pressure relief equipment is designed to maintain the stability of the system

opdrating pressure.
2

}f 4

Key
1 LN, tank
2 blower
3 shroud

4 hpater
5 spray vessel

Figure 7 — Working principle of GN, TCU scheme

9.3{1.2 .GN, warming up scheme

Aftpr-the test, GN, warming up scheme provides hot GN, to the shroud and warms it Up to room
temperature so that the door of vacuum vessel can be opened. GN, warming up scheme is mainly
composed of the blower, electric heater and piping, as shown in Figure 8. During the system operation,
after LN, is drained out of the shroud, GN, heated by the electric heater is sent to shroud by blower and
warms up the shroud.
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S~

o @ (DD

Key

1 LN, tank
2 shroud
3 evaporatgr
4 blower
5 heater

Figure 8 — Working principle GN, warming up scheme

9.3.2 Equipment configuration

9.3.2.1 Blower

The blower provides differential, head for circulated GN,. Its parameters include flowrate, head and
operating femperature. The fequired GN, flowrate and pressure drop is calculated in the design and
is the basis of model selectign. In order to improve the reliability of system operation and avoid fest
interruption, backup of blower is always considered in the design. The inlet and outlet of the blower|are
equipped yith pressuré meters and sensors, so that the pressure at the inlet and outlet of the blover
are monitdred on sité and are also transmitted to the control system.

9.3.2.2 lflectric heater

The function of the electric heater is to heat GN, to the required temperature. The technical parameters
mainly include the structural type, heating power, working pressure, flowrate, temperature range, etc.
In order to improve the reliability of the system operation and avoid the failure of the electric heater,
the heating resistance of the heater selects multiple groups in parallel. The temperature sensors are
equipped at the inlet and outlet and the temperature is transmitted to the control system.

9.3.2.3 LN, spray vessel

LN, spray vessel is used to mix circulating GN, with sprayed LN, through the nozzle, to decrease
temperature of GN,. Its technical parameters mainly include structure size, LN, injection amount,
working pressure, gas flowrate, etc. The design and manufacture of LN, spray vessel is based on above
parameters. The inlet and outlet of LN, spray vessel are equipped with temperature sensors to transmit
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the signal to the control system, and automatically control the injection amount of LN, according to the

set temperature.

10 Vacuum system

10.1 Composition and function

The vacuum system is used to establish the vacuum environment required for the test. A series of pumps
are used in a vacuum system to pump the gas out of the simulation chamber. The system generally

CO OIOLO Ulc vdluuIlll Pullll}b, vdaluulll }lecuuca Cllld va}vca, vdaluulll 5GHSCD, IC}JI Cooul lLa\JUll J ubsystem
and residual gas analyser. See Figure 9
Vacuum system
| | | |
! Vacuum pipelines Repressurisation Resiflual gas
Yacuum pumps Vacuum gauges
and valves Subsystem anjlyser

1032 Design of vacuum system

10.2.1 General

The pumping process scheme is determinéd firstly according to the test requirements. Se
purpping speed of vacuum system is caleulated according to the input conditions such as
chajmber size, gas load, working vdcuum pressure, ultimate vacuum pressure, pumping

Figure 9 — Vacuum system diagram

rondly, the
simulation
time, and

clegnliness. According to the calculation results, the vacuum pumps, vacuum valves, vacuyim gauges,
repressurization equipment, residual gas analyser, etc. are selected.

