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RADIATIVE TRANSFER IN VACUUM THERMAL
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An improved radiative transfer model for vacuum thermal insulations of space vehicles is developed. The effects of both
the fibrous spacer between the metal foils and thin oxide layer on the foil surface are taken into account in the calculations
of the integral radiative flux through the insulation. Parametric calculations at realistic values of the problem parameters
indicate that absorption and scattering of thermal radiation by fibers do not lead to a significant decrease in the radiative
flux. At the same time, even very thin oxide films on the surfaces of aluminum foils should be taken into account in
engineering calculations. Theoretical estimates show that not even a very dense spacer made of metalized glass fibers
with aluminum coating about 50 nm thick may lead to almost a twofold decrease in the integral radiative flux.
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1. INTRODUCTION that the use of several layers (screens with spacers) may
lead to a significant reduction of heat flux to the protected
The present study is motivated by optimization of the seurface. In MLIs, 10-30 shielding layers are usually used.
called passive thermal control systems (TCSs) for spagaious materials are used in MLI. The material choice
vehicles. The specifics of external heating of space vetiepends on the expected temperature level. A polyethy-
cles during flight in vacuum enables us to consider soneme terephthalate (PET) film coated with aluminum, sil-
variants of a passive TCS based on screening the vehige or gold can be used for screens at working temper-
surface from external radiation of different natures. Thigures of MLI up to 423 K. Aluminum foil with fiber-
may be direct solar radiation, solar radiation reflected lgjass spacers is used at higher temperatures up to 723 K.
planets, as well as thermal radiation of closely spacadtemperatures greater than 723 K, the foil is made of
planets. Various multilayer insulations (MLIs) are widelgopper, nickel, or steel and the spacer is made of quartz
used to solve this engineering problem (Malozemov et dlhers. The surface density of 10 screens of PET film is
1986). This type of vacuum insulation has obvious aih the range of 0.2-0.3 kgAnwhereas the use of metal
vantages, such as high thermal resistance at a relativeijs increases this value up to 1 kg7ifMalozemov et al.,
low density and convenience of use for surfaces of cot886). However, regardless of the materials used in layers
plex shape. It may be interesting to compare MLIs witlind spacers, the principle of the MLI is the same.
vacuum insulation panels (VIPs) used in building applica- The MLI thermal models used in engineering calcu-
tions (Fricke et al., 2008; Baetens et al., 2010; Bouquerlglions do not take into account the effect of spacers on
etal., 2012). There are some general features of MLIs anght transfer (Alifanov et al., 2009; Nenarokomov et al.,
VIPs; however, space conditions lead to additional stropg10). To the best of our knowledge, this effect was also
restrictions. not considered in the literature before our recent paper
A typical MLI looks like a set of thin metal screengGritsevich et al., 2013). At the same time, the desirable
about 0.5-0.9um thick with spacers in between that preincrease in accuracy in the calculations of a spacecraft's
vent contact between the screens. Simple estimates stimgvmal insulation requires analysis of all potentially im-
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NOMENCLATURE
A absorbance A thickness of oxide film
a fiber radius 5 layer thickness
By Planck function 13 emittance
c specific heat capacity K index of absorption
d spacer thickness A radiation wavelength
k heat transfer coefficient P density
L number of screens o Stefan—Boltzmann constant
l current number of the screen
n index of refraction Subscripts and Superscripts
P surface porosity a absorption
Q efficiency factor of absorption, b backscattering
scattering or extinction eff  effective

q radiative flux ext external
R reflectance int  internal
T temperature, transmittance n normal
t time R reflected
T diffraction (size) parameter S scattering, solar

sp  spacer

tr transport
Greek Symbols A wavelength
«, 0,9 anglesin Eq. (8) 1,2 screen numbers

portant factors. This was the motivation for the present, . (T) 51@ = o (T = T + ki

study, in which special attention is given to the effect dt

of the radiative characteristics of fibrous spacers on heat (T)—1 — T}) + €, o (T4, — T}')

transfer by radiation. ki (T —T), 1=2,...,L Q)
ar,

2. TRADITIONAL THERMAL MODEL pre (T)81—= =S, Lo (T} —T})+kr-1,1

A simplified computational model with opaque isother- X (771 =T7)+kint (Tint — T1),  tmin <t < tmax
mal elements (screens) is traditionally used in approxi-

