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Abstract: The surface radiation heat simulation prog r am based on M icro so ft VC+ + 6� 0 for spacecraft in

whole orbit course was pr esented. Due to complexity of spacecr aft str ucture, t he spacecraft st ruct ur es were

decomposed t o relat ively regular parts. Automatic generation o f calculat ion g r id w as conducted by using str uc�

tur ed g rid and unstructur ed techno log y. Simulation mainly solved automatic g rid generation for arbit rar y sur�

face and data transmission bet ween arbitr ary shape interfaces, and the geometry structure, physical pr ocess,

calculation accur acy and efficiency were considered. View facto rs and radiation transfer co efficients w ere calcu�

lated by combining finite element method and ray uniform distr ibut ion. According to the po sitio n of surface

cells, ex ternal heat flux was calculated w ith integr al method for non�shaded surface and w ith ray uniform dis�

tr ibution method for shaded sur face. A s the spacecraft surface w as wrapped w ith multilayer insulation mater i�

al, the temperatur e field of multilay er insulation material w as calculat ed with nodal netw ork method and f inite

volume method. The t em perat ur e o f o ther par ts w ithout wrap w as calculated w ith finite element method. The

temperatur e of unconnected reg ions available with r adiat ion heat transfer relations was analyzed, and the

calculation formulae w ere deduced. Numer ical experiment shows that the simulation pro gr am is cor rect and ef�

fectiv e.
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Introduction

Space target detection techno logy has be�
come more and mor e impo rtant . Detecting space

targ et through inf rared radiation characterist ics

ar e an ef fect ive method. Because the infrared ra�
diat ion o f spacecraf t s in low earth orbit is much

higher than the infr ared radiation o f univer se

backg round and the o rbit is f ixed, anti�satel lite

w eapons gener ally intercept targ et prim ar ily

through inf rared radiat ion char acterist ics
[ 1]

. The

method o f research on inf rared radiat ion charac�
terist ics o f space targ ets mainly includes actually

surveying, theory analyzing and numerical simu�
lat ion. The actual sur veying needs long period,

high out lay and a series of high�tech resear ch

foundat ion
[ 2]

. Now China can�t realize this

method completely. For developm ent of com put�
er techno logy and num erical sim ulat ion, combi�
nat ion o f theory analy sis and numerical simula�
tion becom es comm on method. T his m ethod not

only prov ides co rrelative data quickly for design

reference of early w arning and detect ion system,

but also can save a gr eat quant ity o f manpow er

and material resour ces. Surface r adiat ion heat

calculat ion o f spacecraf t in orbit prov ides foun�
dational data and theory basis

[ 3�4]
. In the heat

calculat ion o f spacecraf t surface radiat ion, view

facto rs and ex ternal heat f lux calculat ion can

pro vide boundary condit ion and foundat ional pa�
ram eters fo r tem perature and st ress field calcula�
tion, the pr ecision of view facto rs and ex ternal
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heat f lux w ill af fect pr ecision of results[ 5�6] . But

the view facto rs and ex ternal heat flux calcula�
t ion needs much tim e, im proving calculat ion pre�
cision and ef ficiency of v iew facto rs and ex ternal

heat f lux can quicken heat analysis and calcula�
t ion pr ocess g reatly . This paper mainly resear�
ches the method of improving the calculat ion ef�
f iciency[ 7�13] .

Num er ical simulation on sur face r adiat ion

heat calculation o f spacecraft in or bit w hole

course is r esearched in this paper. The key sim�
ulat ion technolog y is analy zed part icularly. At

last , the sur face radiat ion heat sim ulat ion pro�
g ram based on M icro sof t VC+ + 6� 0 for space�
craft in orbit w ho le course is developed.

1 � Constitution and function of

simulation system

� � The simulat ion progr am uses modularizat ion

design. The main funct ion modules o f sim ulat ion

system are show n in Fig� 1. T heir funct ion and

character ist ic are show n as the following.

1) Trajectory calculat ion module: T his mod�
ule can pro vide the t rajecto ry parameters of tar�
get for surface heat f lux module. This m odule

ex ist ing independent ly can improve the applica�
bility o f pro gram.