10.2.2 Scheme of the vacuum pumping process

TV( requires the worKing vacuum pressure with loads lower than 1,33x10-2 Pa. With currg

nt vacuum

technology, it is net possible to pump directly from atmospheric pressure to high vacuum pressure by

usihg a single type'of vacuum pump. The vacuum pumping system is consisted of various vacy

to mneet the vacdum pressure requirements through multi-stage pumping.[Zl Generally, th

process of vacuum system is divided into rough vacuum pumping process and high vacuuy

process.{Fhe rough vacuum pumping process is achieved by combining roots pumps and dj

achlieve'the pressure range from atmospheric pressure to 10 -1 Pa The hlgh vacuum pumping
1p 5P -

um pumps
e pumping
n pumping
y pump to
process is
s the main

pump and the molecular pump as the aux111ary pump The main pump determmes the ultlmate vacuum
pressure and working pressure. See Figure 10.
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Key

1 resldual gas analyser
2 simulation chamber
3 cryppump

4 moleculatspump

5 roots’pump

6 dry pump

a

Repressurized air.

o

Exhaust port.
Figure 10 — Working principle for vacuum system

10.2.3 System design calculations

After the vacuum pumping process scheme is determined, the following process parameters are
calculated according to the test requirements as the basis for equipment selection. Firstly, the vacuum
pumps of high vacuum pumping process are configured according to the technical specifications
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of ultimate vacuum pressure and working vacuum pressure. Then vacuum pumps of rough vacuum
pumping process are configured. The detail steps are as follows.
a) The high vacuum pumping process is calculated. Firstly, the gas load is calculated. The gas load of
the system mainly refers to the gas generated inside the simulation chamber itself, including the
surface outgassing of various materials under vacuum, the simulation chamber leakage, and the
total amount of gas released from the specimen during the test. Secondly, the effective pumping
speed required for high vacuum in the simulation chamber is calculated. The required effective
pumping speed is calculated according to the parameters of no-load ultimate vacuum pressure,
workmg vacuum pressure gas load pumplng time, etc. Then the hlgh vacuum pump is preliminary
: : , he pumped
gas The ultlmate pressure of the selected hlgh vacuum pump is more than half’ah order of

b)

10.

10.

Thd
vac
etc

10.

a)
The

magnitude lower than the required ultimate pressure of the simulation chamber. And’t
pressure of the simulation chamber is within the best pumping pressure range of the hi
pump. Finally, the practical effective pumping speed of selected pumps is double-checkg
that the selected pumps meet the test requirements.

The rough vacuum pumping process is calculated. Firstly, the requited limit pressur
pumping unit is determined. The limit pressure of rough pumping\unit is mainly relz
starting pressure of high vacuum pumping unit, which is generallyl order of magnitude

he working
bh vacuum
d to verify

e of rough
ited to the
lower than

the starting pressure. Then, the required pumping speed of rough pumping unit is calcglated. The

rough pumping vacuum process mainly removes the free gas’in the vessel. Outgassin
inner surface of the equipment itself is negligible. The pumping speed of the rough pumj
calculated according to the volume of the vessel and rough pumping time. Finally, roug
unit is selected according to the calculation of requited pumping speed. Based on th
speed curve of the selected vacuum pump and the“dimension of vacuum pipeline, th
effective pumping speed of selected pumps is.dodble-checked to verify that the selec
meet the test requirements.

2.4 Equipment configuration

2.4.1 General

b from the
bing unit is
h pumping
e pumping
e practical
ted pumps

selection of the main equipment of the vacuum system includes the selection of vacugim pumps,

uum pipelines and valves, #¥acuum gauges, repressurization equipment, and residual gal

2.4.2 Vacuum pumyp
High vacuumump

commop-high vacuum pumps used in TVC are cryopumps and molecular pumps. The

s analyser,

cryopump

corldenses,~captures and adsorbs the gas in the simulation room through the cryoge

Th
and

reforg;-the pressure in the simulation chamber is reduced and a vacuum environment
4

oil-

mamtamed The cryopump is w1dely used as the main pump in TVC because of 1ts ideal

ic surface.

is obtained

leanliness,

He pumping

speed ranges from 1 500 l/s to 60 000 l/s [when the gas pumped is mtrogen) To make the cryopump
work continuously, it is equipped with a roughing pump. The roughing pump is used to achieve the
starting pressure required for the cryopump and for periodically regenerated for the cryopump.