mate engineering calculations (Malozemov et al., 198#yhere

In this model, the spacers are not considered as sepayatgﬁ €11 (T1) & (T)

elements of MLI. Moreover, the so-called gray model is ¢, ; =

employed and the real spectral characteristics of surfaces ~ “'~* (Ti-1) + & (1) — &1 (Ti-a) & (Th)

are ignored. In this case, the mathematical model of trafnere 7; is the temperature of element numbewith
sient heat trqnsfer ingludes the following coupled orghjcknesss,: o1, ande; are the density and specific heat
nary differential equations: capacity of the element material;_; ; is the conven-
dT, tional heat transfer coefficient between elementnd
prcy (1) 81~ = =As (T1) lgs (D +ar (D] +e1 (T1) | _1; ¢, is the integral hemispherical emittance of the el-

Con L . : .

% qe (1) — &1 (T) 0T + e?izo_ (T4 - T ement;e;™, ; is the effectl\{e mtegral hem|sph§r|cal emit-
tance of the system of neighboring elemegtsis the in-

+he (T = Th) tegral (over the spectrum) solar radiative flypg is the
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integral flux of solar radiation reflected by a plangt;is plclélﬂ = oxt + ¢ — q5

the integral flux of the planet's radiationt; is the aver- dt 7

age (gray) absorption coefficient for solar radiation; and pspcspésp& =q —q — (q;r — q2_) 2
k;n: is the heat transfer coefficient between thih el- dt

ement of MLI and the protected surface of a spacecraft. pQCQSQ@ =qf — 45 — Gins

To complete the above approximate thermal model, one dt

n_e_eds not only the initial conditions but also some spBhotographs of typical spacer materials are shown in
cific models for the components of the external radiatiygy. 2.

flux and the values of both the integral emittance and con-pq heat capacity of each MLI layer is very small. This

ventional heat transfer coefficients. makes it possible to assume that a quasi-steady regime
takes place in the case of slower variations in external
heat transfer conditions. This approach appears to be cor-

3. IMPROVED MODEL OF RADIATION HEAT . i NP
rect in most cases. The resulting simplifications are very

TRANSFER

Let's consider a single element of MLI, which consists
of two screens and a spacer made of semi-transparent
highly porous fibrous material (see Fig. 1). The follow-
ing assumptions are used in the heat transfer model: (1)
the radiative flux in the normal direction can be deter-
mined as a solution of a one-dimensional problem ne-
glecting small two-dimensional effects; (2) there is no
thermal contact between the screens and spacer, and ther-
mal radiation is the only heat transfer mode to be con-
sidered; (3) the normal emission and reflection are the
most important properties of the surfaces, and the angular
dependences of the radiative properties of these surfaces
can be ignored; and (4) the isothermal metal screens are
totally opaque for thermal radiation. It is also assumed
that the so-called near-field effect in radiative heat trans-
fer is negligible because the distance between the metal
screens is not too small (Chapius et al., 2008; Kralik et
al., 2012; Parka and Zhang, 2013). The latter corresponds
to the vacuum flight conditions when the remaining gas
between the metal screens leads to an increase in the in-
ternal gap thickness of the insulation layer. The previous
assumptions enable us to use the following simple differ-
ential equations:

190y
” = Screen 1
~|— qj qu
P P e A ____-'Z P ,.-J:.-_I:Ld': Spacer
L9, 19 —
2 2 Screen 2 (b)
l q.rlnr FIG. 2: Photographs of typical materials used for spacers
between two foil layers:(a) very low-density material;
FIG. 1: Scheme of the problem (b) relatively dense material
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important because it is sufficient to consider the following the case of fibers randomly oriented in parallel planes,

balance equations in spectral radiation fluxes: it is convenient to use the efficiency factors averaged over
" _ the orientations (Lee 1986, 1988; Lee and Cunnington,
ain = eiafia+ (1= en) an 1998) as follows:
ql_,)\ = ssp,k,fsp,?\ + wat)\ + T}\q2_7)\7 /2
+ - { S .
Ao n = Espafspr + Badon +Thai 5, Qn = / Q. (0)sin (0) do,
Gy = €2af2a + (1 —€21) q;,?\ 0
7t/2

