8 Mountings and Interfaces

D.F Gluck” and V. Baturkin®

Introduction

This chapter deals with the thermal design, analysis, and performance of a wide
variety of spacecraft mechanical interfaces, as well as thermal predictive methods
for use with those interfaces. Heat removal from electronic units is a foremost
spacecraft concern, and thus the problem of developing an optimal conductive
interface between unit baseplate and spacecraft mounting is critical. The elements
of this very difficult problem must be addressed sequentially at increasingly
higher levels of complexity: the engineer needs to consider the effects of uniform
pressure between plates in vacuum, the use of bolts or screws to join plates, the
effects of fluid in the gap between plates, and the use of interface fillers. The inter-
face problem is compounded by structural and thermal hardware, including hon-
eycomb mounting panels, heat pipes, and thermal doublers. For problems such as
this, combined thermal and structural analysis is an important design and evalua-
tion tool. Some thermal interfaces must be compliant rather than rigid; others
must reduce and minimize rather than enhance heat transfer. Still others involve
composite or polymer materials. In addition, some interfaces must transfer heat
across mobile bearings. All of these issues are addressed in this chapter, with the
object of providing practical design and analysis aids, performance predictions,
and guidance to the practicing spacecraft thermal engineer. Chapter 16 contains a
more detailed discussion of the theoretical models of thermal contact resistance
and supporting experimental work.

Unit Conduction Cooling

Unit Mounting

In most cases, an electronic unit is designed so that the power dissipated within it
is transported as heat to the unit’s mounting surface (baseplate). This heat is trans-
ferred by conduction to a section of the spacecraft structure (here called the
mounting plate) and thence by a variety of methods and paths to the space sink. A
smaller number of units are cooled partially (sometimes largely) by radiation.
Such units are designed so that heat can be radiated from various unit surfaces, but
usually not the mounting surface, to the surrounding space-vehicle enclosure or
directly to space. The spacecraft’s mounting plate is dealt with here, as is the pre-
dominant heat-transport method, conduction cooling from the unit’s baseplate to
the spacecraft’s mounting plate.

The temperature rise across the mounting interface should be small; this require-
ment is important, because each part and device within the unit is subject to this
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temperature rise. Reliability and, possibly, functional performance are adversely
affected by high temperature.

Most space-vehicle electronics boxes have baseplates ranging in size from 100
by 150 mm to 450 by 600 mm, with power levels sometimes exceeding 1000 W.
Mounting is typically done by bolts set in a pattern along the baseplate perimeter,
as shown schematically in Fig. 8.1. Flange mounting is convenient, because it
makes bolts or screws accessible and enables the application of torque from
above. When electronics boxes are built up from “slices” or modules (Fig. 8.2),
the bolts are arranged along two opposed sides of the baseplate. Where power dis-
sipation or local power per unit area is large, additional screws in the inboard
regions of the unit are used. These secure from below, extending from the space-
craft mounting plate to the unit baseplate (Figs. 8.3 and 8.4). Because these screws
must be inserted from below, their use complicates the assembly process. How-
ever, they increase the conductance from baseplate to mounting surface.

Conductance for Surfaces under Uniform Pressure

Possible modes of heat transfer from the unit baseplate to the space-vehicle
mounting surface are convection, radiation, and conduction. However, because of
the vacuum condition of space, essentially no convection occurs at the interface.

To spacecraft Handling
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Fig. 8.1. Mounting of electronics box by a bolt pattern along perimeter of baseplate.
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Fig. 8.2. Electronics boxes built up from modules.

Moreover, for the relevant temperature range, —50 to 110°C, the amount of heat
transferred via radiation is generally very small compared to the amount trans-
ferred by conduction.
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Fig. 8.3. Schematic showing bolt inserted from mounting-plate side.
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Fig. 8.4. Unit mounting footprint showing bolt holes.

Conduction taking place from one surface to another is called contact conduc-
tance. The problem of how to predict heat transfer in contact conductance has
been studied widely for the case of two surfaces pressed together under uniform
pressure. The corresponding problem for two surfaces that are bolted together and
therefore experience a nonuniform pressure profile is considerably more complex;
it is discussed in a subsequent section. In what follows here, the measurement of
contact-conductance heat flow IS characterized by the “heat-transfer coefficient,”
h, expressed in units of W/m?K. In keeping with spacecraft thermal-control
usage, the term “conductance,” denoted by C, will be reserved for the product of
the heat-transfer coefficient and the area, hA, expressed in units of W/K.

Introduction

Figure 8. 581 shows small- and large-scale imperfections of machined surfaces:
roughness and waviness. Roughness typically results from the action of the cut-
ting tool, extrusion die, casting mold, or grinding abrasive. 82 Contact resulting
from roughness is small-scale contact (microcontact). Waviness can result from
vibration or gaps in the machining equipment, or heat treatment. 83 Contact result-
ing from waviness is larger-scale contact (macrocontact).

Flat, Rough Surfaces in Vacuum

Rough-surface contact actually occurs over only a small fraction of the apparent
contact area. At each microcontact, heat flow constricts (Fig. 8. 6) 3 Mikic and
coworkers®*-86 have made some important contributions to the theory of contact
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Fig. 8.5. Surface profile showing waviness and roughness.

conductance of flat, rough surfaces. They assumed that the asperity heights can be
characterized by a random process that is stationary and for which the distribution
of heights is Gaussian above a mean plane. The surfaces’ combined profile can
then be characterized by the standard deviation of proﬁle helght O, and the mean
of the absolute value of the slope, m. Here ¢ = (G L Oy ) , where the subscripts
denote the two surfaces. The variable © is also the root-mean-square (rms) rough-
ness. Typical values of ¢; and G, are 0.2 to 3.5 pm, although much larger and
smaller values are possible (Table 8.1, from Machmeréy s Handbook). If both
slopes are normallg/ distributed, then m = (ml + my 312, Slope has been corre-
lated to roughness®’ by the equation or2 =0 076(61 or 2 X 109952 with m
sometimes assumed to be in the range 0.10 to 0.15.

The uniform or apparent pressure applied to the surfaces results in much higher
pressure on the asperities in contact. When this pressure is sufficiently great that
the yield strength is exceeded, elastic deformation transitions to plastic deforma-
tion. Because both types of deformation are possible, Mikic developed predictive
equations for heat-transfer coefficients for both of them:

h,= 1.55(k,m/c)(21/2P/E'm)094 (elastic) 8.1
and
h,= 1.13(k,m/ S)(P/ H ;)09 (plastic). 8.1

According to Mikic, deformation is predominantly plastic or elastic if the group
¥ = H/(E'm) is less than 0.33 or greater than 3.0, respectively. Here k), is the har-
monic-mean thermal conductivity, P is the apparent loading pressure (i.e., the
pressure calculated by dividing force by nominal flat surface area), H- is the con-
tact microhardness of the softer of the two surface materials, and E”is determined
by the following equation:
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Table 8.1. Surface Roughness Produced by Common Production Methods®

Roughness Average R, [um (uin)]b

Process

50 25 125 63 32 1.6 0.8 04 02 0.1 0.05 0.025 0.012

(2000) (1000) (500) (250) (125) (63) (32)(16) (8) 4) (2) (1) (0.5)

Flame cutting
Snagging
Sawing

Planing, shaping
Drilling

Chemical milling
Elect. discharge mach
Milling

Broaching

Reaming

Electron beam
Laser
Electrochemical
Boring, turning
Barrel finishing

Electrolytic grinding
Roller burnishing
Grinding

Honing

Electro polish

Polishing
Lapping

Super finishing
Sand casting

Hot rolling

Forging

Perm mold casting
Investment casting
Extruding

Cold rolling, drawing

Die casting

3Machinery’s Handbook, Industrial Press
e ranges shown are typical of the processes listed. Higher or lower values may be obtained under

special conditions.



Unit Conduction Cooling 253

Body 1

Body 2|

Contact
spot

a) Contact spot b) Elementary flux tube

Fig. 8.6. Microcontacts and constricted heat flow. (Courtesy F. Milanez)

E'= {[(1-v})/E]1+[(1-v3)/E, 1} L. (8.2)

Lambert and Fletcher®” and Mantelli and Yovanovich33 point out that contact
microhardness is significantly greater than bulk hardness, H, or macrohardness,
Hj. This difference is the result of the work-hardening of metallic surfaces during
machining and further the result of indentor penetration during hardness measure-
ment. Formulas for contact microhardness developed by Hegazy and Song and
Yovanovich®? are reported to be essentially the same®7 and are provided in
review papers83 that discuss deviations from Egs. (8.1) and (8.2) resulting
from amsotr%py and heat-flux direction.” More recently, Sridhas and
Yovanovich® 10 have developed a single elastoplastlc model for flat, rough plates.
It models and specifies bounds for three regimes: elastic, elastoplastic, and 8plastlc
This model predicts heat-transfer coefficients through an iterative process.

Wavy, Rough Surfaces in Vacuum

Clausing and Chao®!! modeled surface waviness with spherical crowns (Fig. 8.7).
They determined the macrocontact radius ay, from the Hertz model®12 for elastic,
smooth spheres. From the ratio a;/b; the macroconstriction and macrothermal
resistance were determined in a manner analogous to that used by Mikic for the
determination of microconstriction and microthermal resistance for flat, rough
surfaces. This determination assumes that the waviness length, d; + d,, is much
greater than the roughness, G, and therefore the asperities do not increase a; and
affect contact pressure distribution. The predictive equations developed by Claus-
ing and Chao for mlcro and macro heat-transfer coefficients are reported by Man-
telli and Yovanovich.®3 Total thermal resistance is the series sum of the macro and
micro resistances. Lambert and Fletcher®” review numerous expansions of and
improvements to the Clausing and Chao theory.

A typical flatness specification for mounting plates calls for flatness less than
0.001 cm/cm and total included reading (TIR) less than 0.5 mm for the footprint.
Significant waviness or bowing can be analyzed only with dlfﬁculty 13,814 and
must be avoided in practice.
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Fig. 8.7. Clausing and Chao%1! model for spherical contact.

Effect of Gap Fluid

Before on-orbit use, electronic units are often subjected to thermal tests at ambient
pressure. To characterize heat transfer in such ground testing, comparing tempera-
tures reached with those expected in space, is a useful, sometimes necessary, prac-
tice. For plates in contact, such heat transfer involves gap conductance in

combination with contact conductance.
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The initial stage of the analysis considers two noncontacting smooth plates in
parallel separated by a gas-filled gap with a width of distance d. Conductive heat
transfer through such a gas layer is commonly classified into four heat-flow
regimes with distinct ranges of the Knudsen (Kn) number: continuum (Kn < 0.01),
temperature- Ju 5p (0.01 < Kn <0.1), transition (0.1 < Kn < 1.0), and free-molecu-
lar (Kn > 10) The Knudsen number is defined as:

Kn= (A/d), (8.3)

where A is the molecular mean free path and d is the distance separating the
plates. In the temperature-jump regime the energy exchange between gas mole-
cules and the plate is incomplete, resulting in a temperature discontinuity at the
gas-plate interface.

For the continuum regime the gap heat-transfer coefficient is given by:

ho=k,/d, (8.4)

where k, is the thermal conductivity of the gas filling the gap. For the temperature-
jump, transmon and free-molecular regimes, gas conduction is retarded by rar-
efaction effects. This retardation is often modeled as a distance serially added to
the heat-flow path, with Eq. (8.5) becoming:

hg= k/(d+M), (8.5)

where M = [(2 — TAC)/TAC; + 2 — TAC,)/TAC,] x [2¥/(y + DI(1/PnA; TAC,
and TAC, are thermal-accommodation coefficients corresponding to the gas-solid
combination of surface 1 and 2, respectively; vis the ratio of specific heats; and Pr
is the Prandtl number.

In the more complex case of two plates in contact under pressure, plate separa-
tion, d, is replaced by ¥, the effective gap thickness. The value of ¥ depends on
plate material(s), pressure, and roughness—and is generally unknown. For the
limiting case of low contact pressure, Song et al. 816 take Y to be R, the maximum
peak height of the rougher surface of the 7plates in contact. Further, for very low
contact pressure Song and Yovanovich® provide a semi-empirical, dimension-
less equation for predicting h,:

G= f+M*, (8.6)

where G =k/h R,; f=1+ 0.304/[(Rp/c)(1 + M/R,)] — 2. 29/[(Rp/6)(1 + M/R )]2;
M*=M/R_; ang 'IPA = 0.55 (heliumy), 0.90 (argonf or 0.78 (nitrogen).

Over a tglrly wide range of parameters (Table 8.2), for the case of low contact
pressure (0.38 to 0.60 MPa), predicted values for the gap heat-transfer coefficient
agreed well with experimental results (e.g., Fig. 8.8). More generally, at increased
contact pressure, the effective gap thickness is reduced. Prediction of the gap heat-
transfer coefficient for this more general case is dlfﬁcult While no general predic-
tive method or correlation is available, Song et al®18 can provide useful guidance.
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Table 8.2. Range of Parameters for Light-Load Gas-Gap Experiments®

Parameters Experiment 1 Experiment 2  Experiment 3  Experiment 4
Specimens SS 304 SS 304 Ni 200 Ni 200
Gap gases He, Ar, N, He, Ar, N, He, Ar, N, He, Ar, N,
o(um) 1.53 4.83 2.32 11.8
R, (um) 5.55 14.7 8.61 30.6
Rj/o 3.63 3.04 3.71 2.59
h, (W/m?2-°C) 452 +25 241 £3 1130 + 30 725 £30
hg (W/m?2-°C) 711 to 9660 460 to 5150 62510 17,900 417 to 7830
ho/hg 1.57t021.4 191t021.4 0.553t0 15.8 0.575 t0 10.8
P, (torr) 9410711 9.5 to 665 9.6 to 698 9.4 to 700
Kn 0.019t04.2 0.0078 to 1.6 0.013t0 2.6 0.0034 t0 0.76
P (MPa) 0.60+0.02 0.47 £0.02 0.52 £0.02 0.38 £0.01
T.(°C) 172 +4 168 +4 170 £3 172 £4
AT (°C) 5.8t085.5 6.7 10 105.9 5510399 12.2 t0 63.8
q (kW/m?) 27.710 58.7 34.4 10 55.5 52.7t0104.9 55910 104.1
T5ong and Yovanovich
102 — N S —TTT T -
Experiment |
N V He 4
O Ar
101 o N, E
L — Theory -

Dimensionless gap resistance, G

T

L

100 Stainless steel 304 _|
" c=4.83um ]
- Rp=14.7 um 1
L Rp/o = 3.04 1
10—1 i 1 i} I ! {1} [ I J " I Il i1 1
10-2 101 100 10! 102

Gas rarefaction parameter, M*

Fig. 8.8. Gap resistance for lightly loaded plates: Comparison of theory and experi-

ments.817
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Data and Correlations

Schneider®1? presented heat- transfer coefficient/contact pressure data (Fig. 8.9,
Table 8.3) from four sources. 8.20-823 These data apply to both vacuum and ambi-
ent-pressure cases, and in some cases they include the use of interface fillers. At
low contact pressure the curve representing data in air flattens, showing that gap
conductance is the primary mode of heat transfer. Swartz 8.24 replotted alummum—
plate data of Fried and Costello 20 Fried and Kelley, 5 and Fried and Atkin3-26
(Fig. 8.10) to obtain continuous curves of heat-transfer coefficient versus apparent
contact pressure in vacuum (Fig. 8.11).