The molecular pump is a kind of gas transfer pump, relying on the high-speed movement of the rigid
surface to exclude gas molecules. Since the pumping speed of the molecular pump is much smaller than
the pumping speed of the cryopump, it is usually used for transitional pumping or auxiliary pumping.
In addition, the molecular pump has a higher pumping rate for lighter gases that are difficult to remove
from other vacuum pumps such as helium and hydrogen. According to this characteristic, the molecular
pump is commonly used as the main pump in the leak detection of vessel, shroud, specimen, etc. The
molecular pump is usually equipped with backing pump to ensure proper operation.
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According to the required effective pumping speed under high vacuum environment, the cryopump
and molecular pump required by the TVC are selected. In addition, to improve the reliability of the high
vacuum pump unit and prevent the single point of failure, the redundant design is to use at least one
more set of cryopump and molecular pump set as a backup.

b) Roughing vacuum pump

The roughing pumping unit usually consists of a roots pump in series with a backing pump (choosing
among dry pumps, rotary vane mechanical pumps, or rotary plunger vacuum pumps). The roughing
pumping unit achieves a vacuum pressure better than 101 Pa in the simulation chamber. The roots
pump is the main pump of the roughing pumping unit. In order to obtain a clean test environment, oil-

free dry pimp and roots pump (or multi-stage roots pump) are usually selected as the rough pumy

unit. Accot
pumping
the rough
reliability.

ding to the required effective pumping speed under rough vacuum environment, thie|ro
nit required by the TVC is selected. In addition, in order to avoid single-point failur
pumping unit, multiple rough pumping units are configured in parallel to improve sys

10.2.4.3 Vacuum pipelines and vacuum valves

The vacuu
inlet of vad
is calculat

I pipeline is the component connecting the pumping port of the ¥acuum vessel with thg
uum pumps. It usually takes the form of a circular cross section&The flow conductivity v3
bd according to the flow state and the layout of the pipeline, The selection of pipes foll

the principle of short length and large diameter. Generally speaking; the diameter of the pipelin

not less th
clean surf]
vacuum pi
pipeline is
1SO 16091

The vacuu
gas flow,
structures
meet ther
for high va3
butterfly v

an the diameter of vacuum pump inlet. The material of\wvacuum pipeline is low outgass
hce and good welding performance. Stainless steel seamless pipe is usually used as
beline. Rubber is used as the sealing material for vactiuim flanges. Leakage rate of the vacy
determined by the vacuum pressure of the simulation chamber. Vacuum flange conform
,1S0 2861121 and 1SO 3669131,

n valve is the vacuum component used to ciit off the gas flow, regulate gas flow and distrih
Vhich is divided into gate valve, angle,valve, butterfly valve, ball valve, etc. based on tl
The diameter, leakage rate, response time and driving mode of the selected vacuum vj
pquirements of test. The valves connected to the vessel are usually two-way sealed gate v3
cuum environment, while the valves used for backing pumps and pipes are angle valve
alves for high vacuum environment.

10.2.4.4 Vacuum gauges
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Vacuum gauges are usually choSen from thermal conduction vacuum gauge and ionization vacuum gatige.

Thermal c
the range
range of 1
measuring

bnduction vacuurmy gauge is used for low and medium vacuum environment measuremen
bf 105 Pa to A0 Pa. lonization vacuum gauge is used for high vacuum measurement in
1 Pa to10%-Pa. In order to ensure the reliability of vacuum gauges, the number of pressi
points«for the simulation chamber is not less than 2, and the installation position of

vacuum gauge cannot be close to the vacuum pump inlet.
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10.2.4.5 Repressurizationsu
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The function of the repressurization subsystem is to inflate the simulation chamber after the test
and gradually return the shroud temperature to room temperature. The repressurization gas is
usually clean air in room. Repressurization equipment generally includes valves, gas source pipeline,
filters, silencers, etc. The size of the inflatable aperture is calculated based on the volume size of the
simulation chamber and the required recompression time. Then the selection and design of related
repressurization equipment are completed.

