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Numerical simulation research on surface radiation heat
calculation of spacecraft in orbit whole course
SUN Bing, ZHANG Tao

(School of Astronautics,

Beijing U niversity of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: The surface radiation heat simulation program based on Microsoft VC+ + 6 0 for spacecraft in
whole orbit course was presented. Due to complexity of spacecraft structure, the spacecraft structures were
decomposed to relatively regular parts. Automatic generation of calculation grid was conducted by using struc
tured grid and unstructured technology. Simulation mainly solved automatic grid generation for arbitrary sur
face and data transmission bet ween arbitrary shape interfaces, and the geometry structure, physical process,
calculation accuracy and efficiency were considered. View factors and radiation transfer coefficients.w ere calcu-
lated by combining finite element method and ray uniform distribution. According-to the position of surface
cells, external heat flux was calculated with integral method for nor shaded surface and with ray uniform dis-
tribution method for shaded surface. As the spacecraft surface was“wrapped with multilayer insulation materr
al, the temperature field of multilayer insulation material was calculated with nodal netw ork method and finite
volume method. The tem perature of other parts without wrap was calculated-w.ith finite element method. The
temperature of unconnected regions available with radiation heat transfer relations'\was analyzed, and the

calculation formulae w ere deduced. Numerical experiment shows-that the simulation program is correct and ef-
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fective.
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Introduction

Space target detéction” technology has be
come more and moreimportant. Detecting space
target through infrared radiation characteristics
are an effective method. Because the infrared ra
diation of spacecrafts in low earth orbit is much
higher than the infrared radiation of universe
background and the orbit is fixed, anti-satellite
weapons generally intercept target primarily
through infrared radiation characteristics' . The
method of research on infrared radiation charac
teristics of space targets mainly includes actually
surveying, theory analyzing and numerical simur
lation. The actual surveying needs long period,

high outlay and a series of higlrtech research
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foundation'” . Now China can't realize this
method completely. For development of com put-
er technology and numerical simulation, combi
nation of theory analysis and numerical simula-
tion becomes common method. T his method not
only provides correlative data quickly for design
reference of early warning and detection system,
but also can save a great quantity of manpower
and material resources. Surface radiation heat
calculation of spacecraft in orbit provides foun-

. . (34
dational data and theory basis'** .

In the heat
calculation of spacecraft surface radiation, view
factors and external heat flux calculation can
provide boundary condition and foundational pa-
rameters for temperature and stress field calcula

tion, the precision of view factors and external
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heat flux will affect precision of results'”* . But
the view factors and external heat flux calcula
tion needs much time, improving calculation pre
cision and efficiency of view factors and external
heat flux can quicken heat analysis and calcule
tion process greatly. This paper mainly resear
ches the method of improving the calculation ef
ficiency ™" .

Numerical simulation on surface radiation
heat calculation of spacecraft in orbit whole
course is researched in this paper. The key sim-
ulation technology is analyzed particularly. At
last, the surface radiation heat simulation pro-
gram based on Microsoft VC+ + 6. 0 for space

craft m orbit whole course is developed.

1 Constitution and function of
simulation system

The simulation program uses modularization
design. The main function modules of simulation
system are shown in Fig 1. Their function _and
characteristic are shown as thefollowing:

1) Trajectory calculation module: This_mod
ule can provide the trajectory parameters of tar
get for surface heat flux \module. This module
existing independently can‘\improve the applice
bility of program.

2) Surface grid generation module and temr
perature field grid generation module: The sur
face grid generation module generates the surface
triangle elements of target for view factors and
external heat flux calculation. This module &
dopts structured and unstructured grid genera
tion method and combines grids of different parts
into the whole grids of spacecraft. The tempera
ture field grid generation module can generate fr
nite element grids and control volume grids.