Real data are often not well represented bg either the early Mikic models [Egs.
(8 1) and (8. 2)]8 the Sridhas and Yovanovich®! elastoplastlc model, or the Claus-
ing and Chao spherical-crown model. These models represent geometric
extremes: Eqgs. (8.1) and (8.2) and the Sridhas and Yovanovich model are for flat,
rough surfaces, while the Clausing and Chao model is for wavy (nonflat) surfaces
where roughness is not accounted for in deterrmmng pressure distribution and
macrocontact area. Lambert and Fletcher®’ point out that the models for flat,
rough surfaces usually predict the slope of the line in the graph of heat-transfer
coefficient versus 8p1parent pressure to be 0.94 to 0.99, whereas the slope pre-
dicted by the Hertz® "~ theory for smooth spheres is 0.333. Moreover, the correla-
tions for four independent 1nvest1gat10ns for nominally flat surfaces had slopes
that varied from 0.56 to 0.74.%7 Thus it appears that many surfaces considered to
be flat are indeed not so.

100,000 — — : — . -

10,000 |—

h (W/m2-°C)

1000 |-

100

P | i 1 J i il S| I it ! | !

102 103 104
P (kPa)

Fig. 8.9. Interface heat-transfer coefficients.31°
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Table 8.3. Interface Conditions for Conductance Data in Fig. 8.9

Mean
Contact

RMS Surface Temp.

Curve Material Pair Finish (um) Gap Material (&)

1 Aluminum (2024-T3) 1.2-16 Vacuum (10 mm Hg) 43

2 Aluminum (2024-T3) 0.2-0.5 Vacuum (10'4 mm Hg) 43

3 Aluminum (2024-T3) 0.2-0.5 Vacuum (10'4 mm Hg) 43

(wavy)

4 Aluminum (75S-T6) 3.0 Air 93

5 Aluminum (75S-T6) 1.6 Air 93

6 Aluminum (75S-T6) 0.3 Air 93

7 Aluminum (2024-T3) 0.2 Lead foil (8 mil) 43

(wavy)

8 Aluminum (75S-T6) 3.0 Brass foil (1 mil) 93

Stainless (304) 1.1-1.5 Vacuum (10'4 mm Hg) 29

10 Stainless (304) 0.3-0.4 Vacuum (104 mm Hg) 29

11 Stainless (416) 2.5 Air 93

12 Stainless (416) 2.5 Brass foil (1 mil) 93

13 Magnesium (AZ-31B) 1.3-1.5 Vacuum (10'4 mm Hg) 29
(oxidized)

14 Magnesium (AZ-31B) 0.2-0.4 Vacuum (10 mm Hg) 29
(oxidized)

15 Copper (OFHC) 0.2 Vacuum (10" mm Hg) 46

16 Stainless/Aluminum 0.8/1.6 Air 93

17 TIron/Aluminum — Air 27

18 Tungsten/Graphite — Air 132

Lambert and Fletcher®” review models for the thermal contact conductance of
metals and Provide a methodology for calculating the heat-transfer coeffi-
cients.? They show that the models of Mikic and Yovanovich overpredict
heat- transfer coefficients not only for nonflat surfaces (as is expected for these
models, whose basic premise requires flat, rough surfaces) but also for flat sur-
faces with very small roughness (0.14 to 0.16 ].Lm) 3 On the other hand, the
Clausing and Chao model generally underpredicts heat-transfer coefficients, per-
haps because it does not account for the increased macrocontact area resulting
from roughness. The Lambert and Fletcher methodology is the only one known
that appears to accurately predict heat-transfer coefficients for nonflat surfaces of
any radius of curvature and roughness. It requires the use of several equations and
five design charts. It uses the concept of TIR to characterize the flatness deviation
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Fig. 8.10. Heat-transfer coefficient vs. pressure for aluminum in vacuum (rms in ;Lm).824

of two components in contact. It is self-sufficient in that it provides all of the
needed relationships or curves, save for the theoretical Hertz radius for smooth

spheres, which can be found in the source manuscriptg'12 or in Timoshenko and
Goodier.%?
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Fig. 8.11. Generalized heat-transfer coefficient vs. pressure for aluminum in vacuum 324
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Bolted-Joint Conductance without Interface Filler

Theory

At the macroscopic level, bolted plates deform elastically, as in Fig. 8.12. Separa-
tion of plates, though exaggerated in the figure, does occur, and at relatively small
distances from the bolt. In its most basic statement, the bolted-joint problem can
be considered the contact-conductance problem for a nonuniform interface pres-
sure. Figure 8.13(a) shows schematics of an interfacial pressure profile with (¢ >
0) and without (¢ = 0) roughness.

An excellent theoretical treatment of this subject has been provided by Roca and
Mikic328829 for plates that are nominally flat when unstressed. Roca and Mlle
extended the theory beyond the single-plate midplane work of Fernlund®3° and
others to two plates with surface roughness. The biharmonic equation was used to
characterize the elastic deformation of the plates. Their method assumed that
deformation of the plates is elastic, asperity height above a mean plane is Gauss-
ian, and asperity contact is normal with no tangential component. Both plastic and
elastic asperity deformation were treated. The structural model used is shown in
Fig. 8.13(b), and typical calculated results obtained using an iterative method are
shown in Fig. 8.13(c).

The thermal model used by Roca and Mikic is shown in Fig. 8.14(a) for the
upper plate. Heat enters around the perimeter, flows radially inward, and then
passes from one plate to the other in the contact region. Boundary conditions are:

aT
i_ ho(r (T -T)) atZ=90,
oT _
ki 0 Z=1,
aT _
82 0 r=Dy/2,
and
kaa—T- q/A r=R.

Fig. 8.12. Bolted interface.
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Fig. 8.13. (a) Schematic showing interfacial pressure profiles with and without rough-
ness. 52882 (1)) Model used by Roca and Mikic®233-2% for bolted joint. (c) Typical
interfacial pressure profiles predicted by Roca and Mikic.3-28.8.29

The heat-transfer coefficient in the contact region, %, is a function of local pres-
sure, P(r), and is given by

he= 1.45(km/o)[P(r)/H :]1%%%, 8.7

which is similar to Eq. (8.2). Here, H is the lesser of H ; and H 5.
Roca and Mikic define an overall resistance from the perimeter to a constant-
temperature (7) region on the other side of the interface:

R= [T(= RZ= t/2)-T,1/q/A. (8.8)

Their results are shown in Figs. 8.14(b), (c), and (d). Overall thermal resistances
vary with roughness (with the group GE/P) in a complex way. The greater the
roughness, s, the longer the constricted conduction path from surface to surface,
and hence the greater contact resistance. However, as roughness increases, the
contact radius increases by virtue of increased interference. This condition tends
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Fig. 8.14. Overall interface resistance from Roca and Mikic.32882% (a) Model used in
heat-transfer example. (b), (¢), (d) Changes in thermal resistance with roughness.

to decrease the overall thermal resistance by allowing the radial heat inflow to turn
downward toward the other plate at a greater radius, decreasing the average heat
flux in the contact region. The group Em/H in Fig. 8.14 is the inverse of the group
v previously encountered for surfaces under uniform pressure, and it characterizes
the propensity for deformation of the asperities to be plastic or elastic.

Roca and Mikic show that, with region size increasing as roughness increases,
no simple representation for contact region is possible. Yet rules of thumb have
come into use. These rules are generally consistent with elastic analysis of loaded
plates with no roughness and with experimental measurements. A popular form is:

re/t=ro/t+N. 8.9
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The value of N is dglven by, or can be extracted from, various sources as follows:
1.05 (Fernlundg 1.0 (Greenwood), 831 13 (Coker and Fllon), 217 (Aron
and Columbo),333 and 0.5 (Gould and Mikic).3** For bolted joints, in engineer-
ing practice r¢ is sometimes taken as 1.5Dj.

Although it facilitates understanding, the theoretical treatment of Roca and
Mikic is not particularly practical. Use of overall resistance commingles contact
resistance and plate-constriction resistance, providing many pages of §raphlcal
results but few design and analysis aids for the engineer. Bevans et al. use a
simpler model (Fig. 8.15). In it, two plates are bolted together with a contact
region A, with radius R,. A uniform heat flux, F, is incident on the top plate and
exits the bottom plate. Heat flows radially inward in the top plate (the constriction
flow) until the contact region is reached. Heat flows from the top plate to the bot-
tom plate in this region. Heat flow in the bottom plate is the reverse of that in the
top plate. (Resistors are shown by jagged lines.)

The steady-state heat-conduction equation for a differential element in the
region between R and R, for the top plate can be written

9out ~ 9in™ Dabsorbed (8.10)

or
2rkrt(dT/dr) — {2Rkrt(dT/dr) + 2nkrt{d/dr(rdT/dr)dr]1}= F2nrdr (8.11)
with the following boundary conditions:
Atr= R, dT/dr=0

Atr= R,, T=T,.

Fig. 8.15. Bolted interface model from Bevans et al 83
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Equation (8.12) can be integrated and solved for the temperature distribution
across the plate in the region between the edge and the outer radius of bolt contact,
yielding

To-T= (FR2/kt){1/4(m2-n3) +1/2[In(n,/M)]}. 8.12)

In accord with the work of Bevans, the conduction equation can be recast in
integral form as

0= h,,ﬁo(T— T,)dA, (8.13)

where 1, can be considered a “heat-transfer coefficient” for the region between R
and R, iloting that @ = Fn(R2— Roz), one obtains

hp= FR(R:=R)/[[\ (T ~Tq)2nrdr). (8.14)

Substituting Eq. (8.8) into Eq. (8.10) and integrating, one finds that the heat-trans-
fer coefficient in the plate region from R to R, becomes

hp= [2k(R? = R3))/{R*M% - (n%/4) - In(n,) -3/4]}. (8.15)

This heat-transfer coefficient is fictitious, as heat does not flow from the top to

bottom plate in the region R > R,,. More properly, this is the coefficient that would

exist if the uniform heat flux F flowed from the top to bottom plate by virtue of the

temperature profile of Eq. (8.13).

The overall resistance of the configuration in Fig. 8.15 is given by the equation

1/(hA)= 1/(hp |A}) + 1/ (hyAL) + 1/ (hp ,A,), (8.16)

where the subscripts 1 and 2 refer to the top and bottom plates, respectively. After

replacing h,, | and h, , with Eq. (8.16), and noting that A} = A,, one finds that the
overall heat-transfer coefficient of the approximated bolted joint becomes

h= U{{AR*n2 - (M{/4) - (In(ny))—3/4]1/[2A,(R? -R})]} 8.17)
X [1/(kyt) + (1/(kyty)) 1 + A/ (B AL 3.

If both plates are of the same material, k; = k,; using A = TR, one finds
A= m(R?2-R2), A,= TR2, and I= n?-0.25(n) - In(n,) - 0.75;
results in:
h= 1/{[RSI(t; + 1)) V[2(R? - R} )2(kt,1,)] + R%/(h,R2)}. (8.18)

The terms in this equation that are not known are R, and 4,
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Application of Theory: Contact Region

TRW Inc.336 has provided nominal values of thermal resistance across screwed/
bolted joints (Table 8.4). The company allows that these values can be increased
or decreased depending on such parameters as screw torque, materials, surface fin-
ish, and flatness. Recommendations for bolt max1mum thermal resistance have
been obtained from Lockheed-Martin Inc. (Table 8.5).337 The TRW and Lock-
heed-Martin results are presented in terms of resistance in consistent units in Table
8.6.

These results are useful for many engineering purposes; however, such results
often combine the contact region with a small constriction region near the bolt.
This small constriction region, as it is near the centerline, towards which heat
fluxes are converging, can have a resistance that is large compared to that of the
contact region. A study was therefore conducted to obtain conductances of the
contact region per se. Existing data in the literature was reviewed to find studies
that contained credible contact-region data. Among other requirements, either the
thermocouples had to be located very close to the bolt or, if they were located at
some distance, the plate thickness and thermal conductivity had to be sufficiently
great that constriction resistance was small co 31§ared to contact resistance.

A few suitable studies were found 333833838841 11 these, both plates of the
surface pair were aluminum alloy save for one test where the surface pair was tel-
luride copper and aluminum alloy. The alloys were not specified in every case;
where specified they were usually Al 6061-T6, with Al 6063-T6 used by one
investigator. The bolts were all of stainless steel. The range of test parameters is
given in Table 8.7. Flatness deviation in terms of TIR is included in the table,
although it was not given in all the investigations. From these studies both a
dimensional and a dimensionless correlation were developed. The former is
shown in Fig. 8.16. Here contact region or bolted-joint conductance in units of W/
K is plotted against a corrected torque parameter with units of N-m. Correlation is
achieved by the dimensional equation as

Cy= 503[T(0t ~ 01 (T, — 200)]0775 (8.19)

Table 8.4. Thermal Conductance Design Guideline from TRW

Conductances (W/K)
Screw Size Small Stiff Surfaces Large Thin Surfaces
2-56 0.21 0.105
4-40 0.26 0.132
6-32 042 0.176
8-32 0.80 0.264
10-32 1.32 0.527

1/4-28 3.51 1.054




266 Mountings and Interfaces

Table 8.5. Bolt Thermal Resistance Estimate

Maximum Resistance versus Bolt Size and Plate Thickness (°C/W bolt)?

Steel Bolt
Shaft Diam 1.57 mm 3.18 mm 6.35 mm 9.53 mm
Size (mm) Aluminum Aluminum Aluminum Aluminum
NC 4-40 2.84 12.6 — — —
NC 6-32 3.51 6.6 2.2 — —
NC8-32 4.17 4.5 1.5 0.75 —
NF 10-32 4.83 3.0 1.0 0.50 0.30
NF 1/4-28 6.35 21 0.7 0.19 0.23
NF 5/16-24 7.92 1.5 0.5 0.25 0.17
NF 3/8-24 9.53 — 0.4 0.19 0.13
NF 7/16-20 11.10 — — 0.16 0.11
NF 1/2-20 12.70 — — — 0.09

?Assumptions:

« Typical spacecraft bolted aluminum interface in vacuum

¢ Bare clean mill rolled surface finish

« Standard steel bolts torqued to specification

¢ Primary heat transfer through compressed area near bolt

Note: Confirmation measurements suggested for thermal-design purposes
Reference: NASA CR119933 June 1971 and other limited measurements

Table 8.6. TRW and Lockheed Martin Bolted-Joint Resistance Data

Resistance Values from Several Sources (°C/W)?

