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In fusion blanker designs that employ beryllium as a
neutron multiplier, the interface conductance h plays a
key role in evaluating the bianket's thermal profile. There-
Jore, an extensive experimental program was conducted
to measure the magnitude of h between nonconforming
beryllium and Type 316 stainless steel surfaces sub-
Jected to nonuniform thermal deformations. The mag-
nitude of h was measured as a function of relevant
environmental, surface, and geometric parameters, in-
cluding surface roughness, contact pressure, gas pres-
sure, gas type, and magnitude and direction of heat flow.
The results indicate the following: (a) Decreasing the in-
terfacial surface roughness from 6.28 to 0.28 um, in
760 Torr of helium, increased the magnitude of h by up
to 100%; however, increasing the surface roughness
reduced the dependence of h on the magnitude of the

I. INTRODUCTION

When an interface is composed of two perfectly
smooth, flat and clean surfaces, the laws of thermodynam-
ics tell us that each of the two surfaces must be at the
same temperature and the interfacial resistance is nil. In
reality, however, engineering surfaces are likely to be
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contact pressure. (b} The interface conductance was sig-
nificantly higher for measurements made in helium gas
as opposed to air. Additionally, the sensitivity of h to
the gas pressure was significantly greater for runs con-
ducted in helium and/or with smoother surfaces. This
sensitivity was reduced in air and/or with roughened
surfaces, and it was essentially nonexistent for the
6.25-pum specimen for air pressures exceeding 76 Torr.
{c) For runs conducted in vacuum, the interface con-
ductance was more sensitive to heat flux than when runs
were conducted in 760 Torr of helium. (d) The interface
conductance was found to be dependent on the direc-
tion of heat flux. When the specimens were arranged so
that heat flowed from the steel to the beryllium disk, the
magnitude of h was generally greater than in the oppo-.
site direction,

roughened, partially oxidized, contaminated with dirt, etc.
Because of gaps in the interface, these surfaces typically
make contact over <<5% of their total area, with conduc-
tion being highly three-dimensional near the interface re-
gion. In addition to contact conduction, there may also
be parallel paths of conduction across the gaps (via an
interstitial fluid) or by radiation. Figure 1 shows the tem-
perature distribution across two layers of a composite wall
separated by an interface formed from two roughened
surfaces.
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Fig. 1. Temperature distribution near a real surface.!

To understand the interface conductance phenom-
enon, we define two mathematical surfaces, the u- and
s-surfaces, located infinitely close to and on either side
of the real interface. The a- and b-surfaces are defined to
be just far enough from the interface such that heat con-
duction is one-dimensional. Because of three-dimensional
effects, there is no unique temperature profile between
the a- and b-surfaces. Instead, the temperature distribu-
tion at the u- and s-surfaces is extrapolated from the
bulk material to the interface. For real surfaces, there will
be a discontinuity of temperature across the interface,
(T.#Tp).

The thermal resistance to heat flow across the inter-
face is called the interface resistance, but one often uses
the reciprocal of this quantity, known as the interface con-
ductance, h, in everyday engineering work. The defini-
tion of the interface conductance is as follows:

q q

=— . (1)

h =
T,—T, AT

Generally, h is a complicated function of a multitude of
parameters including contact pressure, gas pressure, heat
flux, and various surface and material properties. In cases
where both contacting surfaces are composed of the same
material, the effects of differential thermal expansion will
generally have little effect on the value of k. These sur-
faces are said to be “conforming” in that they remain flush
against one another at all times. However, in cases where
the two surfaces are composed of widely differing thermo-
mechanical properties (i.e., beryllium and stainless steel),
there exists the possibility that one surface will ther-
mally deform to a greater extent than the other, resulting
in gaps developing within the interface. Since gaps of
only a few microns in size can significantly degrade in-
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terfacial heat transfer, the need to accurately measure and
predict the interface heat conductance is of vital concern.

Of great interest is the dependence of the interface
conductance on the magnitude of the heat flux. Increas-
ing the heat flux is expected to create interstitial gaps
(due to nonconforming thermal expansion), which can
significantly degrade the value of h. This is of concern in
such high-heat flux systems as cooling units for hyper-
sonic aircraft, supercomputers, and nuclear fuel assem-
blies. Of more recent concern, however, is the design of
tritium-breeding blankets for the first generation of fu-
sion reactors. Because these breeder blankets must be op-
erated within a narrow temperature window to maximize
tritium extraction and minimize radiation damage, the
need to predict the thermal profile throughout the blan-
ket volume is a critical design issue. In one design,? the
breeder blanket is constructed from numerous blocks of
beryllium mated against an adjacent steel structure. Be-
cause the heat transfer between the beryllium and the steel
structure is dependent on the interfacial conductance be-
tween the two surfaces, it is clear that the engineer must
have realistic estimates of the magnitude and sensitivity
of h to numerous environmental parameters before the
blanket design can be optimized.

To obtain these interface conductance data, an ex-
perimental program has been developed to measure h
for an interface composed of solid beryllium and Type
316 stainless steel. Measurements of interface heat con-
ductance were made as a function of gas pressure, gas
composition, surface roughness, and contact load. Addi-
tionally, to measure the sensitivity of 4 to the effects of
thermally induced differential expansions, the direction
and magnitude of the heat flux was varied, as was the
diameter of the specimens.