3) External heat flux and view factors cal
culation module: These two modules consume a
great deal of calculation time. The view factors
only need to be calculated one time, but the ex
ternal heat flux needs to be calculated in every
time step. In the simulation process, calculation
frequency of external heat flux is changeable ac

cording to varying speed. If it varies slowly, the

external heat flux can be calculated every several
time steps.

4) Multilayer insulation material tempera-
ture field calculation module and unconnected re-
gion temperature field calculation module: The
first module specially calculates multilayer insu-
lation material temperature field with nodal net-
work method and finite volume method. For
complex structures, this module simplifies the
heat transfer model, so it can calculate the sur
face temperature of many complex components.
The temperature of large structures is calculated
by the finite element method. This paper com-
bines finite volume method, finite element meth-
od and nodal network method to calculate the

surface tem perature of-spacecraft.

Parameters input

| Trajectoryealculation | v
Surface grid
A generation
External heat flux \ 4

calculation Temperature field

grid generation

A
|j View factors calculation |-’

Multilayer insulation
—» matenal temperature

field calculation

A

A 4
Unconnected region
P temperature field
calculation with FEM
(finitc clement method)

Pﬂﬂf processing

Resull output

Fig 1 Constitution of simulation system

2  Geometry model and grids
generation

2 1 Geometry model decomposition and
simplification

Radiation heat calculation is the main part
of heat calculation for spacecraft in orbit. It is
helpful for the whole spacecraft heat calculation
to raise surface radiation heat calculation effi-
ciency. Generally, the spacecraft has complex
structures, so this paper decomposes and simpli-

fies the simulation model at first.
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The accurate theory calculation according to
real geometry structure is too complex and
workload is also large. The simulation and ex
periment show that it is not necessary to consid
er all influencing factors. It needs simplification
when constructing geometry model. T he simplr
fication principles include:

1) Simple structure is used to substitute
the structures that will bring shadow but not
join in radiation heat transfer. The substitute
principle is the two structures have the same
shadow effect. For example, regular bodies sulr
stitute irregular bodies, surfaces substitute sok
ids, planes substitute complex surface, and
so on.

2) The assistant planes need to add if the
simplified model has cavum. This can avoid
making mistakes when ray tracking simulates.
The adding principle is the simplified model is
close, the assistant planes have the same radia
tion heat transfer effect.

3) All surfaces that join-in_radiation heat
transfer are regularized to rotating “surface,
quadrangle, so-the structured grid generation
method can be used. This paper mainly resear
ches the surface grid generation. The triangle
not only can express the spacecraft surface well,
but also can simplify the shadow judgment. So
this paper chooses triangle as grid element type.
The triangle elements used to calculate view fac
tors are different from the elements used to cal
culate temperature and stress field which need to
satisly deformation compatibility condition. The
triangle elements of this paper can have intersec
tion points and repeated nodes. As shown in
Fig 2, the elements E2, K3 and E1 can have irr
tersection node Ni. The nodes N1 and N2 canbe
numbered repeatedly. Based on the characteris
tics above, the surface grids generation becomes
much easier. When surface grids of subregions
are merged to unitary grids of spacecraft, it is
not necessary to adjust the nodes and elements of

subregions.

Fig. 2 Sketch map of triangle grid

2 2 Structured grids of subregions generation

This paper uses transfinite interpolation
method to generate radiation triangle grids of
subregions that can be regularized to curved side

quadrilaterals or rotating surfaces.
As shown in Fig. 3, £1,Ln, Ly and L. are

four sides ofplane curvedside. X1(1), Yi(i),
X.(4) and-¥e(1) (1 <i<N,) are node coordr
nates of the sides Li'and Li. N, is the number
of nodes of L1, L+ \Xu(j), Yo(j), X:«(j) and
Yol (1<) <N.) /are node coordinates of the
sides-Lb and Lt
Lv, L.