10.2.4.6 Residual gas analyser

The function of residual gas analyser is to measure the type and partial pressure of residual gas in
the simulation chamber. The most commonly used product is the quadruple mass spectrometer,
which ionizes gas molecules and then separates them by mass using an electric or magnetic field for
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measurement and analysis. It is used not only for gas partial and full pressure measurements, but also
for vacuum leak detection. Its performance parameters include mass measurement range, resolution,
maximum working pressure, minimum detectable pressure, scanning speed, etc.

11 Heat flux simulation system
11.1 Solar simulator

11.1.1 Composition and function

A splar simulator is mainly used to simulate solar irradiation environment of outer spaceClt-¢an provide
collimated and stable irradiation, which is similar to solar spectrum and uniformly distributled.

A solar simulator is usually composed of an optical-mechanical subsystem, a cogling subsygtem, and a
cornftrol subsystem. The optical-mechanical subsystem is composed of a lamp heuse assembly} an optical
wirldow and a collimation mirror assembly. The lamp house assembly pfovides uniform divergent
light beams with the required energy, and is typically composed of xenonamps, collecting irrors, an
optjcal integrator, a water-cooling baffle and a baffling tube. The optical window transmits the light
bedms and separates the vacuum from atmosphere. The collimation“mirror assembly collimates the
light beams emitted from the lamp house assembly and reflects them parallel to the test vplume. The
codling subsystem is to cool the solar simulator, and it includeséwater cooling unit and air cgoling unit.
Thé control subsystem controls the xenon lamps and monitexs'the temperature of other cqmponents.
Thd composition of the solar simulator is shown in Figure 4 1t

Solar simulator
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Figure 11 — Composition chart of solar simulator system
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11.1.2 Solar simulator design

11.1.2.1 General design

In the general design of the solar simulator, the overall structure and optical system form of the solar
simulator are determined by the vacuum vessel type and overall requirements, including the vertical or
horizontal structure of the solar simulator, the coaxial or off-axis structure of the optical system, etc.

The coaxial or off-axis structure of the optical system is usually selected according to the aperture size
of the exit spot of the solar simulator. For small solar simulators, coaxial collimating optical system is

usually usedand-the-structure-is-showninEiguret2-

Key

1 xenon lamp

2 collecting mirror

3 opticallintegrator

4  collimdtion mirror assembly
5 opticaljwindow

6  vacuum vessel

Figure 12 — Structure diagram of coaxial collimating solar simulator

For large splar simulator, since the application of the first set of large coaxial collimating solar simulgtor
in the world in the 1960s, the-development of large solar simulator has experienced the transitiop of
the optical system from cegaxial collimating type to off-axis collimating type. At present, the off-axis
collimating solar simulatoyis used worldwide (see Figure 13). The larger irradiation area and befter
irradianceluniformity.at€ obtained.
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Eigure 13 — Structural diagram of off-axis collimating solar simulator

11.1,2.2 'Optical design

According to the overall requirements and the configuration of the solar simulator, the optical design
mainly calculates the shape, overall dimension, relative distance, and xenon lamp power of each optical
equipment of the solar simulator and optimizes the optical indexes such as irradiance and uniformity,
to ensure that the optical performance meets the overall requirements. The optical system of the solar
simulator is designed according to the lighting system. At the same time, the appropriate optical system
and optical parameters are selected to improve the irradiation uniformity of the test space and the
energy utilization of the solar simulator system. The specific steps are as follows.

a) Firstly, in the optical design of the solar simulator, the optical system follows theorem of Lagrange,
that is, the Lagrange invariant of all optical surfaces in the optical system of the solar simulator
is a constant. According to the overall requirements of the solar simulator, the irradiation surface
diameter, collimation angle and focal length of the collimation system of the solar simulator are
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determined firstly. Then the optical parameters of the collecting mirror, optical integrator and
collimation mirror of the solar simulator are calculated according to theorem of Lagrange.

b)

Secondly, after confirming the basic parameters of each optical equipment of the solar simulator,

the optical design software is used to optimize the optical parameters. On the premise of meeting
the irradiance, the optimization goal is to improve the irradiation uniformity and improve the
energy utilization of the optical system. The optimization design is carried out with variables i.e.
optical parameters and relevant position relationship of each optical equipment.

and th

e design of all optical equipment is completed.