TRW Large LM Plate Thickness (mm)© TRW Small
Diam Thin Stiff
Bolt (mm) Surfaces®  (1.57) (3.18) (6.35) (9.53) Surfaces?
2-56 — 9.48 — — — — 474
NC 4-40 2.8 7.59 12.6 — — — 379
NC 6-32 35 5.69 6.61 2.2 — — 2.37
NC 8-32 4.2 3.79 4.5 1.5 0.75 — 1.25
NF 10-32 4.8 1.90 3.0 1.0 0.5 0.333 0.76
NF 1/4-28 6.4 0.95 2.1 0.7 035 0233 0.28
NF 5/16-24 7.9 — 1.5 0.5 025 0.167 —_
NF 3/8-24 9.5 — — 0.39 0.194 0.128 —
NF 7/16-20 11.1 — — — 0.16  0.106 —
NF 1/2-20 12.7 — — — — 0.089 —

Bolted aluminum interface in vacuum, bare clean mill rolled surface finish (LM), standard steel bolts torque to spec-
ification (LM), primary heat transfer through compressed area near bolt (LM).

YTRW, March 1984.
‘LM, George D. Rhoads, 20 July 1988.
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Table 8.7. Bolted-Joint Correlation: Range of Test Parameters

Bolt Plate

Shaft Thick- Plate Conduc-

Diam Torque ness Roughness Flatness Temp. tance
Range BoltSize, (mm) (N'-m) (mm) o(m/m/K) TIR(m) (°C) (W/K)

Minimum 6-32 351 034 1.02 6.26x107 1.02x10°  19.3 0.41
Maximum 1420 635 939 1270 226x10°1.27x10% 1273 13.8

100
o Cp = 503[1(0ta0tgs)(T, = 200)0.775
g 10 —

£
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Tl(ota0ss)(Tp —200)]  (N-m)
Fig. 8.16. Dimensional correlation of bolted-joint conductance.

with an R? value of 0.75. Observation has shown, for the aluminum plate—stainless
steel bolt combmatlon that differential expans10n and contraction affect the
torque. 8.42.8.43 Hence the applied torque, T, is multlphed by the correction factor
(ol — (xss)(T — 200). The first term in parentheses is the difference in the coeffi-
cients of thermal expansmn for aluminum and stainless steel. The second term is
the plate temperature minus a lower-limit temperature, 200 K. Observation has
shown that as temperature is reduced, at some point torque decreases rapidly.8'43
That lower limit is taken here as 200 K.

The dimensionless correlation obtained is shown in Fig. 8.17. The resulting
equation is

Cy/ (ky0)= 1.06 x 10%{[1 (0t ; ~ 00, (T, —200)1/(E'625D§5) 10652 (8.20)

with an R? value of 0.76. The conductance, Cy, is normalized by dividing by the
harmonic-mean thermal conductivity, kj, and the combined rms roughness, 6. The
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I |
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Fig. 8.17. Dimensionless correlation of bolted-joint conductance.

numerator of the ordmate of Eq (8.21) is the ordinate of Eq. (8.20). The denomi-
nator is the product E" o% D 3. The term E', the effective modulus as defined by
Eq. (8.3), was used in the correlatlon rather than microhardness, H, as the latter
is a more complex term, itself a function of the unknown applied pressure. The
term Dy is the diameter of the bolt shaft. Flatness deviation, TIR, could not be
included in the correlation as it was not provided by all the investigators. Rough-
ness, ¢, while provided by all the investigators, was not always measured in a con-
sistent manner, and slope, m, was not measured by any investigator. Plate
thickness was found to be a poor correlation parameter. The slopes of Eqs. (8.20)
and (8.21) are lower than that of Eq. (8.1) for flat surfaces subjected to uniformly
applied pressure. This may be a characteristic of torque-applied pressure as well
as a result of the (largely unknown) flatness deviation of the surfaces tested. The
conductances given by Eqs. (8.20) and (8.21) are a few times greater than those
recommended in Tables 8.4 through 8.6. This is believed a consequence of near
elimination of constriction effects in the selected tests. To convert these conduc-
tances to heat- transfer coefficients, &, as used in Eqs. (8.17) through (8.19), the
relations hy, = Cp/w rc and r- = 1.5Dg should be used.

Application of Theory: Overall Conductances

The correlations of Eq. (8.20) and (8.21) apply only to the bolt or screw contact
region and do not characterize the constriction conductances within the two plates.
Overall conductances include both the bolt and the constriction terms. For axi-
symmetric heat flow to the bolt region, overall conductance is given by Eq. (8.18)
or (8.19).
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Perimeter Bolt Pattern

For configurations where a perimeter bolt pattern is used, the analysis method of
Bevans et al.®3 is recommended. The plate is divided into sectors (Fig. 8.18)
with Egs. (8.10) to (8.19) applicable. As an example Fig. 8.19 shows a 90-deg seg-
ment where radius R, is equal to 7 of Eq. (8.10). For more complex shapes or for
cases where thickness is not constant, the overall thermal network can be modeled
using finite-difference or finite-element methods. Bolt-region conductances from
Tables 8.4 through 8.6 or Egs. (8.20) and (8.21) can be used in such models.

Where the perimeter bolt pattern employs bolts on two opposed flanges, a rect-
angular version of Bevans’s equation can be used. In this case a strip between two
bolts is subjected to a uniform flux, F (Fig. 8.20). Following Bevans for a half-
slice leads to

T-Ty= (F/2ki)(L? - x2) 8.21)

hp= FWLIL[ (T =T g)wdx]. (8.22)

Substituting Eq. (8.22) into Eq. (8.23) and integrating, one finds

hp= 3kt/L2. (8.23)
Plate conductance is
Cp= hpAp= (3kt/L2)WL= 3kiW/L. (8.24)
4 bolts e sl = -\/- = )UC
. AN @
8 bolts .. .. = .. .. = J &
. B B A
s EI UO
8 bolts [ o = QAE = Q (g
2 BvaE Pea
T EE PYY
12 bolts [s J = [ [ - D G
% e EDE DQC]

Fig. 8.18. Division of plates with perimeter bolt mounting from Bevans et al335



270 Mountings and Interfaces

Uniform heat flux, F

A1

Fig. 8.19. Elementary conduction element, four bolts, perimeter-mounted.

Component mounting
using two opposed T=T
flanges 0

Blowup of
half slice

Fig. 8.20. Model of conduction heat flowing in a slice.
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If heat entered the half-slice entirely at the centerline end, the conductance would
be
Cp= ktW/L, (8.25)

which is one-third the conductance for the uniform-heat-flux case. Equation (8.24)
or (8.25) can be used with the bolt-region heat-transfer coefficient or conductance
to obtain the overall heat-transfer coefficient [Eqgs. (8.17) through (8.19)] or over-
all conductance.

A design recommendation is available from TRW Inc.836 for average overall
heat-transfer coefficients for perimeter bolt patterns (Fig. 8.21). This recommen-
dation derives from the work of Bevans et al.333 for the configurations of Fig.
8.22. Plates are relatlvely thin, with ¢, = (1.59 + 3.17)/2 = 2.38 mm. Results are
characterized by inverse screw dens1ty (in cm? per screw). Heat-transfer coeffi-
cients for the bare interface are small, generally below 115 W/m?-K; this condition
is a consequence of the constriction-plate resistances for the long spans between
bolts, 'i.e., bolt-contact-region conductances are relatively high compared to the
constriction-plate conductances.

Th1s 1nformat10n is verified and supplemented by the work of Welch and Rutt-
ner.3*! The configuration they studied is shown in Fig. 8.23 with Al 6063-T6
plates that were each 7.94 mm thick. The 279-mm-by-152-mm plates were fas-
tened by 16 No. 8-32 stainless-steel screws. Torques were 1.13 and 2.26 N-m.
Average heat-transfer coefficients for the entire plate, provided by the authors, are
given in Table 8.8.

The Welch and Ruttner screw-spacing results in 26.6 cm?/screw, Wthh for the
Bevans configuration yields a heat-transfer coefficient of about 90.8 W/m?K. The
Welch coefficients are a factor of three to four greater than those of Bevans. This
difference is explained to a large degree by the ratio of the arithmetic-mean plate
thicknesses for the two investigators:

L Welch _ 7.94 _
ty Bovans  0-3(1.59 +3.17) 3.34 (8.26)

568 1 T T T T
454 |- RTV interface B
X 3411 -
£
S 227 -
114 | Bareinterface T
I R B R ——— = —

0
0 645 129 194 258 323 387 452 516 58.1
Base area/screw (cm2/screw)

Fig. 8.21. Recommended overall heat-transfer coefficients for perimeter bolt pattern
from TRW Inc.%36
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Fig. 8.22. Bolted-joint configurations tested by Bevans et al.33

Therefore, for perimeter-bolt-pattern fastening of an electronics unit to a mount-
ing plate, the bare interface curve of Fig. 8.21 should be used for mean plate thick-
ness of about 2.5 mm. Table 8.8 should be used for plates with thickness closer to
7.5 mm. Results obtained this way can be cross-checked by computing overall
heat-transfer coefficients using one of the geometries of Fig. 8.18 and Egs. (8.18)
or (8.19), or by using a finite-difference or finite-element thermal model. Contact
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Fig. 8.23. Bolted-joint configuration tested by Welch and Ruttner (dimensions in mm)341

Table 8.8. Welch and Ruttner Bare Interface Results Summary

Average Heat-Transfer

Torque (N-m) Temperature (°C) Coefficients (W/mz-K)
1.13 -34 284
1.13 71 369
2.26 -34 329
2.26 71 397

(bolt) region conductances are to be obtained for either approach from the “Appli-
cation of Theory: Contact Region” section.

Nonperimeter Bolt Patterns

Figure 8.4 shows a bolt pattern that combines perimeter and inboard bolts as
described in the “Conduction Cooling” section. For the configuration of this figure
and other configurations encountered in practice, a number of the bolts are in a
uniform or near-uniform pattern. These bolts could be analyzed individually using
the plate-division method of Fig. 8.18 and the analytic techniques given above.
However, such analysis can be time-consuming and, moreover, heat flows through
parallel bolts were found not to be independent for at least one case with
d* =584 Here ¢* = d/(2rp), where d is the distance between bolt centers and rq
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is the radius of the applied load. Therefore a simpler, approximate method was
developed to predict an overall heat-transfer coefficient for uniform bolt spacing.
The result, a dimensional correlation,

ht/ky= 547[Ay/ (£3705)]70764, (8.27)

is shown in Fig. 8.24. Here ht/k is dimensionless; & is the overall heat-transfer
coefficient, f, is the thinnest of the two plates in contact, and %y, is the harmonic-
mean thermal conductivity. The term AN/(t,3 7 5) has dimensions [m(m — N)0 5]“
where Ay is the area per bolt or screw, ¢, is the thickness of the thinnest of the two
plates in contact, and 71 is the torque. Data came from General Electric Inc. reports
and from six TRW Inc. reports (the latter supplied by H. A. Pudewa). The correla-
tion has an R? value of 0.93 and includes data with the following ranges: plate
thickness from 1.59 to 25.4 mm, torque from 0.037 to 9.48 N-m, bolts from 0-80
to 1/4-20, bolt area per screw of 0.272 to 19.4 cm?, with screw patterns ranging
from a single screw to 5 by 2. The screws were all stainless steel, and all the plates
were aluminum alloys save for a set where one plate was coppet.

Honeycomb Mounting Plates

Often the spacecraft side of the interface is of honeycomb/facesheet construction
(Fig. 8.25). Threaded inserts must be embedded in the honeycomb to receive the
screws. Such construction provides high ratios of stiffness and strength to weight.
However, facesheet thickness for practical applications can be well below 1.0 cm,
typically 0.4 to 1.2 mm. Honeycomb facesheets tend to be less flat, but stiffer, than
thin metal plates—resulting in counterbalancing effects on overall conductance.

100

10-1- —
&
=
=

10—2 —

10-3 | | |

102 103 104 105 106

[Area/# of screws]/[t? torque?-5], [m(N-m)®.5]-1

Fig. 8.24. Dimensional correlation for overall heat-transfer coefficient for a uniform
bolt pattern.
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Fig. 8.25. Honeycomb/facesheet mounting panel.

Because the facesheets are thin, constriction resistance is relatively high. Few
experimental data are available on conductances where honeycomb-mounting-
panel construction is used, either in the contact region or for the entire mounting
region. Unless data are available, overall conductance values no higher than those
for the bare interface in Fig. 8.21 should be used.

If heat pipes are embedded in the honeycomb below the unit, overall conduc-
tance tends to increase. This is especially so if the heat pipes bridge from face-
sheet to facesheet. General results are not available. However, the problem can be
treated by developing thermal math models (TMMs) that account for the various
conduction paths.

Bolted-Joint Conductance with Interface Filler

Contact conductance can be improved through the use of appropriate filler materi-
als between the two plates. Such materials fill the microscale voids present
because of surface roughness, and some materials can also fill the macroscale
voids resulting from flatness deviation. For the microscale voids, because the
dimensions are small, even a low-conductivity material, if thin enough, may pro-
vide an improvement over the radiative heat transfer that existed before ﬁllmg
However, care must be exercised in the use of fillers. Fletcher ez al.5* show in
Fig. 8.26 that a wide variety of fillers have a lower heat-transfer coefficient than an
unfilled bare aluminum joint. Such fillers are thermal insulators and may be useful
for applications where thermal isolation is required. As a rule of thumb, for a
given thickness, filler thermal performance is proportional to thermal conductivity
divided by hardness. For convenience, fillers can be divided into three classes:
greases, gaskets, and cured-in-place room-temperature-vulcanized (RTV) silicone
compounds. Greases and gaskets are available from many suppliers in a wide vari-
ety of materials, and the offerings are summarized in Appendix C, “Summary of
Thermally Conductive Filler Materials and Suppliers.”

Use of fillers can create problems not present with bare interfaces. These include
interference with unit grounding, inability to remove a unit for rework (or diffi-
culty in doing so), structural loads, contamination, and outgassing—the last two
problems being particularly important in spacecraft applications. Other consider-
ations in the use of fillers are: elecirical isolation as evidenced by high dielectric
strength and breakdown voltage; mechanical properties such as compressive
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Fig. 8.26. Heat-transfer coefficients of selected interstitial materials.?45

deflection, stress relaxation, and compressive set; and chemical and heat resis-
tance. Silicone grease has superior thermal performance (Fig. 8.26) but may be a
source of contamination. Greases without silicone mitigate this problem and are
seeing some usage in small, less-expensive spacecraft. However, for the vast
majority of spacecraft applications, thermal gaskets and cured-in-place RTV sili-
cone compounds are the fillers of choice.

Thermal Gaskets

A variety of thermal gaskets are available for use with bolted joints. Application of
such gaskets is shown in Fig. 8.27. To provide the desired thermal performance,
some of these gaskets must be subjected to high pressure (Fig. 8.28). This creates
structural loads and can cause bowing of the mounting panel. Moreover, separa-
tion (zero pressure) may occur at some distance from the bolt (Fig. 8.29). These
conditions typically limit use of thermal gaskets to applications where the span
between bolt centerlines is not large.

The Chomerics Division of Parker Hannifin Corporation provides a variety of
thermal gaskets under the trade name CHO-THERM (Table 8.9). They are often
thermally conductive but electrically isolating materials loaded with thermally
conductive particles (aluminum oxide, magnesium oxide, boron nitride) within an
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Fig. 8.27. Use of thermal gaskets as an interface filler.
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Fig. 8.28. Thermal impedance vs. pressure for CHO-THERM 1671 material.
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Uncompressed gasket

Compressed gasket

Fig. 8.29. Bolted-joint configuration with gasket.

elastomeric binder (silicone, fluorosilicone, urethane). These gaskets are tailored
to provide a variety of special capabilities: dielectric strength; EMI shielding; abil-
ity to conform well to surface irregularities; solvent, temperature, and cut-through
resistance. Table 8.10 provides properties for a number of CHO-THERM:s.