2) Surface g rid generat ion module and tem�
perature f ield g rid generation m odule: T he sur�
face g rid generat ion module generates the surface

tr iangle elem ents of target for view factors and

ex ter nal heat f lux calculat ion. T his module a�
dopts st ructured and unstr uctured g rid genera�
t ion method and com bines grids of dif ferent par ts

into the w hole gr ids of spacecraft . The tem pera�
ture f ield gr id gener at ion module can generate f i�
nite elem ent g rids and contr ol v olume gr ids.

3) External heat f lux and v iew factors cal�
culat ion module: T hese tw o modules consume a

great deal of calculat ion t ime. T he v iew factors

only need to be calculated one t ime, but the ex�
ternal heat flux needs to be calculated in every

tim e step. In the simulation process, calculat ion

frequency of external heat flux is changeable ac�
cording to varying speed. If it varies slow ly, the

ex ter nal heat f lux can be calculated every several

t im e steps.

4) Mult ilay er insulat ion material tem pera�
ture f ield calculat ion m odule and unconnected re�
g ion tem perature f ield calculat ion m odule: The

first module specially calculates m ult ilayer insu�
lat ion m aterial temperatur e f ield w ith nodal net�
w o rk method and finite v olume method. Fo r

com plex st ructures, this module simplifies the

heat t ransfer model, so it can calculate the sur�
face temperature of many complex com ponents.

The temperatur e of large st ructures is calculated

by the f inite elem ent m ethod. T his paper com�
bines f inite v olume method, f inite element meth�
od and nodal netw ork m ethod to calculate the

surface tem perature of spacecraf t.

Fig� 1� Constitution o f simulation sy st em

2 � Geometry model and grids

generation � �

2� 1 � Geometry model decomposition and

simplification � �

� � Radiat ion heat calculat ion is the m ain part

of heat calculat ion for spacecr af t in orbit . It is

helpful for the w ho le spacecraft heat calculat ion

to raise sur face radiation heat calculat ion eff i�
ciency . Generally, the spacecraft has complex

st ructures, so this paper decomposes and simpli�
fies the sim ulat ion m odel at first.
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The accurate theor y calculat ion according to

real geometry str ucture is too complex and

w orkload is also larg e. T he simulat ion and ex�
periment show that it is not necessar y to consid�
er all inf luencing factor s. It needs simplificat ion

w hen const ruct ing geometr y m odel. T he simpli�
f icat ion principles include:

1) Sim ple st ructure is used to subst itute

the st ructures that w ill br ing shadow but not

join in r adiat ion heat t ransfer. T he subst itute

principle is the tw o st ructures have the same

shadow ef fect . For example, regular bodies sub�
st itute ir regular bodies, surfaces subst itute so l�
ids, planes substitute complex surface, and

so on.

2) T he assistant planes need to add if the

simplified model has cavum. This can avo id

making mistakes w hen ray t racking simulates.

The adding principle is the simplif ied model is

close, the assistant planes have the sam e radia�
t ion heat t ransfer ef fect.

3) All surfaces that jo in in radiat ion heat

tr ansfer ar e regularized to rotat ing surface,

quadrang le, so the str uctured grid gener at ion

method can be used. T his paper m ainly resear�
ches the sur face grid generation. The t riangle

no t only can express the spacecraf t surface w el l,

but also can simplify the shadow judgm ent . So

this paper chooses t riangle as gr id element type.

The t riang le elements used to calculate view fac�
to rs are different fr om the elements used to cal�
culate tem perature and st ress field w hich need to

sat isfy deform ation com pat ibility condit ion. The

tr iangle elements of this paper can have intersec�
t ion points and repeated nodes. As show n in

Fig� 2, the elements E 2 , E3 and E 1 can have in�
tersection node N i . T he nodes N 1 and N 2 can be

numbered repeatedly . Based on the char acteris�
t ics above, the surface gr ids generat ion becom es

much easier. When sur face grids of subr eg ions

ar e m erged to unitary g rids of spacecraft , it is

no t necessar y to adjust the nodes and elements of

subr eg ions.