N« is the number of nodes of

X

Fig 3 Sketch map of curved side quadrilat eral

The formulae of grid nodes coordinates for

plane curvedside quadrilaterals are

X(ij) = [1— N%]Xh(m REXG) +

[1- KI[‘_JXI(Z')+ K]%Xr(i)— [Wxt(N.x)+

Iy L I R
N{[1 N}]Xh(Nx)+Ny[l NX]X(1)+

[1- ]ﬂ[l-]ﬂth] (1)
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Y(ij) = [1— NL] Yi(j)+ NL}YI(J'H
{1 N] Yi(i) + *LYr() [—’—Y[(N )+

N R U R
NT[1 N}] Yh(Nx)+Ny[1 Nx] Yi(1) +

[1- NL] [1- ]-H Yh(l)] (2)

For the rotating surface, L. is generatrix.
X:(i), Yu(i) (1S <N.) are node coordinates
of theside Lx. N. is the number of nodes of side
L: and N, is the number of nodes of rotating dr
rection.

The formulae of grid node coordinates for

rotating surface are

X(i,j)= X«(1) (3)
Y(i, j) = Yx(i)cos[%\%j (4)
Z(i, j) = Y;(i)sin[%ﬂ (5)

3 Physical and mathematical
models analysis

3 1 View factors and external heat flux

calculation

View factors and radiation\transfer-coeffr
cients are calculated by combiningfinite element
method and ray uniform_distribution based on
surface triangle grids: It can improve calculation
precision and efficiency. The detailed analysis
and deduction are expatiated on in reference [ 14]
by author of this paper.

According to position of surface cells, ex
ternal heat flux is calculated with integral methr
od for no shaded surface and with ray uniform
distribution for shaded surface. T his method can
improve calculation efficiency greatly. The de
tailed analysis and deduction are expatiated on in
reference [ 15] by author of this paper.

3 2 Finite element analysis and calculation for
unconnected region

Generally, finite element method is used to
calculation the temperature field of connected re

gion. But the unconnected regions have heat ex

change in the style of radiation. As shown in
Fig 4, without radiation heat exchange, the
temperature field of region D1 and D2 can be cal
culated with finite element method respectively.
When radiation heat exchange needs to be con-
sidered, the temperature field of regions D1 and
D2 must be calculated as integer. This paper will
analyze and deduce the finite element method
formulae of temperature field of unconnected re-

gions based on Galerkin method """ .

Fig4~ Sketch'map of\unconnected’regions

Based on_Galerkin method, the temperature

of connected region D satisfies the following con-

RG]

- Pey al] dedydz = 0 (6)

dition

Where Wi is weighted function. It is defined as

W= gfl (l= 12 wun) (7

where n is the number of nodes. The Eq. (6) can

be rewritten as
0 0 0
[ Gor e
oW, aT oW aT oW oT
ﬂj{ o ox T Oy Oy " 0z az] dedydz +

ﬂj‘,[qv— P, %—TJ dedydz= 0 (8)

w here

or e )
P = Wzax, Q= Wlay’ —Wla

z

Based on Gauss formulae, the following equation
can be obtained from Eq. ( 8)
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(v e £ E)-

0 or
£{n 2 -

1‘ (Pdvdy+ Qdydz+ Rdedy) =

ﬂkW, %—st (9

C is the boundary of calculation region

~—

w here,
D. n is unit vector of outer normal direction of

C. The functional of D is defined as
Jo = Jo[T(x, v, z, t)] (10)

The partial derivative of functional J» to T can
be obtained from Eq. (9) and Eq. (10)

oW aT oW aT oW aT
aTt J‘f ox © Oy ay 0z 0z
Wz[qv— Pep %ﬂ] dxdydz - fJKWz %ds =

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

ff' (x. y. z. YdS= 0 (1h

As shown in_Fig. 3, region D\ includes region D1

and D2, Eq.(M1) can be written as

ofp OJwgny  Ofp,  @Jv, \ 0Jn,—0Jn,

orT: or. - oTy, * oT, - 0T, * oT,
(12)