Finally, the optimized optical parameters that meet the overall technical specification are obtained,

11.1.2.3 (
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Figure 15)
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factor of the collegting mirror is determined comprehensively according to the collecting efficienc

the collect
mirror. In {

Dptical-mechanical subsystem
house assembly

jouse assembly is usually composed of xenon lamps, collecting mirrors, an optical integra

iform divergent light beams with the required energy.

ource is generally the short arc xenon lamp (see Figure 14), which has the characteris
minous efficiency, highly concentrated luminous area, high dbrightness and close to

‘rum. The total power of the required xenon lamps is calcilated according to the effec
area and irradiance of the solar simulator in combinatien with the total energy utilizat
optical system. Based on the total power, the quantity:of xenon lamps and the power of €
n lamp are determined. The layout of the light sources'is reasonably designed accordin
'y of the light sources.

Figure 14~ Short arc xenon lamp

ting mirror is used to,cellect and reflect the light from xenon lamp to the entrancg
borator. Due to the axial'symmetry of the beam emitted by short arc xenon lamp, ellipso
mirror is usually used’in order to obtain better condensation effect. When the xenon 14
1, the xenon lamp\is overlapped with the optical axis of the collecting mirror along
ction, and the(xenon lamp cathode is adjusted to the first focus of the collecting mirror
. The first focal length of the ellipsoid collecting mirror is determined by the size of xe
the condition of the mechanical regulating mechanism. The paraxial imaging multiply

nganirror and the desired irradiance distribution on the second focal plane of the collect
he-design of collecting mirror array with multiple light sources, the main optical axis of e

tor,

oling baffle and a baffling tube, which is placed outside of the vacuum‘vessel. It is used to

tics
the
[ive
ion
ach
0]

e of
dal
mp
the
see
hon
ing
y of
ing
ach

collecting

MITTOTr poOiNts to the centre of the field fens group of the optical integrator: A metal mirT

ris

used as a collecting mirror, and its surface processing technology is aluminium substrate polishing or
electroplating nickel, and finally coated with aluminium reflective film and SiO, protective film.
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Key
1 | collecting mirror
2 | xenon lamp

Figure 45 — Collecting mirror

The optical integrator is composed of a field lens group and a projection lens group. Thg¢ field lens
group and the projection lens group are composed of multiple elemental lenses. Each corgesponding
element lens in the field lens group and the projection lens group form an optical path to form a lens
arrpy (see Figure 16). The field lens group of the optical integrator is placed at the second focal plane
of the collecting mirror,-The'lens array of the optical integrator splits the irradiation distgibution on
the|second focal planeof+the collecting mirror. The irradiation distribution projected by the|lens array
is domplemented amd,stuperimposed to obtain a uniform irradiation distribution. The quantity of the
elefnental lenses is determined by the specifications of the effective irradiation area and the|irradiance
uniformity. The'€élemental lenses of the filed lens group and the projection lens group are uspally made
of quartz glass! In the optical integrator, the elemental lenses are usually fixed on a flat glas$ substrate
by photo resist technology. For a large optical integrator, the elemental lenses are fixed pn a metal

frame,
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Figure 16 — Optical integrator

cooling baffle is used to block the incident beam of the solar simulator. It is used to sw
f test specimen between solar irradiation zone and the shadow zone. When the water-coo
osed, all the beams of the solar simulator irradiate of'the water-cooling baffle, and
brgy is taken away by the cooling water.