Fig� 2 � Sket ch map of tr iangle gr id

2� 2 � Structured grids of subregions generation

� � This paper uses t ransf inite interpo lat ion

method to g enerate radiat ion t riang le grids of

subr eg ions that can be regular ized to cur ved�side

quadrilaterals or rotat ing surfaces.

As show n in Fig� 3, L l , L b , L r and L t are

four sides o f plane curv ed�side. X l ( i ) , Y l ( i ) ,

X r ( i) and Y r ( i ) ( 1 � i � N y ) ar e node coordi�
nates of the sides L l and L r . N y is the number

of nodes of L l , L r . X b ( j ) , Y b ( j ) , X t ( j ) and

Y t ( j ) ( 1 � j � N x ) are node coordinates of the

sides L b and L t . N x is the number of nodes of

L b , L t .

Fig� 3� Sketch map of curv ed�side quadr ilat eral

The form ulae o f g rid nodes coo rdinates fo r

plane curved�side quadrilaterals are

X ( i , j ) = 1- i
N y

X b ( j ) +
i

N y

X t ( j ) +

1- j
N x

X l ( i ) +
j

N x

X r( i ) -
j i

N xN y
X t (N x ) +

j
N x

1 - i
N y

X b (N x ) +
i

N y

1- j
N x

X t (1) +

1- i
N y

1- j
N x

X b(1) (1)
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Y( i, j ) = 1 -
i

N y
Y b( j ) +

i
N y

Y t ( j ) +

1-
j
N x

Y l( i) +
j
N x

Y r( i ) -
j i

N xN y
Y t (N x ) +

j
N x

1-
i
N y

Y b( N x ) +
i

N y
1-

j
N x

Y t (1) +

1 -
i

N y
1 -

j
N x

Y b(1) (2)

� � For the rotating surface, L x is generat rix.

X x ( i) , Y x ( i) (1 � i � N x ) are node coordinates

of the side L x . N x is the number of nodes o f side

Lx and N y is the number of nodes of r otat ing di�
r ect ion.

The form ulae of grid node coordinates fo r

rotating surface are

X ( i , j ) = X x ( i) (3)

Y( i, j ) = Yx ( i ) co s
2j�
N y

(4)

Z( i , j ) = Y x ( i) sin
2j �
N y

(5)

3 � Physical and mathematical

models analysis �

3� 1 � View factors and external heat flux

calculation � �

� � View factors and radiat ion t ransfer coeff i�
cients ar e calculated by combining finite elem ent

method and r ay uniform dist ribut ion based on

surface t riang le grids. It can impr ove calculat ion

precision and ef ficiency . The detailed analysis

and deduction are expat iated on in reference [ 14]

by author of this paper.

According to position of surface cells, ex�
ternal heat flux is calculated w ith integr al meth�
od for no shaded surface and w ith ray uniform

dist ribut ion for shaded surface. T his method can

impr ove calculat ion ef f iciency great ly. The de�
tailed analysis and deduct ion are expat iated on in

reference [ 15] by author of this paper.

3� 2 � Finite element analysis and calculation for

unconnected region

� � Generally , finite element m ethod is used to

calculat ion the tem perature f ield of connected re�
g ion. But the unconnected regions have heat ex�

change in the sty le of radiat ion. As show n in

Fig� 4, w ithout radiat ion heat exchange, the

tem perature f ield o f r eg ion D1 and D 2 can be cal�
culated w ith f inite element method respectively.

When radiation heat exchange needs to be con�
sidered, the temperature f ield of r eg ions D 1 and

D 2 m ust be calculated as integ er. This paper w ill

analyze and deduce the f inite element method

fo rmulae of tem peratur e field of unconnected re�
g ions based on Galer kin m ethod

[ 16�17]
.