If region D1 and ‘D2 have no radiation heat ex

change, Eq.(13) and Eq.(14) can be obtained

a]Dl
E— 0 (13)
oJo,
T, =0 (14)

In consideration of radiation heat exchange be
Eq.(13) and Eq. ( 14)

tween region D1 and D2,

can be rewritten as
a][)
ﬂux v, z, )dS  (15)

8]/;
o f (x, v, z, )dS (16

It is known through the analysis above that

the temperature of unconnected regions which

have radiation heat exchange can be calculated
with the uniform grids. Through the analysis a-
bove, it is known that if the region D has more
than two subregions, the method is also true.
Based on variation principle, the functional

of region D can be expressed as

o= (A8 (8] (8]
QT+ Pey T}dxdydz+JJ[ T? _TfT}dS

(17)
After D is discretized to finite elements,

J(T) is the integral of all elements as

J= 2 (18)

The integral of element e is
. ~ 1 or|>1or|? oT
o= (S (8 13)-

QT+ Pep aa_fT} dedydz+ B (19)

For the first and third boundary conditions,
B is defined as

Bz ﬂa[%ﬁ— TrT] ds (20)

For the second boundary condition, B is de-

fined as
B= ﬂqus (21)

For the radiation boundary condition, B is

defined as
B= ﬂ[s T’ - Z&B T}TdS (22)

Where AD is region which element e includes.
AC is the area of boundary element. aand T'r are
convection exchange coefficient and fluid temper
ature. For the first boundary condition, ais infi-
nite. ¢ is boundary heat flux. €is surface emis-
sivity of AC. & is surface emissivity of element
n. B.is radiation transfer coefficient of element
nto AC. T.is effective radiation temperature of
element n. The element n belongs to region D or
not. If it doesn t belong to region D, its temper
ature is constant. The derivative of J to T in el-

ement e can be obtained from Eq. (17)
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oT oT 0B

o (%)

% can be obtained from Egq.(20),
Eq.(21) and Eq. (22). T*is treated with the fot
lowing method
T* Z4TIT - 3T:

1§ (24)

Io= g 20
ANC

Where

Where K is node number of boundary AC of ele
ment e.
According to extremum condition of func

tional, the following equation can be obtained
ol.
2ot oT: ~ (25)

Based on finite element method principle,
the assembled stiffness matrix, capacitance ma

trix and heat load vector can“be obtained as-fol

lows
HT+ CT = p (26)
This paper uses\the following format to deal
o OT
with o1

C _ C
[H-i' AI] lTr = pi+ [At] ;Tl_ At (27)

Where the subscript ¢ denotes calculation time
step, t— At denotes the last time step, At de
notes step length.

Because H and p contain unknown tempera
ture T, Eq. (19) needs to be solved with itera
tive method. In every time step, Eq. (19) may

be rewritten as

g n+l_ g " n
[H+ AL][Tt pt+ [AJtTt—Ac (28)

where superscript n denotes the nth iteration in ¢
time step.

3.3 Multilayer insulation material heat
calculation

As shown in Fig. 5, the spacecraft surface is

wrapped with multilayer insulation material

The multilayer insulation material is not a kind
of real material. It has no continuous structure
and symmetrical properties. It is a combined ma-
terial made up of many reflection foils and spac-
there are many

The e

ers. Between reflection foils,
spacers of different types and thickness.
quivalent thermal conductivity is not only related
to the types and thickness of reflection foils and
spacers, but also related to number of layers,
temperature of cold surface and heat surface,

' If this

parameter is used to calculate unsteady tem pera-

compressed load and vacuum olegree[lgrl
ture field, rather great error will be brought.
Effective emissivity &r is used to denote insula-
tion capability of multilayer insulation material
in this paper. The multilayer insulation material
can be treated as‘thermal control coatings whose
emissivity is &ff. Thermal analysis’ and calcula
tion structure is shown in Fig”5. The heat bal-

ance' equations are

8 =P b ddT + 8u(Ti— T2+ adqt
(29)
Enq(Ti- T3) = B, & %+ ed?
(30)
T, Support structure /- Insulation material

q, Metallic film coat

Fig. 5 Multilayer insulation material wrap scheme

4 Simulation result and analysis

The program for calculating view factors
and external heat flux has been tested and vali-
dated in references [ 14-15].

