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Analysis of Close-Packed Brush-Fiber Interfaces
for Spacecraft Thermal Management
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and
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A new interpenetrating-brush thermal interface is analyzed and evaluated for application to space-based ther-
mal management. The interface consists of fibers attached to oppositely facing substrates. Each fiber is attached to
one or the other substrate but not both. Heat transfer occurs through conduction and radiant exchange between
interpenetrating fibers of opposite substrates. Linearization of the radiation terms results in an analytical temper-
ature distribution along the fibers. The thermal performance of the interface is expressed in terms of a thermal
effectiveness and an effective conductance-length ratio, both of which depend on the radiation/conduction number.
For thin enough fibers, the heat transfer approaches that of the case in which all fibers are attached to both sub-
strates. A fiber length (parameter-dependent) for optimum heat transfer is identified and agrees with previously
published results. Such interfaces offer both high thermal effectiveness and compliance and are well suited for

internal and external spacecraft applications.

Nomenclature

= total x-sectional area of fibers on one side, m?
= base (substrate) area, m>
single fiber (fin) cross-sectional area, m?
fiber diameter, m
effectiveness factor
view factor
= transfer function
= unit surface conductance, W/m? - K
‘= thermal conductance, kA/L;, W/K
= thermal conductivity, W/m - K
= length, m
= total fiber (fin) perimeter, m
= single fiber (fin) perimeter, m
= rate of heat transfer, W
= heat flux, W/m?
= thermal resistance, K/W
= temperature, K
= plane fin thickness, m
= overall interface conductance, W/m? - K
= volume, m®
= axial coordinate, m
= nondimensional axial coordinate, X /L,
= radiation/conduction number
= emissivity
= efficiency factor
= nondimensional “excess” temperature
= conductance ratio, K,/ K; + K3/ K,
= effective conductance length ratio, L, /Ly
= Stefan-Boltzmann constant
= fractional length of fiber penetration, Ly/L .
= volume fraction, V;/V, = A/A,
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Subscripts

= base of fiber (fin) attachment
= depth of interpenetration
effective value

fiber or fin

side ¢, 1, 2 of interface

mean or average

maximum heat transfer

= reference

= radiation
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Introduction

PREVALENT problem in thermal management is the resis-

tance associated with interfaces and joints.”? In vacuum ap-
plications such as the external space environment, conventional
thermal interface greases have limited use because of evaporation
and migration from the interface, and clean surfaces pressed together
tend to make contact at a few special points and cold-weld together.
Interleaving, plane fin structures have been developed for specific
spacecraft applications, in one case using complicated clamping of
the interleaving fins,> and in another relying on radiation between
the fins.* The thermal performance of the latter design can be im-
proved by using more highly conductive, highly dispersed materials.
In this study we analyze interpenetrating fiber brush structures to
guide the design for high-conductance joints.

We consider an extension of the interleaving plane fin design,*
in which the metal fins (typically ~1 mm thick) are replaced with
a large number of high-thermal-conductivity carbon fibers (typi-
cally ~10 pm in diameter). The interpenetrating fiber structure is
illustrated schematically in Fig. 1.

The present analysis is in terms of radial radiation heat transfer
between fibers but applies to plane fins as well. This neglection of
axial radiative components, compared to the radial components, is
considered valid for close-packed structures where the fiber lengths
are much greater than the average fiber-to-fiber separation, and for
high thermal conductivity (8 < 1). In addition, conductive transfer
between fibers (fins) through an intervening conductive medium can
be treated the same way by appropriate interpretation of 7 and §.In
practice, it is likely that some of the fibers from opposite substrates
will touch, and thus increase the heat transfer; in this case the results
presented here are regarded as lower bound for the interface rate of
heat transfer, which practical embodiments may exceed.
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Fig. 2 Coordinates and temperatures used in brush-fiber heat transfer
calculations.

Problem Formulation

Heat exchange from the hot side to the cold side of the interface
occurs by axial conduction through the hot fibers attached to the
hot side (here called type-1 fibers), followed by radiation (or radial
conduction) from the hot to the cold fibers, and axial conduction
through the cold fibers attached to the cold side (here called type-2
fibers). Where there is interpenetration of the two types of fibers
(which may or may not be identical in structure and properties), the
temperatures vary continuously along the length of the fibers, as
shown in Fig. 2.