1g tube is used to form the closed space of the lamiprhouse assembly, eliminate the influe

stray light on the light path, and ensure the overall sealing of the lamp house assembl
poling requirements. The baffling tube is usually made of aluminium alloy or SS. Accordin
juirements, the baffling tube is cooled by water.

| window

aling. The optical window bears the pressure difference inside and outside the vacy
the thermal radiation of xenon lamp. Because of its good heat resistance and high opt
nce, circular quartz glass'is’selected. The material of sealing ring of optical window is usu
bro rubber.

ation mirror assembly

ation mirrorassembly is mainly used to collimate the incident beam emitted from
e assemblysand passing through the optical integrator, and project or reflect it to the
hrallel. The collimation mirror assembly does not need strict requirements for aberrat
Is the.aberration within an appropriate range by selecting a reasonable relative apert
the premise of meeting the irradiance, the relative aperture is selected according to
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requirements. The diameter of the collimation mirror is determined by the distance f

om

the collimation mirror to the effective irradiation surface, the collimation angle, and the diameter of the
effective irradiation surface.

For the coaxial collimating solar simulator, the collimation mirror assembly usually adopts the lens of
quartz glass, which is placed outside the vacuum vessel together with the lamp house assembly. For
the off-axis collimating solar simulator, the collimation mirror assembly generally selects the spherical
metal reflecting mirror, which is placed in the vacuum vessel. According to its size, it is either a single
spherical metal reflecting mirror or to be formed by splicing multiple spherical metal reflecting mirrors.
The surface processing technology of the metal collimation mirror is aluminium substrate polishing or
electroplating nickel, and finally coated with aluminium reflective film and SiO, protective film. During
the test, the collimation mirror’s temperature is controlled in two ways. The first way is to embed
cooling pipe inside the collimation mirror and adjustable temperature GN, flows through cooling pipe
to control the temperature of collimation mirror. The second way is a combination of heating by thin
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heat film pasted on the back of the collimation mirror and radiation cooling by shroud installed at the
back of the collimation mirror.

11.1.2.4 Cooling subsystem

The cooling subsystem is composed of air cooling unit and water cooling unit, which is mainly used
to take away the heat generated by xenon lamps and the heat radiated into the equipment during the
operation of solar simulator. Firstly, the thermal load of each optical equipment of the solar simulator is
determined by optical design, and then the cooling system is designed according to the thermal load of

each optical equipment and its required operating temperature.
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air cooling unit is mainly used for the cooling of xenon lamps, collecting mirror, 1éns
optical integrator, which is composed of fan, heat exchanger, filter, air flow adjusting

bmbly, cools the internal optical equipment, and then returns to the fan to form la closed
v rate and pressure of the cooling air are determined by the heat load ang-the required
perature of solar simulator components cooled by air.

water cooling unit is mainly used for the cooling of water-cooling\baffle, baffling tu

ermined by the required operating temperature of solar simulator components.

1.2.5 Control subsystem

control subsystem is composed of xenon lamp coritrol unit and temperature monit
ch is mainly used for light source switch, irradianee adjustment of solar simulator, and te
hsurement and control of key components of sglar simulator.

on lamp control unit is composed of xenonlamp power supply, trigger, control module, et
forms xenon lamp switch control and irradiance adjustment. The xenon lamp control un
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valve and
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cycle. The
operating

be and the

me of the optical integrator. The cooling water circulates in the cagoling pipes and cools glown solar
simulator’s components. The flow rate, pressure, and temperaturé: of the circulating coolij
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ger to generate instantaneous high.woltage to break down the inert gas between the fanode and
hode of the xenon lamp to ignite thexenon lamp. By controlling the output current of the yenon lamp
ver supply through the control moedule, adjust the luminous flux of the xenon lamp to achjieve stable
specified irradiance outputtXenon lamp power supply and trigger are selected accordirg to xenon
p performance parametersyXenon lamp power supply usually adopts programmable power supply
h wide voltage range and wide current range.