This paper mainly analyzes calculation pre-
cision and efficiency of temperature field. The
model satellite is shown as Fig 6. The main

body of satellite is wrapped with multilayer insu-
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lation material except radiating surface. The
surface temperature fields of unwrapped region
and solar panel are calculated with finite element

method of unconnected region.

Fig. 6 Model satellite scheme

The orbit parameters are given in T able 1.

Table 1 Orbit parameters

il(°) Q(°) alkm e 9y 9C) T,/s

50 40 6781 0. 00085 40 0 0

Where i is the orbit inclination; Qis the as
cending node right ascension; a is the major semi
axis of orbit; e is the eccentricity; @is-the angir
lar separation between ascending node.and perr
gee; Pis solar longitude; Tv'is thetime when the
satellite is on perigee.

The satellite attitude control includes: (1)
the principle axis is in\the orbit plane and points
at the flying direction; (2) the coordinate axis X
points at the earth’s core all the time; (3) the
angle between the principle axis and ligature of
satellite the earth is a constant.

The iteration precision of temperature field
is 0.001. The errors of temperature field itera
tion calculation are given in Fig 7, Fig 8 and
Fig 9. The temperature of internal and outside
face of multilayer insulation material is shown as
Fig 10 and the temperature of nightside and
sunny side of solar panel is shown as Fig 11.

As shown in Fig 7, Fig 8 and Fig 9, the
convergence rate of temperature field calculation
of the methodin this paper is very fast. When
the number of temperature field iteration increa
ses from two times to four times, the tempera
ture error is reduced by more than three orders

of magnitude. Because the radiation term is line

arized and loaded to the stiffness matrix and the
major diagonal elements of the stiffness matrix
dominate, the iteration rate is very fast. The
convergence rate is slower when the time step
length is longer with the same iterations. Be-
cause the temperature increment is larger in a
longer time step length, the temperature field
calculation needs more iteration. It is need to be
pointed that the total iterations are related to
type of materials and boundary condition, but
the temperature error is reduced by more than

one order of magnitude.

16

14 —8— Ai=04s

—A—Ai=0.2s
12

N T T T[T 1T [Irrr[rrrr]

Temperature error/K

p z 5 STBAERC
0 4000 8000 12000 16000 2000

Time/s

Fig. 7 Temperature error of 2 iterations
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Fig. 8 Temperature error of 3 iterations

The highest and lowest temperature of the
multilayer insulation material face is shown in
Fig 10 and temperature of the solar panel is

shown in Fig. 11. The temperature has the same
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Fig 10 Temperature of internal and\outside face of

multilayer insulation material
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Temperature/K
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0 4000 8000 12000 16000 20000

Time/s

Fig. 11 T emperature of nightside and sunny

side of solar panel

variation period as spacecraft orbit. The temper
ature of outside surface is affected by external
heat flux and the temperature of internal surface
is almost constant. Because the thermal conduc-
tivity of solar panel is high, the temperature
difference between nightside and sunny side is

slight.

5 Conclusions

1) The surface radiation heat simulation
program based on Microsoft VC+ + 6. 0 for
spacecraft in orbit whole course has been devel-
oped. From the calculation example, it has been
confirmed that the program is accurate.

2) The finite element method for uncon-
nected regions is reliable and the ‘\convergence
rate of temperature field iteration is very fast.

3)-The temperature \field” calculation model

of multilayer insulation material is rational.
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