Fig� 4� Sketch map of unconnected r egions

Based on Galerkin method, the temperature

of connected region D sat isfies the follow ing con�
dition

�
D

W l �
 2
T

 x 2 +
 2
T

 y 2 +
 2
T

 z 2 +

qv -  c p  T t dx dydz = 0 (6)

Where W l is w eighted funct ion. It is def ined as

W l =
 T
 T l

� � ( l = 1, 2,  , n) (7)

w here n is the number of nodes. T he Eq. ( 6) can

be rew rit ten as

�
D

�
 
 xP +

 
 yQ +

 
 zR dxdydz -

�
D

�
 W l

 x
 T
 x +

 W l

 y
 T
 y +

 W l

 z
 T
 z dxdydz +

�
D

W l qv -  cp  T
 t dxdydz = 0 (8)

w here

P = W l
 T
 x , Q = W l

 T
 y , R = W l

 T
 z

Based on Gauss form ulae, the follow ing equat ion

can be obtained from Eq. ( 8)
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�
D

�  
 x

W l
 T
 x +

 
 y

W l
 T
 y +

 
 z

W l
 T
 z dxdydz =

 
C

�( P dxdy + Qdydz + R dxdy) =

 
C

�W l
 T
 n dS (9)

w here, C is the boundary of calculation region

D . n is unit vector o f outer norm al direct ion of

C. T he funct ional of D is defined as

J D = J D [ T ( x , y, z , t ) ] (10)

The par tial derivat iv e o f funct ional J D to T l can

be obtained fr om Eq. ( 9) and Eq. ( 10)

 J D

 T l
= �

D

�
 W l

 x
 T
 x +

 W l

 y
 T
 y +

 W l

 z
 T
 z -

W l qv -  c p  T
 t dxdydz -  

C

�W l
 T
 n dS =

�
D

G ( x , y , z , t )dxdydz -

 
C

H ( x , y , z , t)dS = 0 (11)

As show n in Fig� 3, region D includes region D 1

and D 2 , Eq. ( 11) can be w rit ten as

 J D

 T l
=

 J ( D
1
+ D

2
)

 T l
=

 J D
1

 T l
1

+
 J D

1

 T l
2

+
 J D

2

 T l
2

+
 J D

2

 T l
1

(12)

If region D 1 and D 2 have no radiat ion heat ex�
change, Eq. ( 13) and Eq. ( 14) can be obtained

 J D
1

 T l
2

= 0 (13)

 J D
2

 T l
1

= 0 (14)

In consideration of radiation heat ex change be�
tw een reg ion D 1 and D 2 , Eq. ( 13) and Eq. ( 14)

can be rewr it ten as

 J D
1

 T l
2

= -  
C

1

H ( x , y , z , t)dS (15)

 J D
2

 T l
1

= -  
C

2

H ( x , y , z , t)dS (16)

� � It is know n through the analysis above that

the temperature of unconnected regions w hich

have radiation heat ex change can be calculated

w ith the uniform gr ids. T hrough the analysis a�

bove, it is know n that if the reg ion D has m ore

than tw o subregions, the method is also true.

Based on variat ion principle, the funct ional

of region D can be expressed as

J ( T) = �
D

1
2
�

 T
 x

2

+
 T
 y

2

+
 T
 z

2

-

QvT +  c p  T t T dxdydz + 
C

!
1
2
T

2
- T fT dS

(17)

� � After D is discret ized to finite elements,

J ( T ) is the integr al of all elements as

J = ! J
e

(18)

� � The integr al of element e is

J
e
( T ) = �

∀D

1
2
�

 T
 x

2

+
 T
 y

2

+
 T
 z

2

-

Q vT +  c p
 T
 t T dxdydz + B (19)

� � Fo r the f irst and third boundary conditions,

B is def ined as

B =  
∀C

!
1
2
T

2
- T fT dS (20)

� � Fo r the second boundary condit ion, B is de�
fined as

B =  
∀C

qT dS (21)

� � For the radiat ion boundar y condit ion, B is

defined as

B =  
∀C

# ∃
1
5
T

5
- !

N

n= 1
∃nB nT

4
n T dS (22)

Where ∀D is region w hich elem ent e includes.