‘While suitable for many applications, CHO-THERM has a limitation when used
as a thermal gasket for unit mounting: It has an extremely high electrical resistivity,
on the order of 101 to 10!3 Q cm. The use of a continuous sheet may preclude
meeting unit electrical-grounding requirements. A typical requirement is that the
electrical resistance from unit to mounting be less than 2.5 mOhm. Therefore, if
CHO-THERM is used, an auxiliary grounding method should be considered. This
could be the use of gasket cutouts in the bolt region where compressible wire-
grounding mesh is installed, or it could be the use of grounding straps.

Polycarbon, Inc., a member of the SIGRI Group, provides a flexible graphite
gasket, Calgraph. Its typical properties are given in Table 8.11. Comparing this
information with the CHO-THERM information in Table 8.10, one finds the Cal-
graph thermal conductivity normal to the surface two or three times greater than
that for CHO-THERM, and the thermal conductivity parallel to the surface 59 to
150 times greater. Electrical resistivity is 15 to 18 orders of magnitude less. That
is, Calgraph is a sufficiently good electrical conductor that it can, perhaps, be used
as a continuous gasket and still meet unit-grounding requirements. Alfatec GmbH
offers KERATHERM graphite gaskets in either a blank version or in electrically
insulated versions laminated with wax or filled adhesive. The wax laminate incor-
porates a phase-change material. Unlaminated graphite gaskets should be used
with caution in joints that may be disassembled, because electrically conductive
carbon fibers and particles can be generated as the material shreds when the sur-
faces are separated. Processes must be in place to ensure that all conductive parti-
cles are contained so that they cannot find their way into electrical connectors or
moving mechanical assemblies and cause shorts or jamming.



Table 8.9. CHO-THERM Properties and Features®

Properties Features
3% 3 2. 2 @
.§ & PR - B T - &g v S8 < 28 ‘2
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Compound E 'g “ g é é 6 & % E
1679 Boron nitride, silicone L M . .
1671 Boron nitride, silicone L M . .
1661 Boron nitride, silicone L M .
1678 Boron nitride, silicone L M .
1674 Aluminum oxide, silicone M M . .
1677 Boron nitride, fluorosilicone M M .
1682 Magnesium oxide, urethane M M . . .
1684 Magnesium oxide, urethane M H . .
1688 Boron nitride, urethane L H . . .
1694 Magnesium oxide, silicone M H . .
1698 Boron nitride, silicone L H . .
1680 Boron nitride, Kapton,” silicone M H . . .
1646 Boron nitride, silicone L  None . . .
T274 Aluminum oxide, silicone M H . .
1641 Aluminum oxide, silicone M M .
1642 Aluminum oxide, silicone M M .

3, = Low; M = Moderate; H = High.
YTrade name

6.2 18]]I 8oBL8U] LJIM 80UBIONPUOD julof-paljod
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Table 8.10. CHO-THERM Typical Properties

Typical Test
Properties 1679 1671 1677 1674 1678 1661 Method
Binder Silicone Silicone Fluorosili Silicone Silicone Silicone —
cone
Filler Boron Boron Boron  AluminumBoron  Boron —
nitride  nitride  nitride  oxide nitride  nitride
Color Yellow  White  White Blue Red White -
Thermal 2.7 2.4 2.1 1.2 1.9 3.8 Chomerics
conductivity Test
(W/m-°C) Method
No. 28
Thermal 97~ 1.16- 2.45— 1.94- 1.42—- 1.55- Typical
impedance 1.16 1.42 271 2.19 1.55 1.81 flat plate
OC'sz test
( ) values
W
Voltage 4000 4000 4000 2500 2500 4000 ASTM
breakdown D149
rating (VAC)
Outgassing ASTME
(% TML) 0.40 0.76 0.57 0.45 0.55 0.76 595-77
(% CVCM?®) 0.10 0.07 0.01 0.20 0.12 0.08
Thickness 10£2  15:2°  20¢4  10s2  10s2  20:3° —
(mils)
Tensile 6900 6900 2800 10,300 6900 1400 ASTM
strength (kPa) D412
Tear strength 18 18 11 18 18 1.8 ASTM
(kg/cm) D624
Elongation 10 2 10 2 10 2 ASTM
(%) D412
Hardness (Shore 95 90 85 S0 S0 S0 ASTM
A) D2240
Specific 1.55 1.55 1.70 2.20 1.60 1.60 ASTM
gravity D792
Maximumuse -60to -60to -60to -60to -60to —-60to —
temperature 200 200 200 200 200 200
(°C)
Volume 10 x 101% 10 x 10 10 x 101* 2 x 10% 10 x 101% 10 x 101* ASTM
resistivity D257
(Qcm)

2Collected volatile condensable materials (0-10% acceptable).
YCHO-THERM 1671 is available up to 35 mils on custom orders.
“CHO-THERM 1661 is available up to 100 mils on custom orders.
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Table 8.11. Calgraph Properties

Property Units Value

Electrical Resistivity

“a” direction (parallel to surface) Ohm-cm 0.0010

“¢” direction (normal to surface) Ohm-cm 0.064
Bulk Density glem® 1.1
Thermal Conductivity

“a” direction (parallel to surface) W/mK 220

“c” direction (normal to surface) W/mK 6.9

Thermal Expansion

21-980°C

(bulk density 1.7-1.9 g/em?) 107%°C 5.0-7.9
Hardness (Shore Scleroscope)

At 1.0 g/em® — 30

At 1.3 g/em® - 40
Tensile Strength

At 1.0 g/cc and 0.015-in. foil kPa 4800
Permeability

Air cm2/g <0.00001
Emissivity

At 500°C - 04
Sublimation Temperature

(does not melt) °C 3600

Temperature limit (in air) °C 540

Welch and Ruttner®#! conducted a study to determine if Calgraph was a suitable
interface filler for perimeter-mounted electronic units as large as 279 mm by 152
mm (Fig. 8.23). They divided the test plate into four regions as shown in Fig. 8.30.
Using a TMM of the test setup and correlating test results to math-model predic-
tions, they determined local heat fluxes and heat-transfer coefficients. A compari-
son of local heat-transfer coefficients so calculated for bare and Calgraph-filled
interfaces at a torque of 2.26 N-'m is shown in Table 8.12. Results are shown for
cold plates at —34 and 71°C. Use of Calgraph improved heat-transfer coefficients
in all regions except the center region. In that region, separation clearly has
occurred, and pressure is essentially zero with or without the Calgraph. The larg-
cst improvement is seen in the screw region, where enhancement of a factor of 2.8

to 3.1 was observed. In the region between the screws and in the center-loop
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Fig. 8.30. Test plate showing thermocouple and region locations.341

Table 8.12. Local Heat-Flux Heat-Transfer Coefficients (W/m2°K) that
Match Experimental Data for the 2.26 N-m Test

Interface
Bare Calgraph

Temperature (°C) Temperature (°C)

Region -34 71 34 71

Screw region 1420 2560 3980 7960
Between screws 850 850 1420 1135
Center loop 570 570 1135 1135
Center region 0.6 5.7 2.8 34

region, enhancement varied from 1.33 to 2.0, and in the large center region no
enhancement was observed. Most investigators do not use TMMs, and they
present their results as average heat-transfer coefficients based on an assumed uni-
form heat flux from top to bottom plate (e.g., Bevans et al33). Therefore,
Welch and Ruttner presented results in this form (Table 8.13). On this basis,
enhancement by a factor of 1.5 to 1.9 was observed. Calgraph was also tested by
Taylor on a small, stiff configuration. 840 An aluminum block 51 by 192 by 38 mm
high was mounted to a 12.7-mm-thick aluminum plate by four No. 8-32 screws.
Average heat-transfer coefficients reported were 14,800 W/m?K and 4980 W/
m?K, with and without Cal graph, an improvement by a factor of three. This is the
magnitude of improvement seen by Welch and Ruttner in the screw region.
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Table 8.13. Area-Averaged Heat-Transfer Coefficients (W/m*K) Based on
Uniform Heat-Flux Assumption

Screw Torque (N-m)

1.13 2.26
Temperature (°C) Temperature (°C)
Region -34 71 34 71
Bare 284 369 330 398
Calgraph 511 705 506 705

Cured-in-Place RTV Silicone Compounds

Thermal gaskets provide a factor of 1.5 to 1.9 improvement on an overall basis for
7.94-mm-thick plates for a typical perimeter-mounting configuration, with the
largest improvement in the region of the bolts. No improvement is found in the
center region, a consequence of bowing of the plates. To avoid this problem and
provide near-continuous contact between the two plates, cured-in-place RTV sili-
cone compounds are widely used in the industry. A process specification kindly
provided by TRW Inc. calls for surface cleaning and drying, use of primer (on
both surfaces) or mold-release compound (on at least one surface), installation of
a stainless-steel mesh screen with gold-plate finish (for grounding) to be engaged
by the mounting hardware, application of torque, extrusion of filler material from
at least 75% of the periphery of the mating surfaces (for coverage), and cure-in-
place. Belleville washers can be used at each screw instead of the wire mesh to
achieve grounding. Some contractors forgo the use of a primer to allow easy
removal of the electronic unit.

Use of RTV compounds creates a mold that conforms to the profile of the cavity
created between unit baseplate and mounting plate resulting from the action of
bolt torque. Centerline gap caused by bowing can be on the order of 10 to 20 mils.
A variety of RTV compounds are used. Choice depends on properties such as cure
time, viscosity (low viscosity aids filler extrusion from between mating surfaces),
and low volatility. A typical material is an RTV566 kit consisting of RTV566A
and RTV566B, supplied by General Electric. Some contractors in their spacecraft
applications use RTV compounds filled with thermally conductive particles.

For a small stiff configuration, Taylor8 40 reported an average heat-transfer coef-
ficient with RTV filler of 15,250 W/m2K, a factor of three greater than that for a
bare interface. Bevans et al. 8.35 reported factors of four to six improvement for an
average heat-transfer coefficient using RTV-11 for the configurations of Fig. 8.22.
These results have been used by TRW in establishing the upper curve of Fig. 8.21.
Overall, heat-transfer coefficients are in the range of 150 to 480 W/m?K.

Usage Recommendation for Filled Interfaces

For filled interfaces, a practice similar to that used for bare interfaces is recom-
mended. Separate treatment should be used for the region near the bolt and for the
plate. Near the bolt or for small stiff plates, as studied by Taylor, a factor of 2.5 to
3 improvement in heat-transfer coefficient over bare-interface values is justified
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for thermal gasket&"’o’&41 and RTV filler®* interfaces. Overall heat-transfer coef-
ficients for large, thin plates with a perimeter-bolt pattern are considerably less for
thermal-gasket filler than for RTV filler. This is a consequence of bowing and lack
of gasket contact in the center region. For thin plates or honeycomb panels with
thin facesheets, use of RTV filler is recommended—with the upper curve of Fig.
8.21 recommended for predictive purposes.

8.41

For thick plates with a perimeter bolt pattern, the data of Welch and Ruttner
can be used to determine heat-transfer coefficients for bare interfaces and those
with a flexible graphite thermal gasket. On an overall basis the values in Table
8.13 can be used. In conjunction with a TMM analysis, the local values from Table
8.12 can be used. For thick plates employing RTV filler, a TMM analysis should

be conducted using the Welch and Ruttner®#! Calgraph data of Table 8.12, except
the center-region coefficients should be between 250 and 400 W/m? K.

Complex Configurations and Special Topics

Heat-Pipe Interfaces

Heat pipes are fluid-filled, wicked heat-transport components often used in space-
craft thermal control. They utilize capillary forces and latent heat in their opera-
tion, and their mechanical and thermal interfaces are an important input to the
thermal design. They are discussed in more detail in Chapter 14.

Typical Interfaces

Typical heat pipe-payload integrations are shown in Figs. 8.31 through 8.33. Figs.
8.31 and 8.32 show schematics of heat pipes embedded into honeycomb panels.
Such panels are constructed of high-thermal-conductivity facesheets and stiff hon-
eycomb core. They can be utilized in the spacecraft interior or as direct radiators
on the exterior. The facesheets withstand the bending loads and act as lateral con-
ductance fins for the mounted unit (Fig. 8.31), while the core resists shear loads,
provides stiffness, retains the component fastener, and provides low-level trans-
verse conductance. The heat pipes are bonded to the interior surfaces of the

Fig. 8.31. Electronic unit mounted to honeycomb/facesheet panel with embedded heat pipes.
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Fig. 8.32. Honeycomb/facesheet panel with embedded heat pipes.

Fig. 8.33. Heat-pipe integration. 1: heat-pipe casing; 2: mounting surface of payload
device; 3: saddles; 4: thick ﬂange.g'46

facesheets; they provide lateral thermal conductance and, in some configurations
(Fig. 8.32), transverse conductance by virtue of the casing. The heat pipes of Fig.
8.32 are bonded together and provide one-for-one redundancy.

Figure 8.33 shows six heat-pipe integration configurations. Configuration (a) is
“buried” within the mounting. Mechanically the heat pipe is attached by threading
or by virtue of a tapered casing (in detachable designs), glue, or low-temperature
solder (in nondetachable designs). Configuration (b) uses a bolted saddle, while in
configuration (c) the mounting is shaped to allow heat-pipe bonding. Configuration
(d) shows an extruded rectangular-section heat pipe affixed by a saddle. Saddles
for configurations (b) and (d) may be one continuous piece or multiple interrupted
segments. Configuration (e) shows an aluminum heat-pipe extrusion with two
integral flange ribs for mounting. Configuration (f) shows a stainless-steel or cop-
per-casing heat pipe joined by low-temperature solder to a thick aluminum (some-
times copper) flange.
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Design Guidelines

Each of the proposed heat-pipe interfaces of Fig 8.33 has its own thermal effi-
ciency, which depends on flange thickness and layout of screws. Flange design
may include thin flange ribs (thickness 1 to 2 mm) with M2.5 to M4 screws spaced
from 12 to 40 mm, or thick ones (thickness 4 to 8 mm) with M4 to M8 screws or
bolts spaced from 40 to 90 mm. Here European/metric screws are designated
where, for example, M2.5 denotes a nominal 2.5-mm shaft diameter. The average
area per bolt varies—for the first case 2 to 15 cm?, for the second 10 to 40 cm?.
Sometimes the screw layout is nonuniform; screws can be allocated in groups of
two or three with the closest possible spacing. The distance between such groups
is two to four times greater than when uniform screw spacing is used. The thin-
ribs flange design is more attractive for low heat density (up to ~0.5 to 1 Wicm?),
especially where such sources are distributed and nonuniform. The thick-ribs
flange design is more reasonable for high-heat-density components (more than
1 W/cm?) with linear extent greater than 10 cm. Stainless-steel bolts or screws are
used as a rule for flange and payload-device connection. Contact conductance
between flange and device can be estimated from recommendations made in the
“Application of Theory: Contact Region” section.