whereg::, are the spectral radiative fluxes in the gap with - ~ ) ~ A -
numberi in the forward and backward hemispheres =~ @t =3 / Qir (0) cos™(0)d6, Qff = Qu — Qa (7)
andeq » are the spectral hemispherical emittances of the 0

screens at temperatur@s andTs; fa = nBA(T) is the \ypere

blackbody spectral radiative fluxB,(T) is the Planck

function; andR, andT) are the spectral hemispherical {Qu: (6), QL (6),Q.(8)}

reflectance and transmittance of the spacer. According to 27

Kirchhoff’s law, spectral hemispherical emittance of the :i/ {Qtr (), Q% (), Qa ((X)} d @)
spacer is expressed ag , = 1 — Ry — T). 21 J TS ’

In the case of a quasi-steady process, the resulting ra-
diative fluxes in the two gaps are equal to each other: wherex = |arcsin [sin (6) sin (\)]| is the incidence an-
N B N B gle for a single fiberf; 6 is the incidence angle for the
=4~ Qa = D~ P2 (4) plane of fibers; and) is the angle between the plane
and Egs. (3) are reduced to of incidence and the normal plane (for more details, see
Dombrovsky and Baillis, 2010, chapter 2). Additional in-
an=(fix— for) /[1/e1n +1/ean +2/ (1 + T formation on transport approximation and the use of this
_ Rx) _ 2] (5) approach in solving radiative transfer problems can also
be found in the overview paper by Dombrovsky (2012).
The corresponding integral radiative flux is determined as The following assumptions are used to estimate both
q = [, axdA. In further calculations, the aluminum foilreflectance and transmittance of a fibrous spacer: the mul-
screens and quartz fibrous spacer are considered.  tiple scattering by fibers in a thin semi-transparent spacer
can be neglected and there are no dependent scattering
4. MODELING OF OPTICAL PROPERTIES effects for randomly oriented fibers in a spacer. Obvi-
ously, the previous assumptions are correct in the case
of a thin highly porous spacer. As a result, the following

Both transmittance and reflectance of radiation by high#jmple relationships for the absorbance and reflectance of
porous fibrous spacers can be determined on the basid gfonodisperse layer of fibers can be used (Dombrovsky
the independent scattering hypothesis and Mie theory ftd Baillis, 2010):

infinite homogeneous cylinders (Bohren and Huffman, 4 ~ 4 L

1983; Lee and Cunnington, 1998; Dombrovsky and Bail- ~ Ax = — (1 =p)Qa, Bx=_(1-p)Q; (9)

lis, 2010). One can see in Fig. 2 that typical fibrous ma- _

terials used for MLI spacers are made of fibers randonfiierep is the surface porosity of a spacer; a@d =
oriented in the plane of the material layer. @y /2 is the efficiency factor of backscattering.

In the heat transfer problem, the transport efficiency Equation (5) shows that the mathematical model in-
factor of extinction;,, the efficiency factor of scatteringcludes only the following combination of reflectance and
Q., and the efficiency factor of absorptich, at arbitrary transmittancel/, =T — R,. Therefore, it is convenient
illumination of fibers can be obtained by neglecting tHe useU in further analysis. Taking into account that

4.1 Semi-Transparent Fibrous Spacers

polarization effects as follows: A\ =1 — Ry — Tj, one can obtain the expression for
. . . . the value ofU;, as follows:
Qs = (Q5 +Q)/2, Qu=(Qn+Qu)/2 4 )
Q= (Q+Q)/2=Qu— Qs 6  O=l-Ad-2m=l-2(0-p)Qe (10
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[ee]

en= [ ennBa (T)/0T* (13)
/

4.2 Aluminum Foils with a Thin Oxide Layer

It is known that a thin oxide film is formed on the sur-
face of an aluminum foil under normal atmospheric con- ) ]
ditions. It usually takes about 2 h to form a 10-nm-thicklote that for polished metals, whep < 0.5, the hemi-
oxide film (Bartl and Baranek, 2004). This oxide film proSPherical emittance is slightly greater than the normal
tects bulk aluminum from further oxidation. The chara@Mittance (Howell etal., 2010). At the same time, the oxi-
teristics of oxidized aluminum foil are calculated by soiAation of the metal foil leads to a less pronounced angular
ing the problem illustrated schematically in Fig. 3. Th@épendence of the surface emittance. To simplify the the-
resulting normal emittance is calculated as suggestedl§tical model, taking into account the oxide film effect,
Brannon and Goldstein (1970). By using Fresnel's rel4€ Use the following approximate relationship:

tionships (Born and Wolf, 1999), one can obtain the fol-

lowing expression for normal reflectance, taking into ac- ex (A) = enn (A) A (03 (14)
count the oxide film: en,a (0)
(g2 + h2) exp (2u1) + (g2 + h3) wheree,, »(0) ande, (0) are the normal and hemispheri-

x exp (=241 )+ A cos 2y, + Bsin 2y; cal emittances of the non-oxidized film, respectively. The

Roa= (11) ratios of €5(0)/e,,2(0) were taken from Howell et al.
e +(gf +hi) (9,§+h%) exp (—2p1) (2010), dep(er)l{jing (()n) the value of A(0). Note that the
+Ecos2y; + Dsin 2y thickness of the oxide films on both surfaces of the alu-

where minum foil is originally the same due to manufacturing
conditions, and no subsequent variation of this thickness
nZ —n? —«? 2n0K1 in space is expected.

f=——m— h=—rre—

(ng+mn1)" + K% (ng+n1)" + K% . . N
n? —n2 — K2 — K3 4.3 Optical Properties of Fused Silica
9 (n1 4 n2)® + (k1 + K2)? Infrared optical properties of fused silica have been stud-
e 2 (n1Kg — ngky) (12) ied for many years and the opti_cal constants needed
2= (n1 + n2)2 + (ki + K2)2 for caICL_jl_anons are well knowr_1 (K_ltamura et al., 2007).
N 9t A Fused silica has weak absorption in the short-wave range
==y =1 of A < 4 um. In the middle infrared range fused silica is
A A opaque. Two strong absorption bands are located at wave-
A =2(g192 + hih2), B =2(g1h2 — g2h1), lengthsh =9.5 and 12..um. The temperature dependence
E =2(g1g2 — h1ha), D =2(gi1ha + g2h1) of the optical constants of fused silica is weak (Beder et

al., 1971; Banner et al., 1989; Tan and Arndt, 2000), and
According to Kirchhoff's law, the spectral normalve neglect this small effect in the calculations.
emittance is equal te,, » =1 — R, . The integral emit-

tance is calculated as follows: 4.4 Optical Properties of Aluminum and

Aluminum Oxide

i \% Vacuum _ _ _ _

The infrared optical constants of aluminum and aluminum
oxide can be found in the literature (Gryvnak and Burch,
1965; Brannon and Goldstein, 1970; Whitson, 1975; Lin-
gart et al.,, 1982). The index of refraction,, of alu-

minum oxide weakly depends on the temperature, and its

R R\\ spectral variation in the near-infrared range is negligible.
Metal On the contrary, the index of absorptiok,, increases

\—J—/\/—I\ with the wavelength. In the far-infrared range, there are
two absorption bands at= 18 and 231m, which become

FIG. 3: Scheme of the problem for the emittance of alless pronounced at relatively high temperatures. The op-
minum foil coated with oxide film tical constants of aluminum increase almost linearly with

M= IR s Oxide

§ et [ =
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the wavelength, which is typical for metals in this groujg, wim?
(Sokolov, 1961; Ordal et al., 1983). The temperature d s
pendence of the optical constants of aluminum is insign
icant and this effect is neglected in the present paper.