For the radiation model we consider diffuse-gray surfaces and
limit investigation to fiber interpenetration depths L, that are large
compared to the effective gap separating the fibers, so that radia-
tion exchange occurs primarily in the radial direction. Because the
identical fibers attached to one side have the same temperature dis-
tribution and properties, the totality of such fibers represent one
surface of the radiation enclosure. Thus the radiant exchange model
is that of a two-surface enclosure.

Consider, as in Fig. 2, a differential length of the interpenetration
region where radiation occurs from type-1 fibers atlocal temperature
T1(X) to type-2 fibers at temperature 7,(X>), at that axial location.
Under these conditions, the rate of radiative heat transfer per unit
length may be written as

g = PyFpo (T} ~ T) ¢))

where Fi is the effective transfer function for radiation emitted at
surface 1 and absorbed at surface 2. For example, for plane fins, and
larger fibers or rods,’

1 _ 1~ &1 1 1- &2
P Fi2 P&y PiF, Py

@

Thus, for plane fins with equal emissivities we have Fy; = £/(2—¢),
whereas for rods (with Fj; = 0.5), F12 = &/2. For small (micron-

size) fibers, exact determination of the transfer function would in-
volve multiple-scattering calculations, which are beyond the scope
of the present article. However, the present analysis is carried forth
in terms of JFi,, whatever its value.

With this model, energy balances on the type-1 and type-2 fibers
yield

k1A ¢n = PiFip0 (T} = T5) (3)
dx? 2
&7

szz&—%— = P2.7:210’(T24 - T14) (4)

subject to the insulated-tip conditions

a0y _ dh(0)
dax; 0 dx, 0 ®
and specified penetration-depth temperatures
Ti(Lg) = T, D(Ly) = Tn (6)

In these equations the intermediate temperatures 7 are not really
known, but are related to the boundary temperatures T}, as shown in
Fig. 2. However, once a solution is obtained in terms of the 7, it can
be related to the boundary temperatures. In terms of these variables,
the overall rate of heat transfer is given by

dT,(L
A, 2(La)

=kiAj ———=
0 =kA; ax,

dx

dTi(Lg)
= — 7
1 M

Because of reciprocity, the sum of Egs. (3) and (4) yields the
following characteristic of the conduction—radiation system, similar
to that in a previous investigation®:

d*T1y &1,
kA — +kA;— =0 8
llde+22dX§ (8)
Hence, with the mean temperature defined by
KT + K>Ty
Ty = ———7— 9
"TOK+K ®

and application of Eqgs. (5) and (7), the mean temperature is the
following linear function of position (as shown in Fig. 2):

0 X

I.(X)=T,0 + ————
m( 1) m()+K1+K2L,1

(10)

Therefore, determination of the slope of the mean temperature is
important, as this establishes Q, the overall rate of heat transfer
from side 1 to side 2 of the interface.

In terms of the radiation heat transfer coefficient

hy = o (T} + T}) (T + ) ~ o (Tf, + T3 ) (T + Twp) (1)

Egs. (3) and (4) may be written in their linearized forms

&1
kiAi—— =P h(TW — T 12
1 lde 1Fi2h (T1 — T) (12)
a&n
kAy— = PFuh (T2 — T1) (13)
ax2

These forms are considered adequate approximations, since the de-
sign objective for the interface is to reduce the overall temperature
drop as much as practicable, and they lead to convenient analyti-
cal solutions.

1t should be observed that Egs. (12) and (13) also describe inter-
face heat transfer where there is an intervening conductive medium
(say aliquid) between the two types of fibers. In this case the transfer
function and heat transfer coefficient are associated with a geometric
shape factor for radial conduction.
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Solution of Equations

For the solution of the above equations it is convenient to intro-
duce the following “excess” temperatures:

n—T, K, -1,
— = 14
% Tx Ki+Ky, Tp (14)
Tn. — T K Ty —T.
6 = 2 _ 1 1— 1D (15)
Tx Ki+K, Ty

where the definition (9) was used for the second equality. Clearly
the excess temperatures are proportional:

K20, = K61 16)

or identical for equal conductances. We select Tz = @/(K; + K3)
such that with Eqs. (10) and (16) the flux boundary conditions,
Egs. (5), and Eq. (7) result in the nondimensional conditions