∀C is the area o f boundary element . !and T f are

convect ion exchange coef ficient and f luid temper�
ature. For the f irst boundary condit ion, !is inf i�

nite. q is boundary heat f lux. ∃ is surface emis�
sivity of ∀C. ∃n is surface emissivity of elem ent

n. Bn is radiat ion t ransfer coeff icient of elem ent

n to ∀C . T n is ef fective radiat ion tem perature of

element n. The elem ent n belong s to r eg ion D o r

no t. If it doesn�t belong to reg ion D , it s temper�
ature is constant . The derivat ive of J to T in el�
ement e can be obtained from Eq. ( 17)
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 J e

 T i

= �∀R �  T
 x

 
 T i

 T
 x +

 T
 y

 
 T i

 T
 y +

 T
 z

 
 T i

 T
 z - Qv

 T
 T i

+

 T
 t

 T
 T i

dxdydz +  B
 T i

(23)

Where
 B
 T i

can be obtained from Eq. ( 20) ,

Eq. ( 21) and Eq. ( 22) . T 4 is t reated w ith the fo l�
low ing method

T
4 ! 4T 3

r T - 3T 4
r

T r =
1
K !

K

i = 1
∀C

T i

(24)

Where K is node num ber of boundary ∀C of ele�
m ent e.

According to ex tr em um condit ion of func�
t ional, the follow ing equat ion can be obtained

!  I e
 T i

= 0 (25)

� � Based on f inite element method pr inciple,

the assembled st if fness matrix , capacitance ma�
t rix and heat load vector can be obtained as fo l�
low s

HT + CT
∀

= p ( 26)

� � This paper uses the fo llow ing fo rmat to deal

w ith
 T
 t

H + C
∀t t

T t = p t +
C
∀t t

T t- ∀t (27)

Where the subscript t denotes calculat ion t ime

step, t - ∀t deno tes the last tim e step, ∀t de�
notes step length.

Because H and p contain unknow n tempera�
ture T , Eq. ( 19) needs to be solv ed w ith itera�
t ive m ethod. In every t ime step, Eq. ( 19) m ay

be r ew rit ten as

H +
C
∀t

n

t
T

n+ 1
t = p

n
t +

C
∀t

n

t
T

n
t- ∀t (28)

w here superscript n deno tes the nth iterat ion in t

tim e step.

3. 3 � Multilayer insulation material heat

calculation

� � As show n in Fig� 5, the spacecraft surface is

w rapped w ith mult ilay er insulat ion material.

The mult ilay er insulat ion material is not a kind

of real m aterial. It has no cont inuous structure

and symmetrical propert ies. It is a com bined ma�
terial m ade up of many reflection fo ils and spac�
ers. Betw een ref lect ion fo ils, there are many

spacers of dif fer ent types and thickness. T he e�
quivalent thermal conduct ivity is not only related

to the types and thickness o f ref lection fo ils and

spacers, but also related to number of layers,

tem perature of cold sur face and heat surface,

com pressed load and vacuum degree
[ 18�19]

. If this

parameter is used to calculate unsteady tem pera�
ture f ield, rather great err or w ill be brought.

Effect ive emissiv ity ∃eff is used to deno te insula�
tion capability of multilayer insulat ion m aterial

in this paper. T he mult ilay er insulat ion m aterial

can be tr eated as therm al control co at ings w ho se

em issiv ity is ∃eff . Thermal analysis and calcula�
tion st ructur e is show n in Fig� 5. T he heat bal�
ance equat ions are

qs∃1 =  1 cp1 %1
dT 1

d&
+ ∃eff#( T

4
1 - T

4
2) + ∃1 #T

4
1

(29)

∃eff#( T 4
1 - T

4
2) =  2 cp

2
%2

dT 2

d&
+ ∃2 #T 4

2

(30)

Fig� 5 � M ult ilay er insulation mat erial wr ap scheme

4 � Simulation result and analysis

� � T he program for calculat ing view factors

and external heat flux has been tested and vali�
dated in references [ 14�15] .

This paper mainly analy zes calculation pre�
cision and ef f iciency of temperature field. The

model satellite is show n as Fig� 6. T he m ain

body of satellite is w r apped w ith m ultilayer insu�
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lat ion mater ial ex cept radiat ing surface. The

surface tem perature fields of unw rapped region

and solar panel are calculated w ith f inite elem ent

method o f unconnected r eg ion.