Some Hardware Configurations

Examples of heat-pipe flange design are presented in Figs. 8.34 to 8.36. Figure
8.34 shows an extruded aluminum heat-pipe attachment to a spacecraft payload
platform. The length of the flange is 325 mm, width 30 mm, and thickness 1.2
mm, with 42 M3 screws used. Maximum power transferred is 90 W 847.8.48 Fig-
ure 8.35 shows a heat-pipe condenser-zone attachment to a device mounting plate.
The heat pipe is made of copper with the device housing made of nickel-coated
aluminum. The flange thickness is 10 mm with M8 bolts used. Nominal power
transferred is 160 W.849 Figure 8.36 shows two heat-pipe flanges for attachment
to a device mounting plate. The heat pipes are made of stainless steel, the flange
aluminum, coated with nickel. Flange lengths are 85 and 120 mm, and thicknesses
are 2.2 and 3 mm, respectively. M3 screws are used and nominal power is
10 W.8'50

The heat pipe transports heat from the device, and a device heat-collecting zone
must be part of the design as well. The most common way to collect and transport
distributed heat is to exploit the thermal conductance of the device’s structural ele-
ments. A heat-pipe variant that realizes this is presented in Fig. 8.37, a heat-pipe-
device/spacecraft interface using a carbon-fiber, carbon-matrix (carbon-carbon, or

Fig. 8.34. Extruded aluminum heat-pipe attachment to payload platform.34784® (Cour-
tesy of National Technical University of Ukraine NTUU, formerly Kyiv Polytechnic Institute)
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Fig. 8.35. Heat-pipe condenser zone attachment to device mounting pl::\te.s'49 (Courtesy
of National Technical University of Ukraine NTUU, formerly Kyiv Polytechnic Institute)

Fig. 8.36. Heat-pipe condenser zone attachment to device mounting pl::\te.&50 (Courtesy
of National Technical University of Ukraine NTUU, formerly Kyiv Polytechnic Institute)

CC) high-conductance layer as well as carbon-fiber/honeycomb (CF/HC) panels.
Its size in-plane is 500 mm.3-1

Thermal Modeling Example

Temperature gradients and nonuniform heat flow are seen at the heat-pipe flange
because of the discrete increments between heat pipes and the heat-flow processes
in the heat-pipe casing. The influence of this temperature nonuniformity should be
estimated beforehand numerically or analytically.g'46’8'52’8'53 Finite-element soft-
ware has been used for analysis of temperature gradients and heat flows for heat
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Fig. 8.37. Heat pipe-device interface showing usage of carbon-fiber, carbon-matrix
(CFC) high-conductance layer.g'51 (Reprinted with permission from SAE Paper No.
981639 ©1998 Society of Automotive Engineers, Inc.)

pipe—flange designs, and for heat-pipe integration into honeycomb p:zmels.g'53 As
an example, the assembly shown in Fig. 8.38 was analyzed. A constant heat flux
was applied to the aluminum doubler. Contact interfaces are located between the

Qo0

0o
\ 7 Contact
Contact ‘\’ _
Doubler block 12.0 12.4
EEEEEEEEEE)
g = constant
(a) (b)
ﬁ o ! !
< 15 a8 2o o ®e o HP1 —
: 90, L %6, OHP2
ol OoSgaano”®
= 0.5
I | |
0 90 180 270 360
Angular position along heat-pipe perimeter (deg)

(c)

Fig. 8.38. Example of heat-pipe-assembly thermal prediction by finite-element
method: (a) configuration and boundary condition; (b) temperature profiles; (c) wall-
vapor temperature difference along heat-pipe perimeter.
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doubler and the aluminum flange, and between the flange and the two copper heat
pxpes The leftmost heat pipe, HP1, has an inner heat-transfer coefﬁcxent of 10,000
W/m? K and vapor temperature of 0°C compared with 7000 W/m?K and +2°C for
HP2. Figure 8.38 shows temperature profiles in the heat-pipe assembly as deter-
mined by the finite-element analysis. In the figure the difference “wall tempera-
ture minus vapor temperature” is plotted as a function of angle along the perimeter
of each heat pipe; here the angle is measured counterclockwise from the 0O-deg
locations shown in Fig. 8.38. Maximum temperature occurs along the bottom of
the heat pipes in the region centered over the flange. The locations of minimal and
maximal values are nonsymmetrical, as the heat flow to the pipes is unequal. Heat
accepted by each heat pipe can be calculated by integration of temperature differ-
ence “heat pipe wall minus vapor” with respect to individual transfer coefficient.
By dividing total heat to the bottom surface of the doubler by the difference in
average temperature between this surface and that of the heat-pipe vapor, the con-
ductance of the assembly as a whole is determined.

Special Configuration: Saddle with Two-Step Assembly

A novel saddle design by C. Gerhart®>* is shown in Fig. 8.39. This design allows
independent assembly of the saddle to the heat pipe and then the saddle/heat-pipe
assembly to the mounting plate. The two-step bolting/assembly process, intrinsic
to this design, provides the potential for better fit, and higher and more uniform
clamping pressure.

Compound-Cylinder Interface

In some engineering applications, the requirement for a cylindrical interface as in
Fig. 8.40 may arise. For example, an annular heat exchanger could be mounted
concentrically to the condenser section of a heat pipe. Contact pressure, which
was a key determinant of contact conductance for flat interfaces, can no longer be
explicitly determined. This pressure depends on a number of parameters including

8.0}
(=} a o a i) ! o o o n]
20.0I T
R12.0 40.0 1
=] a (=] a 1] I o o o o
9.0~ k= —=120.0(~—
18.0
20.0

" For reference,
shown without bolt holes

Fig. 8.39. Saddle with independent bolting to heat pipe and mounting (dimensions in
8.54
mm).
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Direction of
heat flow

Fig. 8.40. Heat flow through a compound cylinder.

initial fit, differential expansion of the cylinders, and heat flux. In addition to these
parameters, contact conductance depends on geometry, surface characteristics,
interface medium, and thermomechanical properties of the cylindrical materials.
Ayers et al.33 have reviewed studies on this subject; they find the field to be in
need of additional work. They provide an empirical correlation for eight different
material/medium groupings—five in air and three in vacuum, including two where
the inner cylinder is aluminum and the outer stainless steel:

h*= 81.8(F*)0.685 (8.28)
where
h*= hog/kgmg (8.29)
and
F*= (FogRp/kgWEg/Hg)(0,/0,)3[0.5(1+ Py, /P, )12 (8.30)

Ambiguity was present in the definition of mean or effective value as used by
Ayers et al.®>3 The roughness, O, ¢elasticity, Eg, and hardness, Hg, were called
the “effective” value, but not explicitly defined. The asperity slope, mg, thermal
conductivity, kg, and the coefficient of thermal expansion, oz, were called the

“effective (geometric mean)” value. The most likely meaning of the various terms
is believed to be as follows: 6 =6 = (csl-2 + 602)1/ 2, where the subscripts denote
the inner and outer surfaces; Eg is given by E’ of Eq. (8.3); Hg = H, the micro-

hardness of the softer of the two surfaces; m = (mi2 + moz)l/ 2; and of = (0(,-2 +

,2)!2. While most probably kg = (k2 + k,2)V2, kg is usually defined as the har-
monic mean, i.e., kg = 2k;k,/(k; + k,). The term P, is sea-level atmospheric pres-
sure, and P, is local ambient (e.g., vacuum) pressure.

Thermal Doublers
Introduction

For electronic units where power dissipation per unit surface area is large, excessive
temperatures can occur if heat is directly conducted from the baseplate to the space-
craft mounting plate. This is especially likely if the thermal resistance between



Complex Configurations and Special Topics 291

baseplate and mounting plate is large. Temperatures can be reduced if a high-con-
ductivity heat spreader is used between the unit and the heat sink. Such spreaders,
or thermal doublers, function by conducting heat laterally from high-power dissi-
pation regions before final transport to the spacecraft mounting plate.

Analysis

Bobco and Starkovs®-6 analyzed a rectangular doubler of uniform thickness (Fig.
8.41). Starkovs8-7 expanded the analysis to 1nclude two heated footprints on a
rectangular doubler (Fig. 8.42), while Bobco?8 analyzed various types of ter-
raced doublers (Fig. 8.43). Bobco and Starkovs®3 developed and solved the
equation

k8 ,(32T/3%x + 32T/ 9y) — k(T - T.))= —q(x, ), (8.31)

which accompanies Fig. 8.41. The term T, is the equivalent sink temperature of
the environment about the baseplate, and 4 is the overall heat-transfer coefficient
from the baseplate to the sink. In this formulation, the doubler is assumed to be
sufficiently thin so that no temperature gradient exists in the z direction. Not
included in the above three analyses is the additional contact interface associated
with use of a doubler.

y Heated zone (footprint)

(-l Wp) 4 (I3, wp)

Unheated zone
(doubler)

P X

Fig. 8.41. Schematic of thermal doubler with single symmetry.&56
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Fig. 8.42. Schematic of a rectangular doubler with two heated footprints.s'57
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Fig. 8.43. Four terraced-doubler configurations that allow closed-form, separable
solutions.?->8

Considerable analytic results were obtained in these three investigations. Typi-
cal results are shown in Figs. 8.44356 and 8.45 37 Bobco and Starkovs®-56 point
out that thermal-doubler design is an intricate task involving constraints of unit
baseplate area, available mounting-plate area, and the surrounding environment.
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Fig. 8.44. Typical results for a single footprint.s'56

The intent is to provide the lightest-weight practical doubler design consistent
with these constraints that satisfies the maximum-allowable unit-temperature
requirement. Analytic solutions should be confirmed by finite-difference or finite-

element TMM results.

For an axisymmetric doubler (Fig. 8.46), Gluck and Young&59 relieved the
assumptions of no vertical temperature gradient in the doubler and no contact
resistance between the doubler and baseplate. Here k is thermal conductivity, A is
the contact heat-transfer coefficient, f= T — T,, T is temperature within the doubler,
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Fig. 8.45. Typical results for two footprints on a rectangular doubler.?7
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Fig. 8.46. Axisymmetric doubler model from Gluck and Young.35?

and T, is the baseplate (sink) temperature. For this problem, formulation of an

optimum doubler thickness results, beyond which unit temperature increases (Fig.
8.47), where ¥ = k¢/(2aF). This is a consequence of the combined effects of

increased spreading (which reduces the temperature rise across contact interface)
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Fig. 8.47. Dimensionless centerline temperature rise at top of doubler vs. doubler height.3

and increased doubler thermal resistance with doubler thickness. Results are gov-
erned by an inverse Biot-like group, P = k/Ab, as shown in Fig. 8.48(a). Here & is
a/b, the ratio of the heat-source radius to the doubler radius. For small values of B
heat flow tends to be columnar (no spreading), and for large values heat flow dif-
fuses radially (perfect spreading). The term F, is the average heat flux across the
cross section. Performance results are presented in Fig. 8.48(b), (c), and (d)
where ¢ and y are the centerline values at z = L. For L/b = 0.01, colummatlon is
noted for B < 1072, and nearly perfect diffusion is noted for B > 102 As L/b
increases, the columnar region dlmmlshes At L/b = 1.0 columniation and diffu-
sion are of the same order for B < 102, Flgure 8.48(e) and (f) present optimization
results. The former presents a plot of the minimum value of ,_, 1 versus B for
eight values of 3. The latter presents the values of L/b that correspond to these
minimum values.

Materials

Technological breakthroughs in the last decade have resulted in new composite
materials with thermal conductivities several times higher than that of copper,
together with low densities and coefficients of thermal expansion (CTEs) close to
those of semiconductor electronic materials. These new materials can be divided
into four classes:3-60-8:63

¢ polymer matrix composites (PMCs)

¢ metal matrix composites (MMCs)

¢ ceramic matrix composites (CMCs)

» carbon/carbon composites (CCCs)

Properties of some new composites are presented in Table 8.14 together with
properties of commonly used materials. Because composite properties are usually
anisotropic, values are given for the x, y (in the plane of the material), and z
(through the thickness) directions. One figure of merit for these materials is the
conductivity divided by the density, which gives an indication of relative weights
of doublers that are made of different materials but provide the same overall
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Table 8.14. Properties of Materials Used as Doublers

and Heat Spreaders
Thermal Relative
Matrix Reinforcementt Conductivity ~— Density Performance® CTE  Ref.

Basic Materials

Aluminum none 230 (W/m-K) 2.93(g/ 1.0 23 8.60
cm”) (ppmv/K)
AIN none 140-220 33 0.5-0.8 4.5 8.60
AlSIC none 180 — 8.64
BeO none 250 2.9 1.1 7.6 8.60
Silicon none 150 2.3 0.8 4.1 8.61
Epoxy none 1.7 1.2 0.02 54 8.61
Kovar none 17 8.3 0.03 5.9 8.61
Copper none 400 8.9 0.6 17 8.60
W-10Cu none 167 166 0.1 6.5 8.60
‘Woven carbon
fiber 1D none 350 (x) <1.85 24(x) 8.62
2D 175 (x/y) 1.2 (xy)
Pyrolytic graphite none 1200 (x/4),10(z) 2.2 6.9 (x,y), ~-1.0(x/ 8.62
(material has 0.06 () )
minimal structural 20(z)
integrity)
Annealed none 1700 (x,y), — 8.64
pyrolytic graphite 10(2)
Polymer Matrix Composites

Epoxy K1100 Carbon 300 (x/y) 1.8 2.1 ~1.1 8.61

Fiber
Polymer K1100 20 (x/y) 1.6 0.2 4-7 8.61

Discontinuous

Carbon Fiber
Polymer Matrix
Composite (PMC)

1D 600 (x) 1.65 4.6 8.62
2D 300 (x/y) 2.3
Metal Matrix Composites

Aluminum 2D Fabricl 280 (x/y) 2.3 1.5 2.8 8.60
Aluminum 3D Fiber Mat1?° 187 (), 74 (z) 2.5 0.9 (x4), 104 8.60

04 ()
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Table 8.14. Properties of Materials Used as Doublers
and Heat Spreaders (Continued)