Thd temperature monitoring unit is mainly used to measure and record the temperature of ¥
andde, collecting nfirror, water-cooling baffle, baffling tube, collimation mirror assembly
components of selar simulator, and control the temperature of collimation mirror assembly
opgration as well.

enon lamp
and other
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11)2 Infrared heat flux simulator
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The infrared heat flux simulator mainly includes the infrared lamp array, the infrared cage, the thermal
control board, etc. It can simulate heat flux of the specimen’s surface equals to the heat flux absorbed
by the spacecraft working in-orbit. This simulation method neglects the spectral characteristics of
radiation in space, only simulates equivalent thermal effect.

11.2.2 Infrared lamp array

An infrared lamp array is composed of infrared lamps and lamp array support, as shown in Figure 17.
Typically, the lamp array is arranged towards the specimen to perform radiation heating. According
to the real heat flux distribution on the specimen working in-orbit, the specimen surface is divided
into several equivalent heat flux zones, which is simulated respectively by corresponding infrared
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lamp arrays. By changing the input power of infrared lamps, the heat flux is adjusted to meet the test

requirements.
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1 infrarefl lamp
2 lamp afray support

Figure 17 — The infrared lamp array

Bases on the heat flux distribution of a single infrared lamp, the maximum heat flux and the uniforn

of the hedt flux distribution of the infrared lamp arrays are analysed and calculated. The poy
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nd arrangement of the lamps are determined:according to the heat flux, radiation a
istance and radiation uniformity. There are two kinds of infrared lamps can be chosen.
Fared lamp is composed of a quartz-tungstefizhalogen lamp and a lamp holder mounted y
s shown in Figure 18. The reflector is made‘of aluminium alloy as the base material, with g
the inner surface. It is mounted on théback of the lamp to increase thermal efficiency
bat flux distribution of the lamp array-The lamp holder is used to hold the lamp and refleg
re assembled on the lamp array support. The other kind of infrared lamp is compose
ingsten-halogen lamp with reflective film and a lamp holder, as shown in Figure 19.
film is plated on the half side of the lamp. This kind of lamp array has relatively sma
b shroud radiation.
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Figure 18 — Infrared lamp with reflector
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Figure 19 — Infrared lamp without reflector

The lamp array support is made of aluminium or SS, which has,the advantages of low outgassing under
vacuum environment. It is surrounded by reflective panels to improve the uniformity of heat flux
distribution. The surface of the reflective panels facing:the lamps has high reflectivity, and the other
sid¢ is blackened processed.

11.2.3 Infrared cage

An [nfrared cage is usually a cage shaped structure, arranging heating tapes or heating rods sprrounded
the|specimen, as shown in Figure 20. The heat flux is adjusted by changing the input power of the
inftared cage. The surfaces of heating-tapes or heating rods facing specimen are coated with black
paint. The other side is designed as'a reflective surface to reduce heat radiation.
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Figure 20 — Infrared cage

bd cage is divided into several independent heating zones according to the test requireme
on angular coefficient of the infrared cage to’the corresponding area surface of the speciy
bd by considering the requirements for high and low limits of heat flux. The maximum po
br each heating zone and resistance of heating tape or heating rod for each heating zone
by considering the maximum safe applied current. According to the need of matching po
ince, each heating zone is dividéd into several heating circuits. Then reasonable densit
pes or heating rods is arranged; and resistance of each heating circuit is determined.
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al controlled paneldsiinstalled close to surface of specimen, and used to simulate the ther

effect of inffrared heat fluxcAeCording to the required heat flux, the temperature of thermal contro

panel can
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be controlled &y fluid medium with certain temperature flowing in its internal tubes.
the panel facifig the specimen are coated with black paint to increase its emissivity.
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12.1 General

The function of the specimen support system is to support, fix and control the attitude of the specimen
inside TVC. According to different test requirements, the specimen support mechanism has three types:
motion simulator, horizontal adjustment mechanism and test specimen support. Motion simulator
is generally used together with solar simulator, which can realize the multi-dimensional attitude
adjustment of the specimen in the test process. The horizontal adjustment mechanism can adjust the
levelness of the specimen during the test. The test specimen support is used to support and fix the

specimen;

34

it has no adjustment function during the test.
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