Fig� 6 � M odel satellit e scheme

The or bit param eters are g iv en in T able 1.

Table 1� Orbit parameters

i/ (#) ∋ / (#) a/ km e (/ (#) )/ (#) ∗p / s

50 40 6781 0. 00085 40 0 0

Where i is the o rbit inclinat ion; ∋ is the as�
cending node r ight ascension; a is the major semi

ax is of orbit ; e is the eccentricity; ( is the angu�
lar separ at ion betw een ascending node and peri�

gee ; )is solar long itude; ∗p is the t ime w hen the

satel lite is on perigee.

The satellite att itude contro l includes: ( 1)

the principle ax is is in the orbit plane and points

at the f lying direct ion; ( 2) the coordinate ax is X

points at the earth�s core all the t im e; ( 3) the

ang le betw een the principle axis and ligature of

satel lite�the ear th is a constant.

The iteration precision o f temperature f ield

is 0. 001. The errors of temperature field itera�
t ion calculat ion are given in Fig� 7, F ig� 8 and

Fig� 9. T he temper ature of internal and outside

face o f m ult ilayer insulation m aterial is show n as

Fig� 10 and the tem perature of nightside and

sunny side of solar panel is show n as Fig� 11.

As show n in Fig� 7, F ig� 8 and Fig� 9, the

converg ence r ate o f temperature field calculat ion

of the methodin this paper is v ery fast. When

the number of temperature field iterat ion increa�
ses f rom tw o t im es to four t imes, the tem pera�
ture error is r educed by m ore than three orders

of m agnitude. Because the radiat ion ter m is line�

arized and loaded to the st if fness matrix and the

major diag onal elements o f the st if fness m atrix

dom inate, the iter at ion r ate is v ery fast . The

converg ence r ate is slow er w hen the time step

leng th is longer w ith the sam e iterat ions. Be�
cause the temperature increment is larg er in a

longer t im e step leng th, the temper ature f ield

calculat ion needs m ore iter at ion. It is need to be

pointed that the total iterations are r elated to

type of materials and boundary condition, but

the temperatur e error is reduced by m ore than

one order of m agnitude.

Fig� 7 � Temperature er ror of 2 iter ations

Fig� 8 � Temperature er ror of 3 iter ations

The highest and low est temperature of the

mult ilay er insulat ion material face is show n in

Fig� 10 and tem perature o f the solar panel is

show n in Fig� 11. T he temper ature has the same
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Fig� 9 � Temperature er ror of 4 iter ations

F ig� 10 � Temperature o f internal and outside face of

mult ila yer insulation materia l

Fig� 11� T emperatur e of night side and sunny

side of solar panel

variat ion period as spacecraf t orbit . The temper�
ature of outside surface is af fected by ex ternal

heat f lux and the temper ature of internal surface

is alm ost constant. Because the thermal conduc�
tivity of solar panel is high, the temperature

dif ference betw een nightside and sunny side is

slight .

5 � Conclusions

� � 1) T he surface radiat ion heat simulat ion

pro gram based on M icrosoft VC + + 6. 0 fo r

spacecraf t in orbit w ho le course has been devel�
oped. From the calculat ion example, it has been

conf ir med that the pro gram is accurate.

2) T he f inite element method for uncon�
nected regions is reliable and the convergence

rate of tem perature field iterat ion is ver y fast .

3) T he tem perature field calculat ion model

of mult ilayer insulation material is rat ional.

References:

[ 1 ] � Briot tet X, Boucher Y, Dimm eler A, et al. M il itary appl ica�

t ion of hyper spect ral imagery [ C] ∃Proceeding s of SPIE .

Kis simmee, Florida, US A: The Internat ional Society for

Opt ical Engineerin g, 2006.

[ 2 ] � E versm eyer K E , Watt s W D, Bub e E B. Sch ema for fus ion

of s imultaneou s m easuremen ts of LW IR an d vis ible signa�

ture data[ C ] ∃Proceedin gs of SPIE . Orlando, FL, US A:

T he Internat ional S ociety for Opt ical Engineerin g, 1993:

117�131.