©eo __, um_K

17
dx; dx1 K, an

Finally, substitution of Eq. (14) into Eq. (12) results in the scaled
fin equation

d%6,

— —B%, =0 18
where the radiation/conductance number is
1 1 Ri+R,
2
=LsPiFoh | —+— | = ——7— 19)
=L <K1 Kz) V@aPiFaly)

that is, the ratio of conductive resistance to radiative resistance. For
equal conductances, Eq. (19) contracts to the familiar fin length

parameter’ :
2F Ph, 8Fh,
b=Laoy =z =Ly g @0)

In terms of these variables, Eq. (10) with Eqgs. (14) and (15) yields
the overall heat transfer rate Q and the defining equation for &:
0= (K1 + K2)(Ta1 — T2)

1+6:(1) +6:(1)

=EK + K)(Ty — Tip)  (21)

Thus the effectiveness factor is obtained from
1 1

E = = 22
a0 T60 160 kG0

Now, the general solution of Eq. (18) is
6y = Acosh(Bx;) + B sinh(Bx;) . 23)

so that with application of boundary conditions (17) we have
K;/K; + cosh 8
Bsinh B8

Application of this result to Eq. (22) then yields the interpenetration-
region effectiveness factor

61(x) = cosh Bx; — % sinh Bx; 24)

1
£=—3 p 25)

B sinh B + Btanh +1

The limit of this factor as § — oo (say, for arbitrarily small fiber
diameters) is 1. Equation (21) shows that this limit corresponds to
the sum of conductances in-parallel, as if the fibers were connected
at the ends to both sides of the interface.

Conversely, the overall rate of heat transfer in Eq. (21) may be
expressed in terms of the conventional fin efficiency 7,

Q =nLs Py Fyph, (Ty — Tin) (26)
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Fig. 3 Fiber performance factors.
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Fig. 4 Effective conduction-length ratio.
or, in terms of the effective conductance length L, = ALy,
Ty — Ty
= 27
¢ L, 1 L, @7

+
kiAy  LgP\Fizh, + kA,

By comparison of Eqgs. (26) and (27) with Eqgs. (21) and (25), it is
found that

_Ek+2) K42
"TE T, 8 @8
sinhf  tanh g
and
1 1 11
‘=s—<r+'57=ﬁ(rl)
1 2 K 1
- x+2(ﬂsinhﬂ+ﬁtanhﬂ +1>_F @)

These three factors are shown in Fig. 3 for K,/K; = 1(x = 2).

The advantage of using A is not only for convenient extension to
partially interpenetrating interfaces, as noted previously,® but also
that this fractional conductance length remains nearly constant for
large variations in B, as seen in Fig. 3. Indeed, for K,/K; = 1, A
varies from 1/3 at 8 = 0to 1/4 at 8 = oo, as in Fig. 4.

Overall Interface Conductance

For application of the preceding model we consider the effective
conductance length as defined by Eq. (27). The interpretation of this
equation is clear: Heat is conducted through type-1 fibers over an
effective length of L, = AL, followed by radiation across surface
area L, Py, and followed by conduction through type-2 fibers, with
the three thermal resistances acting in series. Of course the actual
heat exchange occurs continuously, as indicated in Fig. 2, but the
effective result is the same as in this interpretation.

In applications it may not be possible or desirable to have the
fiber interpenetration extend to the opposite side, but rather to have
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Fig. 5 Comparison of overall conductance with measurements of
Peterson and Fletcher.

partial penetration, as shown in Fig. 2. This is accommodated in
Eq. (27) by replacing L, with L, + L, = Ly — (1 — X)L, for
each side, and changing to the overall temperature difference so
that Q = (T1 — T3)/ Rior, Where

Ly~ (1-2)Lg 1 Lp— (1 —2Ly
k1A, LsP1Fizh, ka Az

R = (30)

Let the volume fraction of fibers attached to substrate i be de-
fined by x; = Vf,'/Vb = (AiLfi)/(AbLf,') = A;/Ap. Then with
the interface overall effective unit conductance U, definedby Q =
U, Ap(Tp1 — Tp2), as in heat-exchanger theory, Eq. (30) results in

1 1 1 a1/ p1
==+ — | [1-10-N¢lLs, + —F7—— (31
U, (X1k1 szz) 9ILs $x1F12h: Ly, Gl

where the effective fiber length is

L. — L1/ xiki + Lya/ xoka
7T T ks + 1 xaks
and where a/p = d /4 for fibers, and a/p = t/2 for plane fins.

For equal properties and geometry of the two surfaces, the fully
penetrated, the overall conductance from Eq. (31) becomes

(32)

he X
U, = ———"——— (33)
L
2)\h,- f+ 1 a

k ?po

Thus, the conductance is seen to increase with temperature through
h,, to increase with volume fraction, and to decrease with increasing
size parameter a/p.