Thermal Relative
Matrix Reinforcement? Conductivity ~ Density Performance® CTE  Ref.
Aluminum 3D Fiber Mat2b’C 226 (x/y), 178 2.3 1.2 (&), 5.5 8.60
() 1.0 (2)
Aluminum MMCC 3D-2¢ 222 (), 100 2.3 1.2 (), 5.0 8.60
() 0.5 (2)
Aluminum MMCC 3D-1°¢ 189 (wy), 136 3.1 0.8 (), 6.0 8.60
() 0.6 (z)
Aluminum K1100 Carbon 290 (x/y) 2.5 1.50%) 65 8.61
Fiber
Aluminum Si Particle 126-160(x,y,z) 1.9 0.8-1.1  6.5-13 8.61
Aluminum SiC Particle 120-170(x,y,z) 3.0 05-0.7 6.2-7.3 8.61
Beryllium Beryllia Particle  240(x,y,2) 2.6 3.0 6.1 8.61
Copper +-2SRGP 840(x), 96(y), 3.1 34(x), -11Gx) 8.60
49(z) 0.4 (), 15.5(y)
0.2 ()
Copper +-110 SRGb 703(x),91(y), 3.1 2.9 (x), -1.3(x) 8.60
70(z) 0.4 (y), 15.5(»)
03
Copper +-459SRGP  420(x), 373(y), 3.1 17(), 12(x) 8.60
87(z) L5 (), 3.6(y)
0.4 @)
Copper 0°,90, 00 415(x), 404(y), 3.1 17(), 53 860
37(2) L6(),  540)
0.2 (z)
Copper 2D Fabric2 342(x), 335(y), 5.6 0.8 (x), 27(x) 8.60
84(2) 0.8 (), 3.3(y)
0.2 (z)
Copper K1100 Carbon 400 (x%) 7.2 0.7(xy) 6.5 8.61
Fiber
Tungsten Copper 167 (x/y/z) 16.6 0.1 6.5 8.61
Molybdenum Copper 184 (x/v/7) 10.0 0.2 7.0 8.61
Aluminum Beryllium 210 (y/2) 2.1 1.3 13.9 8.61
Silver Invar 153 (y/z) 8.8 0.2 6.5 8.61
Carbon-Carbon Composites
Carbon K1100 Carbon 350 (x/y) 1.9 23(xy) -1.0 8.61

Fiber
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Table 8.14. Properties of Materials Used as Doublers
and Heat Spreaders (Continued)

Thermal Relative
Matrix Reinforcementt Conductivity  Density Performance?® CTE  Ref.
Carbon Carbon Fibers 800 (x), 50(y/z) 1.85 5.5 (x), -0.05 8.62
(in x direction) 0307 (),
Carbon Fiber 350 (x/y), 40(2) 24 (xy), 5-71()
(inx and y 0.3 (2)
directions)
Carbon Carbon Fibers 800(x), 50(z) 1.8 5.5 (x), -15@ 8.62
(in x direction) 0.3 () ),
Carbon Fiber 550(x/y), 40(2) 39, S-1(2)
(inxand y 0.3(2)
directions)

2Conductivity/density, relative to aluminum.
PMetal infiltration performed by Metal Matrix Cast Composites (MMCC) Inc.
°CTE:s for reinforced composite with continuous fibers are in-plane isotropic values.

heat-transport capability. Such a figure of merit, normalized to that of aluminum,
is given in Table 8.14.

Doublers for use under electronics boxes or as heat-conduction planes behind
circuit cards can be made of composite materlals having conductivities greater
than that of copper, with a density of 2-3 g/cm and a CTE value near to that of
silicon. These characteristics allow the design of doublers with mass, size, and
performance resulting in effective technical solutions to some heat-spreading
problems. Of course, some effort is required to match mounting interfaces
between the doubler and heat source to account for the layout of holes and insets,
contact-conductance adjustment, and so on.

A different kind of composite, pyrolytic graphite encased in aluminum, copper,
graphite epoxy, or AlSiC, is available under the trade name TC1050. This mate-
rial, properties of which are shown in Table 8.15, has been used in aircraft applica-
tions. It provides an in-plane conductivity of 1700 W/m-K and a through-thickness
conductivity of 10 W/m-K. Additional experimental work has been done with
pyrolytic graphite encased in A1SiC.3%* In an application with two heat sources of
128 W mounted on a square (15 X 15 cm) spreader of such a composite, an effec-
tive conductivity of 860 W/m-K, a CTE of 8.1 ppnv/K, and an effective density of
2.6 g/cm3 were achieved. A similar disk-shaped doubler (diameter about 10 cm)
had effective conductivities of 740 W/m-K (x/y) and 360 W/m-K (z) with a CTE of
8.1 ppnvK and an effective density of 2.6 g/cm3. Some spacecraft programs have
been hesitant to use encased pyrolytic graphite because of concerns that in-plane
cleavage of the graphite could reduce through-thickness conductivity. Proper design,
however, can minimize this risk.

Thermal Doubler/Heat-Pipe Synergy

Another way to further improve the efficiency of a doubler is to exploit the very
high conductance of a heat pipe to spread heat over the doubler’s surface. The heat
pipe can be manufactured as a “flat plate:,”8'65’8'66 replacing the doubler structure
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Table 8.15. Encapsulated Graphite Properties

Case Core Thermal Relative
Material Material Conductivity — Density  Performance®  CTE Ref.
AlSiC Annealed  740(x,y) W/ 2.6 g/cm3 36 (xy) 6.8 ppm/K 8.64
pyrolytic m-K
graphite
Aluminum Pyrolytic 1700(x,y), <2.8 (unless 7.7 (x,y), -1to24, 8.63
6061, OFHC graphite 10(z) copper casing 0.05 (z) depending
copper, graphite used) on
fiber/Polymer, encapsulant
or AlSiC

2Conductivity/density, refative to aluminum.

entirely, or as a conventional cylindrical pipe that can supplement the doubler by
virtue of very high longitudinal conductance along the heat pipe’s axis. To illus-
trate the synergy of heat-pipe/doubler combinations, parametric studies were per-
formed using the configuration and boundary conditions of Fig. 8.45 as the
baseline case. The four configurations studied were (Fig. 8.49): (1) the baseline
case with a doubler conductivity of 220 W/m-K; (2) a case in which the conductiv-
ity of the doubler was increased to 1000 W/m-K; (3) a case where the doubler is a
flat-plate heat pipe (inner heat-transfer coefficient is 2000W/m? -K); and (4) a
study where a heat pipe with a 1-cm width was embedded in the doubler material.
Temperatures on the doubler external side, predicted by finite-element analysis,
are plotted against x-axis position in Fig. 8.49. The figure shows that configura-
tions (2), (3), and (4) reduce the maximum temperature by more than 40°C. The
most effective configuration is the flat-plate heat pipe, case (3), which produces a
nearly uniform temperature over the doubler surface.

Combined Thermal and Structural Analysis

An example of a combined thermal and structural analy51s was previously dis-
cussed with regard to the work of Roca and Mikic. 8.28,8.29 More recently, finite-
element codes have been used to conduct such analyses. Layton8 68 conducted a
thermal/structural study of a traveling wave tube (TWT) using ABACUS and
NASTRAN, with PATRAN used for graphical display. As part of that analysis,
local heat-transfer coefficients were determined between the TWT baseplate and
the cold plate to which it was mounted. Fastening was accomplished by the use of
two screws through a flange on one side of the TWT. Both surfaces were assumed
to be perfectly ﬂat and smooth. Computed pressure profiles and heat-transfer coef-
ficients (W/cm?-K) are shown in Figs. 8.50(a) and (b). The highest pressures are
observed nearest each of the bolts, while pressure decreases to nearly zero at some
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Fig. 8.49. Comparison of several doubler-heat pipe configurations/technologies: (a)
schematics of doubler-heat pipe with two heat sources, A and B; (b) temperature pro-
files along x-axis for design variants 1, 2, 3, 4.

distance away. Layton characterized the local heat-transfer coefficient as a func-
tion of pressure from the work of Swartz%24 (Fig. 8.11) and others. He used the
integration method of Goit®® and a multivariable interpolation routine to deter-
mine from the pressure profile average heat-transfer coefficients for each element.
Welch and Hamada®7? have compared heat-transfer coefficients using ABACUS
finite-element analysis with those determined from finite-difference analysis and
from experimental results. The basis for the comparison was the study by Welch
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(a) Pressure profiles

0.0730.07110.0740.070(0.067 {0.07010.074 | 0.07010.069,0.065|0.065

0.149/0.1590.0760.078|0.076|0.070{0.143|0.1370.070}0.070|0.065

0841 1.12 0.79 | 0.66
(b) Local heat-transfer
0.47 {0.082|0.083| 0.22 coefficients
1.00 | 1.17 0.80 | 0.64 (W/em2K)

Fig. 8.50. Finite-element thermal/structural analysis result from Layton.g“58

and Ruttner®#! as reported here (Figs. 8.23 and 8.30; Tables 8.8, 8.12, and 8.13).
Figure 8.51 shows pressure profiles for a preloaded (torque applied to screws)
plate at amblent temperature Welch and Hamada analytically confirmed the previ-
ously noted342:843 effect of plate temperature on a bolted-joint heat-transfer coef-
ficient. As expected, the different CTEs of the aluminum alloy plates and
stainless-steel screws increased or decreased contact pressure as plate temperature
was, respectively, above or below ambient temperature. At the lowest torque used,
1.13 N-m, the predicted contact pressure was 393, 1965, and 3378 kN/m? for tem-
peratures of ~34°C, ambient, and 71°C.

Heat-transfer coefficients in the screw region differed greatly depending upon
whether they were determined from finite-element analysis, finite-difference analy-
sis, or test data. They were greatest from finite-element analysis and least from test
data, with the difference as much as a factor of 15. However, these differences were
largely a result of the different contact-region area used in the three methods. The
finite-element analysis, which arguably uses the most correct contact area (because
the area is determined from pressure profiles), used the smallest contact area—
roughly three times the screw diameter. The test data was reduced using “region”
areas—relatively large (and unverifiable) contact areas. A fairer comparison of the
finite-element and finite-difference analyses is based on conductance (heat-transfer
coefficient multiplied by the applicable area for each analytic or data-reduction
method). The conductances so obtained showed relatively good agreement.
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Fig. 8.51. Pressure profiles in kN/m? (kPa) for preloaded plates at ambient pres-

sure.37® (Reprinted with permission from SAE Paper No. 961504 © 1996 Society of
Automotive Engineers, Inc.)

Mechanically Compliant Joints

In general, joints provide a mechanical attachment and a thermal path with spe-
cific heat-flow and temperature requirements. In many cases the thermal path must
have mechanical flexibility to connect in three dimensions to coupling points or
surfaces; such thermal paths may also require high thermal conductance with min-
imal mechanical loads and torque on the device. Such flexible or compliant joints
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are often used to provide vibration isolation, relieve stress caused by CTE mis-
matches, or accommodate sliding applications. They are often found in CCD
modules, heat-storage modules, and sensors and focal-plane assemblies for optical
cameras and telescopes. These compliant thermal paths can be manufactured from
a variety of high-conductivity materials such as copper, aluminum, beryllium, sil-
ver, or carbon fibers. The choice of material is dictated by thermal conductivity,
geometrical flexibility, and workability of the soldering/welding/gluing process.
Properties of candidate materials are presented in Table 8.16.

Flexible Straps

A typical flexible thermal strap consists of flexible strips, cable braid, or several
braids in parallel, with lugs at each end for attachment. One of these attachments
can be to a device sensitive to mechanical loads. In Fig. 8.52 is the flexible strap
used in the VEGA Project®>%%73 (Soviet Union, 1986), which connected a CCD
matrix cooling finger with a heat pipe. This thermal strap conducted 0.5 to 1.0 W
with an overall resistance of 14°C/W. It had a mass of 40 g, a length of 120 mm
(the length of the flexible part was 80 mm), an external-braid diameter of 8 mm, a
180-deg bend capability, a force to bend 90 deg of 2 N, and a twist range along
longitudinal axes of 20 deg.

Figure 8.53 presents two variants of flexible interfaces having an overall thermal
resistance of 0.7°C/W and intended for heat transfer at higher power (up to 10 W). The
heat-absorbing flange is attached to the device being cooled, and the heat-removal
flange is connected to the cooling system. The variant on the right is characterized by

Table 8.16. * Typical Properties of Materials for Fabrication of

Flexible Thermal Straps&”'s”4
Heat
Conductivity Capacity Strap
Density (W/m-Kat (J/kgKat Enlongation/ Resistance/
(kg/m3 at -100and -100and Typical narrowing mass®
Material 20°C) 20°C) 20°C) Forms (%) [(K/W)/g]
Copper 8920 413/398 340/385  fibers, 53/46 2.5/90
strands,  74/65
strips
Aluminum, 2700 220/218 500/885  strips 43/44 4.5/27
>99.75% pure 84/90
Beryllium 1840 —/157 —/1674  strips - 6.5/19
Silver 10,493 389/376 219/230  strips - 2.4/100
Amoco P100 2160 —/550 —/—  strands, 1.8/22
carbon fiber strips

3© 1999 American Institute of Aeronautics and Astronautics, Inc. Reprinted with permission.
bCalculated values for a 10-cm-long strap with an effective cross section 1 cm?, without end clamps.
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Fig. 8.52. Photo of flexible strap: (1), (2) connectors; (3) flexible copper braid 3-50.8.75

brazing of the braid strap to the cooling-system heat pipe to minimize the overall
thermal resistance.®7% This design, which has a mass of about 60 g and distance
between heat-exchanging surfaces of 25 mm, consists of 32 braids, each with a 3-
mm diameter. The movement of the heat-absorbing flange is +£5 mm, and the
allowable rotation along the longitudinal axis is about 20 deg. An important note
is that the seepage of liquid solder into the gaps between fibers must be prevented
during manufacture in order to assure flexibility.

The thermal resistance, R, of a flexible strap can be estimated based on the one-
dimension conduction equation:

R= AL*1/(A*k), (8.32)
where AL is the measured length of the braid, 1 is a coefficient relating the real

heat-transfer length of threads with AL, A is the area, and k is the thermal conduc-
tivity. The coefficient, 11, should be defined experimentally.

Device Heat-absorbing

. (hot) side flange Cooling line
contact ! Hot-side flange
. i Flexible
Y mgﬁl‘j%lgrs straps brazed
to cooling
Flange system

Cold side

-

(@) (b)

Fig. 8.53. Two variants of flexible interfaces.376 (Courtesy of National Technical Uni-
versity of Ukraine NTUU, formerly Kyiv Polytechnic Institute).



306 Mountings and Interfaces

Figure 8.54 shows two examples of cascaded flexible heat-transfer strapsg'77
with a thermal resistance of about 3°C/W. The schematic drawing shows the two
flexible straps in series fabricated as copper braids and copper strips, while in the
photo only the copper braids can be seen. With these straps, the optical device is
controlled over the narrow temperature band of 7 to 17°C. The use of a solid stiff
thermal interface in this case was unacceptable because of the inability to adjust
the focal-plane location relative to the optics.

Some other thermal-strap variants, developed by Dornier GmbH (Germany) for
the Mars 94/96 mission, are presented in Fig. 8.55.878 Variant (a) enabled easy
joining of the front-end focal-plane electronics with a heat sink over a distance of
about 100 mm. This variant had a heat-transport capacity of several watts. Variant
{(b) was intended for higher-power heat transfer over a distance of 120 mm.

Gap Fillers

The mounting of some electronic devices results in large gaps. A special class of
interface fillers has been developed for such mountings (Fig. 8.56). Known as gap
fillers, they are very soft and compressible. Alfatec GmbH provides gap fillers
made of ceramically loaded elastomers in their KERATHERM Softtherm product
line. A generic analysis&79 has shown that thermal resistance of such elastomers
reaches minimal values at pressures of 2.1 to 3.4 MPa. At lower pressures, 0.07 to
0.35 MPa, the thermal resistance is three times as much. The Bergquest
Companyg'80 gives the range of gap-filler thicknesses as 0.51 to 4.1 mm, conduc-
tivit}é as 0.8 W/mK, and thermal resistance of a 2.5-mm-thick pad as 0.0032
K-m*“/W at a pressure of 0.069 MPa.