[ 3 ] � H AN Yuge, XU AN Yimin. Inf rar ed feature of s atellit e[ J ] .

Inf rared an d Laser En gineering, 2005, 34( 1) : 34�37.

[ 4 ] � WEI Xizhan g, LI Xiang. Calcu lat ion of tem perature f ield

and radiat ion f lux for inf rar ed target [ J] . S ystem Engin eer�

ing and Elect ronics, 1999, 21( 9) : 13�15.

[ 5 ] � M IN Guirong. Th ermal cont rol techn ology of the satellit e

[ M ] . Beijing: Aerospace Pres s, 1991. ( in Chinese)

[ 6 ] � MIN Guiron g, GU O Shun . Spacecraf t thermal cont rol[ M ] .

Beijing: Science Press , 1998. ( in Ch ines e)

[ 7 ] � H E Liqun. Num erical com putat ion meth od of view facetor

[ J] . Journal of Harbin Un iversity of Arch itecture and En�

gineerin g, 1995, 28( 5) : 87�90. ( in Chinese)

[ 8 ] � H ow ell J R. Th e Monte Carlo meth od in radiat ive heat

t ransfer [ J ] . Journal of H eat T ran sfer, 1998, 120 ( 3 ) :

547�560.

[ 9 ] � O�Neill R F, Loren tz D R. A vector approach to nu merical

com putat ion of view factor s and applicat ion to space h eat�

ing[ R] . AIAA 83�0157, 1983.

2236



SUN Bing , et a l: Numerical simulation research on sur face r adiation

� 第 10 期 heat ca lculation o f spacecraft in o rbit w hole cour se

[ 10] � W ENG Jianhu a, PAN Zen gfu, MIN Guirong. A method for

calculating extern al heat f lux of any convexity in orbit

s pace[ J ] . Chinese Space S cien ce an d T echnology, 1994

( 2) : 11�18. ( in Chinese)

[ 11] � J IN Xuek uan . Vector method for view factor of s pacecraf t

in low orbit [ J] . Journ al of As tr on aut ics, 1984 ( 1 ) : 70�80.

( in Chin ese)

[ 12] � W ENG J ian hua, PAN Zengfu, M IN Guirong. An alys is an d

calculation for +2 , +3 of any concave and mu tu al watchin g

surfaces[ J] . Chinese Space Science and T echnology, 1994

( 3) : 9�16. ( in Chinese)

[ 13] � Bat t s G W. T hermal en vir on ment in space for engineerin g

appllicat ion[ R] . AIAA 94�0593, 1994.

[ 14] � ZH ANG T ao, SU N Bing. Num erical computation of view

factor of com plicated conf iguration [ J ] . J ou rnal of Aero�

space Pow er, 2009, 24( 4) : 753�759. ( in Chinese)

[ 15] � ZH ANG T ao, SU N Bing. Num erical compu tat ion of exter�

nal heat f lux of low earth orb it s pacecraf t by RU D[ J ] .

J ou rnal of Ast ronaut ics , 2009, 30 ( 1 ) : 338�343. ( in Chi�

nese)

[16] � KONG Xiangqian. Finite elem ent method appl ication in

h eat t ran sfer [ M ] . Beijing: Science Press, 1998. ( in Chi�

nese)

[ 17] � S llanaj F, M ilandri A, Jean del G. A f inite dif f erence solu�

t ion of nonlinear system of radiat ive�conductive heat trans�

f er equat ion s [ J ] . Internat ional J ournal for Nu merical

M ethods in Engineering, 2002, 54( 1) : 1649�1668.

[ 18] � M A Zhonghu i, SUN Qin, W ANG Xiaojun, et al. TPS mul�

t ilayer insulation thermal analysis and performance s tu dy

[ J] Journ al of Ast ronaut ics , 2003, 24( 5) : 543�546. ( in Chi�

nese)

[ 19] � Darybeigi K. Th ermal an aly sis and design of mul til ayer in�

su lat ion for reent ry aerodynamic heat ing [ R] . AIAA 2001�

2834, 2001.

2237