In Fig. 5, Eq. (33) is compared with measurements on plane fins
2 in. (50.8 mm) long and 0.030 in. (0.762 mm) thick, on a 0.25-in.
(6.35-mm) pitch,* which yields a solid volume fraction of 0.12;
AT is the substrate temperature difference. The experiments* were
carried out with one substrate temperature held fixed at 273 K, so that
the other substrate temperature was 273 K + AT and the average
temperature was 273K + AT /2; the material conductivity was k =
40.06 4+ 0.32(273K+ AT /2) W/m - K. There is excellent agreement
for near-blackbody surfaces; the emissivity of the experiments was
not available, but its effect is shown by the dashed curves in Fig. 5.
The increase in U, with AT is the result of %, increasing with the
average temperature.

If the same material is now used as rods of the same length and
volume fraction, but with a diameter of 0.1 mm, then the overall
conductance increases by a factor of 5, as shown by the upper curves
in Fig. 5; smaller carbon fibers would improve performance even
more. Thus, there is a large potential for performance improvement
with interpenetrating brush fibers.

Optimum Fin Length
It is seen in Eq. (31) that for every constant fiber diameter or
thickness, and for constant fractional penetration, there is a value
of Ly, that minimizes 1/U, and thus maximizes the rate of heat
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Fig. 6 Dependence of overall interface conduction on fiber penetration
depth.

transfer. Differentiating Eq. (31) with respect to L s, and equating
to zero, and keeping A fixed because it is a slowly varying function,
yields the fiber length for maximum Q:

a1/ p kexe/2

Ljeg = 34
72 =V ¢xuFuh 1— 1~ 1) 69
where the effective conductivity and volume fraction are
2 1 1
=—— 35)

Xeke X1kt xoka

Thus, the optimum length decreases as the inverse square root of the
fiber diameter and with increasing &, (temperature). This optimum
length corresponds to the following value of 8:

o WlonFah g
e Xekear/p1 1-(-nNg

For ¢ = 1 and A = 1/3, Bg = 1/4/(X) = 4/(3). This corresponds
to 7o = 1/2 from Eq. (29) and agrees with previous findings.”*
By contrast, for any fiber length, whether optimum or not, perfor-
mance is uniformly improved by reducing the size of fiber for fixed
volume fraction (see Fig. 5); this is seen by recasting Eq. (31) as

(36)

ULy _ i
kexe/2 14 ¢B31~(1—1)¢]
1 2
- m as ¢/3f - Q0 37
where

B, =L, [ 21 F12hr — L. | 2x2F21hr 38)
! ‘ Xekeal/pl fe XekeaZ/pZ

As the fiber diameter or thickness becomes arbitrarily small,
becomes unbounded, and the Biot number parameter U, in Eq. (37)
attains its maximum value depending on ¢, as shown in Fig. 6.

A possible application of the interpenetrating fiber or fin inter-
face is its use as an active control of the rate of heat transfer across
the interface. As the fraction of interpenetration is increased, U,
increases to its limiting value, as indicated in Fig. 6. It is seen that
the variation is nearly linear over a wide range of ¢, which is ad-
vantageous for control systems. For very small fibers only a small
change in substrate separation would result in a large effect on the
rate of heat transfer.

Conclusions

An analysis has been carried out for a thermal interface with
interpenetrating fibers from opposite sides of the interface, which
is valid for close-packed fibers (or fins) either in vacuum or with an
intervening conductive medium. The results show that there exists
a fiber length (parameter-dependent) for optimum heat transfer, in
agreement with previous work,>!° and that the thermal conductance
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of the interface can approach that in the case where all fibers are
attached to both substrates, provided the fibers are fine enough.
Brush-fiber interfaces offer prospects for high-thermal-performance
interfaces.
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