Flexible straps welded as
copper interface braids

Flexible straps
as copper strips

Welded interface
to heat pipe

Fig. 8.54. Cascaded flexible thermal interfaces in WAOSS camera.37’ (Courtesy of
DLR)
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Heat absorbed
flange
Flexible braids
4
o P Heat removal flange
- Hest =ink

Fig. 8.55. Variant of extremely flexible strap, DLR/Dornier GmbH (now part of
Astrium).38 (Courtesy of DLR)

Thermal shield

PC plate Electronic component

Fig. 8.56. Schematic of conformable pad application for cooling of microelectronics.

Carbon-Velvet Gaskets

Another type of flexible joint is provided by the carbon-velvet thermal interface
gaskets under development by Energy Science Laboratories, Inc. (ESLI)®3! These
gaskets have not yet been used in space applications. They are made of a soft vel-
vet consisting of numerous carbon fibers aligned perpendicularly to the substrate
and anchored in a thin layer of adhesive (Fig. 8.57). The velvets are fabricated by
precision-cutting continuous tows of carbon fiber and electrostatically “flocking”
the fibers into uncured adhesive. Fiber diameter, length, and packing fraction typi-
cally vary from 5 to 12 pm, 0.25 to 3 mm, and 0.1 to 24%, respectively. Two vel-
vets can be meshed together (like the surfaces in Velcro) to create a compliant
joint between planar or curved surfaces. Various types of tailoring can improve
this gasket’s range of applicability.

Engineers must trade off the thermal and mechanical performance of the ESLI
gasket. Highest thermal conductivity occurs with short, stiff velvets, while great-
est compliance occurs with long, low-modulus velvets of low thermal conductiv-
ity. Table 8.17 shows the properties of three velvets as given by ESLI, with the
most conductive, least compliant specimen in the top row, and the least conduc-
tive, most compliant specimen in the bottom row.
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Fig. 8.57. SEM of ESLI®*®! carbon-fiber velvet in vinyl substrate. Fibers are ~1 mm
long. (© 2001 American Institute of Aeronautics and Astronautics, Inc. Reprinted with
permission.)

Figure 8.58 shows the overall conductance of the intermediate spemmen of
Table 8.17 as measured in air by ESLI. The maximum value of 700 W/m?K is a
factor of two less than that given in the table. In vacuum, the overall conductance
is expected to be less than 300 W/m?K.

800 [ ,
700 -
600

500 —

Vel-Therm J60G-M4 (cs7-150)
Dry thermal conductance in sliding

Thermal conductance (W/m2.K)

200 l ; | 1
0.0 0.2 0.4 0.6 0.8 1.0

Compression (mm}

Fig. 8.58. Heat-transfer coefficient of intermediate test specimen of Table 8.16, as a

function of compression and decompression.s'81 (© 2001 American Institute of Aeronau-
tics and Astronautics, Inc. Reprinted with permission.)
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Table 8.17. Properties of Selected Carbon-Fiber Velvets®81

Velvet
Critical Velvet Velvet
Fiber Fiber Packing  Fiber Fiber Buckling Thermal  Thermal
Length Diam Fraction Conductivity Modulus ~ Stress  Conductivity Conductance
Fiber (mm) (pm) (%) (W/m:K) (GPa) (Pa) (WmK) (W/m*K)

A20 0.5 10 10 1000 896 5.52x 10° 100 15,500
J60 1.5 7 3 100to200 434 34,500 3t06 1550
F100 2.5 6 2 20 234 4140 0.4 155

Figure 8.59 shows the overall thermal conductance for three pitch fiber velvets
as measured in air by ESLI. The fibers were applied directly into the thermally
loaded adhesive spread onto the lower aluminum bar. Much of the heat is con-
ducted from the fiber to aluminum through air, which has a low thermal conduc-
tivity. Conductance improves with pressure and by biasing the fibers at an angle or
by lapping the fiber tips so they are all the same height. Overall conductance val-
ues approaching 12,000 W/m?K can be achieved in air by encapsulating the fibers
in silicone gel.

While high thermal conductance can be achieved in some configurations by spe-
cial measures, the most compelling applications of the carbon-velvet thermal-
interface gaskets are expected to involve low-to-moderate conductance with the
ability to accommodate sliding interfaces, applications with large or uneven gaps,

Single-brush configuration:

1.52 itch, ips in ai
4000 | 5 mmrpl dry tlp!s in air
3500 —® Lappedto 1.14 mm |
—+— Biased to 1.02 mm
3000 ™ Straight ]
<
~ 2500 —
£
2 2000 _
L
1500 —
1000 —
500 | | |

0 5 10 15 20
Pressure (kPa)

Fig. 8.59. Heat-transfer coefficient plotted against pressure for three pitch carbon-
fiber velvets.381 (© 2001 American Institute of Aeronautics and Astronautics, Inc.,
Reprinted with permission.)
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and vibration isolation. An extremely important note is that this material can shed
electrically conductive carbon fibers and should therefore be used only in applica-
tions where the fibers can be contained. Stray fibers in electrical connectors, elec-
tronics boxes, or moving mechanical assemblies can cause electrical shorts or
mechanical jamming.

Thermal Isolation

Thermal isolators limit conductive heat transfer through a mechanical connection
and provide temperature gradients between elements of a component. Typical
applications include solar-panel and propellant-line supports, isolation under the
mounting feet of instruments, coolant transport line and radiator isolation, battery
mounting, and hydrazine-thruster catalyst-bed supports. Isolators can also be used
to thermally decouple the spacecraft body from heat-storage units and optical
devices, such as baffles and lenses.

These isolators can be made of a wide variety of low-conductivity materials,
including fiberglass, stainless steel, titanium, and plastics. The choice of material
is dictated by the conductivity, temperature range, thermal expansion, and
mechanical properties required for the particular application. Properties of candi-
date isolator materials are presented in Table 8.18.

Table 8.18.2 Typical Properties of Materials for Isolating Supports®-82-8:85

Coeff. of Thermal
Young’s Thermal Thermal Resistance of

Density Modulus Strength Expansion Conductivity ~ Column®

Material  (kg/m®) (GPa)  (MPa) (um/m/K) (W/mK)  (K/'W)

Titanium alloy 4400 110 825° 94 6-8 125-170

Ti-6A1-4V

Stainless steel 7800 193 170° 17.2 12-16 60-80

304L

Graphite epoxy 1580  190¢  525%f -0.54 53d 18.94

(Generic) ge  60%f 29° 2¢ 500°

Polyether- 1320 3.6 92° 47 0.25 4000

etherketone

(PEEK)

Fiberglass- 2000 — 900f — <1-2  >500-1000

epoxy

(CCO-BL)

S-glass epoxy 1860 54 1450f 10.84 0.42 2380
36°

4© 2001 American Institute of Aeronautics and Astronautics. Reprinted with permission.
YCalculated value for sample column with height 10 cm and cross section 1 cm?

®Yield strength

9 ongitudinal

®Transverse

fUltimate strength
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In the design of a thermal isolator that supports a significant mass, the efforts of
thermal engineers should be coordinated with those of mechanical and structural
designers. The idealized thermal requirements of minimum cross-sectional area
and maximum length are generally the opposite of what is needed for structural
stability. A typical simple isolator, shown in Fig. 8.60, includes isolation both
between the components being bolted together and under the bolt head and nut to
avoid a thermal “short” through the bolt. Contact resistances at the interfaces are
generally ignored because they are small compared to the resistance through the
isolator material itself. The resistance down the bolt can be increased by using
titanium or, for very small devices, plastic bolts. In addition, the isolators should
have a “lip” to prevent the bolt from shifting under launch vibration and contact-
ing the isolated component. This type of isolator requires careful control of toler-
ances on hole diameters and locations so that all the pieces come together without
interference for all of the “feet” on the device.

Additional thermal-isolator designs, verified in spaceflight applications, are pre-
sented in Fig. 8.61. The stralghtforward approach to reahzlng high thermal resis-
tance via fiberglass rods is illustrated in Fig. 8. 61(a).® 508 By proper choice of
rod height and diameter, a 2-kg mass was supported by four rod assemblies having
an overall resistance greater than 400 K/W in this particular design. For heavier
devices, with masses between 5 and 20 kg, rods long enough to meet thermal-iso-
lation requirements will often not have sufficient structural strength to withstand
launch vibration loads. In such cases, solid rods may be replaced with larger-
diameter hollow tubes that have the same conductive cross-sectional area but are
much stronger. Figure 8.61(b) shows an example of an instrument supported on
six fiberglass tubes that achieved a thermal isolation of 218 K/W. Another alterna-
tive means of achieving thermal isolation is to use a conical tube to reduce the
effective cross section and required standoff height. In one application, 8.86 illus-
trated in Fig. 8.61(c), four fiberglass/epoxy conical standoffs (total mass 0.1 kg)
supported a mass of 8.4 kg; thermal resistance greater than 300 K/W was achieved.

M6
6-mm washer

End isolator

Center isolator

End isolator
6-mm washer

M&6 self-locking

Fig. 8.60. Thermal isolation at bolted-joint interface.
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6 G-10 struts

()

Fig. 8.61. Designs of thermal isolating standoffs. (a) Fiberglass rod. Courtesy of NTUU
(KPI); (b) Courtesy NASA/JPL; (c) Courtesy of DLR.

The design can resist static loads of 3.5 kN in tension and 10 kN in compression.
Devices heavier than 20 kg often do not require supports with very high thermal
resistance because heat leaks through MLI and cables may dominate the thermal
balance. In this regime, diverse support designs, having typical values of thermal
resistance of 50 to 400 K/W, can be applied. One such design, presented in Fig. 8.62,
increases the heat-transfer length between closely spaced plates through the use of

S/C mounting plate

Devices mounting plate

Thin-wall titanium cones

Conjunction of cones
(screws or similar)

Fig. 8.62. Low-conductance support design using embedded titanium cones.
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embedded cones. This design was used by DLR/Dornier GmbH for the high-reso-
lution stereo camera flown on the Russian Mars 94/96 mission.?

Low-conductance mechanical attachment of large-area units such as solar arrays
can be accomplished without the use of local standoffs like those discussed above.
A schematic of a solar array attached to the Champ spacecraft with an open-cell
Kapton foam®38 is presented in Fig. 8.63. In this design, the Kapton foam is glued
to the honeycomb-panel satellite structure and covered with a graphite-epoxy
facesheet to which the solar cells are attached. The thermal resistance of this isola-
tion was not reported, although the response of the inner honeycomb panel to a
solar-cell temperature range of —120 to +120°C was only 20°C.

Composite and Polymeric Interfaces

Modern spacecraft are making greater use of composite and nonmetallic materials
for weight saving and CTE reduction, and in some cases for thermal conductivity
and strength enhancement. Not much information has been published on joints
made of these materials. What is available concerns uniformly applied pressure,
not joints that use bolts or screws.

Rhoads and Moses®®° studied carbon fiber/epoxy resin composites in air. Sam-
ples had unidirectional continuous fibers oriented at O and 90 deg to the heat flow,
with 0/0, 90/90, and 0/90 pairs investigated. Pressure was varied from 200 to 500
kPa. Best conductance was obtained with the 0/0 deg pa1r although heat-transfer
coefficients changed greatly (from 1000 to 3200 W/m?K) as the samples were
rotated 15 deg with respect to each other between tests. Results were poor with the
90/90 and 0/90 pairs with heat-transfer coefficient varying from 200 to 800 W/
m%K. The effect of pressure was very small for the 90/90 and 0/90 pairs, the 0/0
pair showing a slight increase with pressure. The authors attribute the better per-
formance of the 0/0 pair, where the fibers are perpendicular to the contact surface,
to the proximity of fiber ends at the contact surface. They attribute the variability
to the change in relative fiber position at the contact surface resulting from the dif-
ferential rotation of the samples between tests. They believe the poor performance
of the 90/90 and 0/90 pairs was a result of the insulating effect of the resin, and the
low transverse thermal conductivity of the carbon fibers that are parallel to the
contact surface for the 90-deg samples.

The other relevant studles are all by the group at Texas A&M Un1vers1ty led by
L. S. Fletcher.3-90-893 These studies all had mixed interfaces—a metal in contact
with a composite or a polymer. Mirmira et al.3% studied contact conductance of
discontinuous and misoriented graphite fiber-reinforced composites at temperatures
of 20 and 60°C over pressures from 172 to 1720 kPa. Three different fiber types

Kapton foam, CCE———————J~—_ Solar cells

e

Fig. 8.63. Mechanical/thermal interface for spacecraft solar arrays.s’88
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(Amoco supplied DKEX and DKAX, and Mitsubishi supplied K22XX) and three
fiber-volume fractions (55, 65, and 75%) in a cyanate-ester matrix were studied.
Composites so formed were in contact with an alummum 6061-T6 surface. Heat-
transfer coefficients varied from 100 to 1150 W/m?K, with temperature having
little influence. Results were correlated by the empirical equation

(htV o/ k)1 3= 3.03(P/H . ;)00703, (8.33)
which, when solved directly for heat-transfer coefficient, yields
h= 28.0(k,/tV ;)(P/H )02, (8.34)

The harmonic-mean thermal conductivity and hardness are based on fiber and
matrix. The properties of the aluminum surface do not enter into the correlation.