38.2

5. RESULTS OF THE CALCULATIONS

381
The transport efficiency factor of extinction for monodis

perse quartz fibers, randomly oriented in the plane norn
to the incident radiation are shown in Fig. 4. One cans *** &7
that the effect of the fiber radius is not significant, at lea i
not for fibers that are too thin. The whole spectral ran¢ 37. !
can be divided into two spectral bands with quite diffel 0.2 0.4 0.6 0.8 Lo p
entQ,, levels. These spectral bands arez2\ < 8 and €)
8 <A< 12um. 4. Wim®

The results of the radiative transfer calculations fc3s.3
a single MLI layer at various surface porosities of th s
spacer and radii of the quartz fiber at realistic temper 382 ™
tures of 77 = 500 K, T, = 300 K, and7,, = 400 K are et NN S S
presented in Fig. 5. The thickness of the oxide film c 331 \ ===kl

the foil surface was assumed to be equal to 10 nm. T

wavelength range of K A < 20 um was taken into **° —a- p=03

account while integrating over the spectrum because 1 \

main contribution to the integral flux of thermal radiatior **

is in this range. The effect of the semi-transparent quar

fiber spacer appears to be insignificant even in the case >’

a relatively dense spacer. The minimum in cugye) at b

a=1.2um andp = 0.2 is explained by the Mie scattering (b)

effect. FIG. 5: Integral radiative flux as a function ¢d) surface
Figure 6 indicates the considerable effect of the algprosity andb) fiber radius

mina film for one of the variants. An increase in the ra-

diative flux with the film thicknessA, should be taken

into account in the case & > 0.1 um.

i 50
2.0 /
18 _ ! 5

//

—a— p=05

q, W/m*

1.6
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—
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0.00 0.05 0.10 0.15 0.20 0.25 0.30 A, pm

FIG. 6: Integral radiative flux as a function of the oxide
film thickness ap = 0.2 anda = 1.2 um
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6. PERSPECTIVE OF FURTHER RESEARCH

FIG. 4:_ Transport efficiency factor of extinction forAn analysis of possible solutions for the fibrous spacer
quartz fibers

showed that the use of metalized quartz fibers may be a
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very good choice to decrease the radiative flux without In this case, the ratio of radiative fluxes with and with-
any increase in the MLI weight (the latter is very impomut the spacer is equal to
tant for space vehicles). It was proven experimentally that
layered materials made of dielectric fibers with a radius ~ ¢x /ax = (1/e1n + 1/ean +2/espn — 2)
from 50 nm to 1.5um and aluminum coating 50 nm thick /(1 exn+1/ean — 1) (15)
or even less are characterized by abnormally high atten-
uation of the infrared radiation (Ebert et al., 1991; Capeglecting the effect of temperature on aluminum foil
et al., 1993). The computational studies by Dombrovskynittance, one can find that this ratio is equal to 0.5. The
(1997, 1998) showed that the radiative properties of mabove estimate of the maximum effect of a porous metal-
alized fibers are very close to those of homogeneous métall spacer is very promising. Of course, the theoretical
fibers and can be estimated from the known solution festimate is insufficient. Optical and thermal experimental
fibers made of a totally reflecting material. This depestudies should be done to optimize the parameters of the
dence of the transport efficiency factor of extinction (®@ingle metalized fibers and surface density of the spacer.
scattering) on diffraction parameter= 2ma/A is shown
in Fig. 7.

The great values of the transport extinction coeff|7-' CONCLUSION
cient show that the hypothesis of independent scatteringhovel radiative transfer model that takes into account
is true only for highly porous materials. Particularly, i fibrous spacer and oxide film on the foil surface as ap-
was shown in Dombrovsky (1997, 1998) that the infrargflied to vacuum thermal insulations of space vehicles was
properties of such materials are well predicted by the Mieveloped. The calculations showed that the effect of or-
theory at the volume fraction of fibers. More details abodtnary highly porous spacers made of quartz fibers is very
the spectral properties of metalized fibers including thenall and may be ignored in engineering calculations.
effect of a thin oxide layer at the fiber surface can behe oxide film on aluminum foils at film thickness greater
found in Dombrovsky and Baillis (2010). than about Jum should be taken into account. The upper

In the case of metalized fibers, the dependent scattstimates showed that a realistic spacer made of metal-
ing effects are expected to be significant at a surface defed fibers with aluminum coating about 50 nm thick may
sity greater than about 0.5 (Tien and Drolen, 1987; Ldead to an almost twofold decrease in the integral radia-
1996, 2011; Mishchenko et al., 2006). Of course, one calye flux. The latter is considered to be a promising di-
not use the aforementioned approach to estimate the effeetion for further experimental studies using both optical
of a metalized spacer in the dependent scattering ranged thermal measurements.
Instead, such a spacer can be approximately treated as an
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