Mirmira and Fletcher®®! tested a variety of fiber-resin formulations and config-
urations as described in Tables 8.19 and 8.20. The mating surface in this case was
that of an electrolytic iron heat-flux meter. Heat-transfer coefficients as a function
of pressure are shown in Fig. 8.64. The three neat (pure) resins have the lowest

Table 8.19. Characteristics of Cured Carbon and Glass Fiber-Reinforced Composites®

Fiber Volume

Sample Number, Resin Fiber Weave Orientation (%)
Resin 1 none none Neat resin 0
(amine-cured epoxy)
Resin 2 none none Neat resin 0
(amine-cured epoxy)
1, resin 1 M7 Plain weave [0] 51.3
2, resin 1 E-glass Style 7781 [(0/90)] 50.5
3, resin 1 AS4 Plain weave [0] 58.0
4, resin 1 Carbon Uniweave [0] 50.7
5,resin 1 AS4 5 harness satin  [0] 51.1
6, resin 1 E-glass Style 7781 [(0/90)] 49.7
7, resin 1 AS4 5 harness satin ~ [(0/90)] 48.5
8, resin 2 E-glass Style 7781 [(0/90)] 50.5
9, resin 2 Carbon Uniweave [0] 47.3
10, resin 2 M7 Uniweave [0] 52.1
11, resin 2 AS4 Uniweave [0] 57.1
12, resin 2 M7 Uniweave [0] 62.1
13, resin 2 AS4 Plain weave [(0/90)] 52.3
14, resin 2 E-glass Uniweave [(0/90)] 47.0

© 1996 American Institute of Aeronautics and Astronautics, Inc. Reprinted by permission.
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Table 8.20. Characteristics of Cured Pitch

Graphite Fiber-Reinforced Composites

Thermal
Conductivity,
Manufacturer of Parallel to Axis Fiber Volume
Sample Number, Resin Fiber Fiber (W/m-K) (%)

Resin 3 (cyanate ester) none — — 0
15, resin 3 DKAX Amoco 900 55
15, resin 3 DKAX — — 65
15, resin 3 DKEX — 617 55
15, resin 3 DKEX — — 65
15, resin 3 K22XX Mitsubishi 600 55
15, resin 3 K22XX — — 65

O Resin 1 (amine-cured epoxy) "k Resin 2 (amine-cured epoxy)

[0 Sample 1 (resin 1+IM7, V;=51.3) V¥ Sample 8 (resin 2+E-glass, Vi = 50.5)

@ Sampie 2 (resin 1+E-glass, Vi = 50.5) B Sample 9 (resin 2+S-glass, V; = 47.3)

A Sample 3 (resin 3+AS4, V; = 58.0) X Sample 10 (resin 2+IM7, V; = 52.1)

V Sample 4 (resin 1+IM7,V;=50.7) X Sample 11 (resin 2+A84, Vy=57.1)

¢ Sample 5 (resin 1+AS4, V;=51.1) * Sample 12 (resin 2+AS4, V; = 62.1)

A Sample 6 (resin 1+E-glass, V= 49.7) & Sample 13 (resin 2+AS4, V; = 52.3)

+ Sample 7 (resin 1+AS4, Vi = 48.5) 4 Sample 14 (resin 1+E-glass, V= 47.0)

= = = DKA X (resin 3, Vy = 55%, T = 20°C)
— — DKE X (resin 3, V; = 55%, T = 20°C)
== ==K22XX (resin 3, Vy = 55%, T = 20°C)

1000

- — = DKA X (resin 3, V; = 65%, T = 20°C)
= - -—DKE X (resin 3, V; = 65%, T = 20°C)
K22XX (resin 3, Vi = 65%, T = 20°C)
Resin 3 (cyanate ester)

Thermal control conductance (W/m2-K)

—

100 — —

S e — — = — & —&
o m—— ¥ ¥ - R—

| i L | |

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Apparent interface pressure (kPa)

Fig. 8.64. Heat-transfer coefficient of composites as a function of apparent interface

pressure.®
permission.)

1 (© 1999 American Institute of Aeronautics and Astronautics. Reprinted with
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coefficients (30 to 75 W/m?K), each independent of pressure. The heat-transfer
coefficients for the composites of the amine-cured epoxy resins (resins 1 and 2)
are invariant with pressure. The authors attribute this to absence of sample thin-
ning with pressure. The p1tch graphite resin composites have moderately hlgh
coefficients (110 to 710 W/m?-K) at 180 kPa pressure, with coefficients increasing
to 200-1050 W/m*K as pressure increases to 1700 kPa. Mirmira and Fletcher
attribute this to the observed sample thinning and reduction in interface resistance
between fiber and matrlx with pressure.

Marotta and Fletcher®9? studied the contact conductance of thermosetting and
thermoplastic polymers: ABS, Delrin, Teflon, Nylon 6,6, LE phenolic, polycar-
bonate, UHMW polyethylene, polypropylene, and polyvinyl chloride. The mating
surface was aluminum 6061-T6. Results are shown in Fig. 8.65. UHMW polyeth-
ylene showed the highest heat-transfer coefficients; both UHMW polyethylene
and polycarbonate showed an increase in coefficient with temperature Results
were compared to the Cooper-Mikic-Yovanovich (CMY) plastic model®# in Fig.
8.66. Here kg is the harmonic-mean thermal conductivity of the polymer and Al
6061, H is the microcontact hardness of the softer of the mating materials, and s/m

2100 I [ [
—O— Nylon |
1 890 [ eeeens Joosees p°|ycarbonate
- =/ - Polyethylene
-==(==-- Teflon
1680 - s — (g phenolic A =D
N c-—-- ABS .-
< —=-+k—- Polypropylene -7
o 1470— - - Delrin A -7 N
§ - X -- Polyviny! chloride - K
< 1260} |
Q
c
o
B 1050{— B
3
°
c
8 840~ B
s
8
S 630/ B
&)
420 B
210 B
0 | | 1 | 1 | | I I

0 300 600 900 1200 1500 1800 2100 2400 2700 3000
Interface pressure (kPa)

Fig. 8.65. Heat-transfer coefficient of polymers as a function of apparent interface
pressure 392
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102

hgs/m K

hp =

— Plastic model (CMY)

s/m = 9.34 Delrin

s/m = 9.10 Phenolic

s/m = 8.70 Polyethylene

s/m = 8.33 Teflon

s/m = 7.52 Polypropylene
s/m = 6.45 ABS

s/m = 6.25 Polycarbonate
s/m = 5.46 Nylon 6.6 N
s/m =3.85 PVC

104 1 ¢ 1 ! | 1 i ] ]
103 102 10-1
P/H,

10-3—

dpReoeo<{>OO0

Fig. 8.66. Comparison of dimensionless contact heat-transfer coefficient for various

polymers with CMY34 plastic model.$92 (©1996 American Institute of Aeronautics and
Astronautics, Inc. Reprinted by permission.)

in the legend is rms roughness divided by asperity slope with units um. For the
various polymers the plot of dimensionless heat-transfer coefficient against
dimensionless pressure shows slopes much lower than that of the CMY model.
Marotta and Fletcher attnbute this difference to the softness of the polymers.

Lambert and Fletcher®? determined heat-transfer coefficients for bare and elec-
troplated silver-coated continuous-K1100-graphite reinforced aluminum 6063 in
contact with aluminum A356-T61 at 20, 60, and 100°C. The silver coating is
needed in marine or corrosive environments to prevent galvanic corrosion. For a
pressure at 180 to 3000 kPa, heat-transfer coefficients for the former pair varied
from 750 to 23,000 W/m-K, and for the latter pair they varied from 1000 to 4400
W/m-K.
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Bearing Conduction

Conductance across bearings is one of the most uncertain parameters in spacecraft
thermal analysis. The large dependence of the conductivity upon factors such as
bearing design, speed, lubricant type and quantity, load, and temperature gradients
from inner to outer race make identifying “generic” conductivities for bearings
impossible.

The bearing cross section shown in Fig. 8.67 illustrates the conduction mecha-
nisms for a ball bearing in vacuum. A conduction path runs through the ball/race
contact regions as well as through the lubricant. The contact conductance is
affected by lubrication and the load, which is itself driven by preload, gravity
effects, speeds, and temperature differences between the races. The conduction
through the lubricant is complex and highly dependent upon the type and amount
of lubricant and the rotational speed. Figures 8.68 through 8.70 contain measured

_.— Outer race

Inner race/

Fig. 8.67. Bearing cross section.
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Fig. 8.68. Mean conductance as a function of load for lead-lubricated, nonrotating 42-
mm O/D bearing.""94
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Fig. 8.69. Conductance versus speed for 42-mm O/D lead-lubricated bearing.s'94
Load =20 N; T; = 40°C; T, = 20°C.
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Fig. 8.70. Conductance as a function of load for nonrotating 16-mm O/D bearing.s'94

data for a particular set of be:arings,8 94 which illustrate the considerable effect of
some of these factors on bearing conductance. The reader may wish to consult
Yovanovich®®* for additional discussions on this subject. Other reports and
pape:rs8 95:8.96 have discussed the theoretical and experimental evaluation of the
factors affecting bearing conduction.

Despite the considerable research done in this area, a generalized set of conduc-
tion values for thermal analysis involvin gggbearmgs cannot be provided. The ana-
lyst has the options of performing tests to measure the conductivities of
the bearings in question, or bounding the problem by looking at a wide range of
conductance values. Any test must accurately simulate the lubrication, load, speed,

vacuum-temperature ranges, and gradients expected in flight, while ensuring that
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any gravity effects are accounted for. If a bounding analysis is conducted, a suit-
ably wide range of conductances must be considered, e.g., from zero to a fairly
high contact conductance across the entire area of the races. If the analysis shows
a considerable sensitivity to bearing conductance, test measurements on the bear-
ings early in the program are recommended. Do not rely on system-level thermal
tests that may not provide the right conditions and that will usually occur too late
in the program for practical design changes.

Classical Contact-Conductance References from the Former USSR

Considerable work was performed in the former USSR in the ﬁeld of contact-con-
ductance heat transfer. Two references are particularly useful. 8.97.8.98 Popov™
presents a survey of experimental and theoretical work on contact heat exchange,
with description of physical and mechanical interaction in the contacting zone of
solid bodies. A special chapter of the work is devoted to analysis of contact heat
exchange for flat surfaces, for surfaces with waviness and macroroughness, and
for surfaces in contact at high static pressure loading (109 literature sources). The
author depicts methods of experimental study of thermal contact and includes a
section with original data. The essential part of the book is devoted to analysis of
experimental data for contact of flat surfaces under initial and sequent loading;
nonsteady heat transfer; and the influences of waviness, roughness, time of load-
ing, and oxide layer. Also contained within are recommendations for regulating
contact conductance (in particular, with the use of glues) and practical examples
of technical solutions.

Shlykov et al 898 analyze steady and unsteady methods of thermal-contact
experimentation. They present a vast survey of experimental and theoretical works
on contact heat exchange (175 sources) including heat contact transfer in nuclear
technology, energy converters, cryogenic technology, and electronics. One chapter
of this work presents a theoretical model of contact conductance with different
boundary conditions. The correlations obtained have been adapted to conditions
of real contact: contact of rough bodies, conductivity via gas gap, and conductivity
in the contact zone. The authors have proposed a generalized equation for contact
heat exchange that complies well with experiments.

Nomenclature
a contact radius; outer radius in Roca and Mikic mechanical model; heat-
flux radius at top of doubler, Gluck and Young (m)
A area (mz)
Ap area of contact region near bolt or screw (m?)
Ay area divided by number of bolts or screws (m2)
b component radius; doubler radius, Gluck and Young (m)
C conductance (W/K)
Cy bolt region conductance (W/K)
CCD charge-coupled device

CTE coefficient of thermal expansion (K‘l)
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height of waviness represented as spherical crown; gas gap between
parallel plates; distance between bolt centers (m)

normalized distance between bolt centers, d* = d/(2rg)
bolt-shaft diameter (m)

Deutsches Zentrum fiir Luft- und Raumfahrt e.V. /German Aerospace
Center

elastic modulus; effective elastic modulus, Roca and Mikic (N/mz)
effective elastic modulus (N/m?), E' = [(1-v;2/E; + (1-0,2)/E,] !

factor from Song representing Integral mode] of Yovanovich, f=0.304/
[(Ry/O)(1+M/R},)] - 2.29/[(R,/0)(1+M/R, )]

heat flux (W/ml5
average heat flux through doubler, Gluck and Young (W/m?)
heat flux over radius, a, at top of doubler, Gluck and Young (W/m?)

d1mens1on1ess heat flux, Ayres etal., F*=(FRgRy/kg) (Ex/Hg) B/
Bo) [0.5(1 + Pagyy/ Py )?

dimensionless gap resistance, G =k

heat-transfer coefficient (W/m2~K)

bolt region heat-transfer coefficient, Bevans et al. (W/mz-K)
contact region heat-transfer coefficient, Roca and Mikic (W/mz-K)
plate region heat-transfer coefficient, Bevans ez al. (W/mz-K)

linear radiation heat-transfer coefficient, Bobco and Starkovs (W/m2 K)
dimensionless heat-transfer coefficient, Ayres et al., h* = hGglkgmg
bulk hardness (N/mz)

microcontact hardness (N/mz)

nucrocontact hardness, harmonic mean of fiber and matrix, Mirmira et al.
(N/m )

macrocontact hardness (N/mz)

geometric term, Bevans ez al., I = 1‘102 - 1‘104/4 —InMmo) - 3/4

thermal conductivity; harmonic-mean thermal conductivity, Roca and
Mikic (W/m-K)

harmonic-mean thermal conductivity (W/m-K), kj, = 2k k,/(1/k{ + 1/k;)
harmonic-mean thermal conductivity, Cooper-Mikic-Yovanovich model
(W/m-K)

Knudsen number, Kn = A/d

Kyiv Polytechnic Institute, Ukraine

length in x direction, Bobco and Starkovs (m)

length; doubler height, Gluck and Young (m)

combined mean absolute profile slope (m/m), m = (m12 + m22)1/ 2

gas parameter (m), M = [(2 — TAC,/TAC; + (2 - TAC,)TAC,] X [2y/(y +
DI[1/Pr]

gas rarefaction parameter, M* = M/Rp

bolted plate contact parameter

National Technical University of Ukraine

pressure (N/mz)

uniform or apparent pressure; applied pressure, Roca and Mikic (N/m?)
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local pressure, e.g., vacuum, Ayres et al. (N/m?)
atmospheric pressure at sea level, Ayres et al. (N/m?)
pressure-sensitive adhesive

Prandt] number

heat flow rate (W)

heat flux, Bobco and Starkovs (W/mz)

thermal doubler heat flux, Bobco and Starkovs (W/mz)
radial coordinate (m)

radius of contact region (m)

radius of applied load (m)

outer radius, Roca and Mikic, Bevans et al. (m)
thermal resistance, Roca and Mikic (Km2/W )

thermal resistance, Compliant Interfaces-flexible braid (K/W)
radius of contact region near bolt, Bevans et al. (m)

maximum peak height of the rougher surface of the plate pair in contact,
Song (m)

room-temperature vulcanized

rms roughness, Cooper-Mikic-Yovanovich model (m)

Ems ;oughness divided by asperity slope, Cooper-Mikic-Yovanovich model
Hm

thickness; thickness of plate (m)

thickness of thinnest of two plates in contact (m)

temperature (K)

boundary-condition sink temperature, Roca and Mikic (K)
thermal-accommodation coefficient

total included reading, i.e., flatness deviation (m), TIR = TIR| + TIR,

baseplate temperature, Gluck and Young (K)

equivalent sink temperature, Bobco and Starkovs (K)

volume fraction of fiber

width (m)

coordinate (m)

coordinate (m)

effective gap thickness (m)

vertical coordinate (m)

coefficient of thermal expansion

Biot-like group, B = k/hb, Gluck and Young

deformation mode parameter, Y= H /(E'm); ratio of specific heats

ratio of heat-source radius to doubler radius, & = a/b, Gluck and Young

thermal doubler thickness, Bobco and Starkovs, (m)

dimensionless radius, Bevans et al., | = /R

coefficient relating the real heat-transfer length of threads with L,
Compliant Interfaces section

dimensionless radius at end of contact region, Bevans et al., M, = Ro/R
molecular mean free path (m)
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u Poisson ratio

c combined root mean square (rms) roughness (m), ¢ = (612 + 022)” 2
Oy normal stress, Roca and Mikic (N/mz)

t torque (N-m)

f temperature difference, T — T,,, Gluck and Young (K)
y dimensionless temperature difference, k¢/(2aF ), Gluck and Young
Superscripts

! effective

Subscripts

al aluminum

b bolt

C contact

e elastic

E effective, Ayres et al.

g gas

h harmonic mean

i inside

L large-scale, macroscopic

m arithmetic mean

o outside

p plastic, plate

ss stainless steel

S small-scale, microscopic

1 surface or plate 1

2 surface or plate 2
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