Analysis of the heat transfer across an interface iden-
tifies three modes of heat transport:

1. conduction across the points of surface-surface
contact

2. conduction across the interstitial gas layer

3. radiative heat transport.

Typically, the radiative component is small for most ap-
plications and thus will not be considered here. For mea-
surements made in vacuum, the interfacial heat transport
is limited to heat conduction across the area of beryllium-
Type 316 stainless steel contact. For runs conducted in
gas, heat transport across the beryllium-Type 316 stain-
less steel interface is via conduction across points of
surface-surface contact, as well as across the interstitial
gas layer. In the literature, the aforementioned two modes
of interfacial heat transfer are often referred to as the con-
tact conductance, h., and the gas conductance, hg. The
total interface conductance is expressed as the sum of
these two components:

h=he+h, .
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The thermal conductivity of gas is typically several or-
ders of magnitude less than the thermal conductivity of
the surface asperities of metal surfaces. However, be-
cause the diameter of the surface asperities is very small
(on the order of tenths of microns) and the ratio of the
contact area to the total surface area is <5%, the thermal
resistance of the surface asperities is often much greater
than the thermal resistance of the interstitial gas layer.
The significance of this is that the value of A, can be
orders of magnitude greater than the value of A, for runs
conducted at high pressures (760 Torr) and with a high-
thermal-conductivity gas (helium).

Examination of interface conductance theory and the
experimental literature identifies two phenomena that
determine how the magnitude of h varies with respect
to the interfacial heat flux. The first phenomenon is
nonconforming thermal expansion of the test specimens.
Raising the heat flux increases the amount of thermal ex-
pansion experienced by the beryllium and steel speci-
mens. As will be seen later in this paper, the degree of
this thermal expansion is directly related to the coeffi-
cient of thermal expansion « and the inverse of the ther-
mal conductivity k! of the test specimens. Steel has
larger values of a and k! with respect to beryllium, and
thus, steel thermally deflects to a greater extent than does
beryllium. This results in the formation of interstitial gaps
between the two surfaces. The geometry of the deflec-
tion profile is dependent on the direction of heat flow
with respect to the position of the beryllium and Type
316 stainless steel specimens. When heat flows from the
steel to the beryllium surface (abbreviated SaB), the disk-
deflection profile is expected to be that of Fig. 2a. The
contact area for disks in the SaB configuration is an an-
nular region about the outer perimeter of the specimens.
When heat flows from the beryllium to the steel disk (ab-
breviated as BaS), the disk deflection profile is expected
to be that of Fig. 2b. The contact area in the BaS con-
figuration is a concentrically located circular region,
whose diameter is a function of the surface roughness
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SaB Configuration BaS Configuration
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Fig. 2. Two configurations of thermal deformation for the
beryllium and stainless steel disks (profiles are highly
exaggerated for clarity).
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of the test specimens and the magnitude of the heat flux.
As the value of ¢ is raised, the gap between the beryl-
lium and the Type 316 stainless steel disks grows larger,
decreasing the amount of contact area between the two
surfaces (reducing the value of h,) and increases the
mean separation distance between the two surfaces (re-
ducing the value of hg). Thus, one would expect that
raising the heat flux would always lower the magnitude
of the interface conductance. There is, however, an-
other simultaneously occurring phenomenon that acts to
increase the value of h.

Based on interface conductance theory, the mag-
nitude of the interface conductance is directly related
to the thermal conductivity of the test specimens k;, and
the thermal conductivity of the interstitial gas k,. When
the magnitude of the heat flux is increased, the mean in-
terface temperature also increased.? Since the thermal con-
ductivity of steel and all gases increases with temperature,
one might expect that & would increase with heat flux
were it not for the deleterious effects of nonconforming
thermal expansion.

Additionally, the literature indicates that the strength
S, and the Young’s modulus E of steel and beryllium de-
crease with increasing temperature. When a load is ap-
plied to the beryllium-Type 316 stainless steel specimens,
the magnitude of S, and E determines how much micro-
scopic deformation (of the asperity peaks) and how much
macroscopic bending (of the disk structure) occurs as a
result of the applied load. As the heat flux is raised and
the mean interface temperature increased, the value of S,
and E are both reduced. This results in greater deforma-
tion of the surface peaks, allowing the two surfaces to
more closely approach one another. This raises the value
of the contact conductance k. (via an increased amount
of surface-contact area), as well as raising the value of
the gas conductance h, (by decreasing the mean separa-
tion distance between the steel and beryllium surfaces).
Furthermore, specimens at higher temperatures are more
susceptible to macroscopic bending (i.e., both disks tend
to flatten against each other) for a given value of contact
pressure due to the degraded values of material strength
and Young’s modulus at elevated temperatures. As be-
fore, this macroscopic deflection acts to increase the
surface-contact area and reduce the mean separation dis-
‘tance between the Type 316 stainless steel and beryllium
surfaces, resulting in an enhancement in the magnitude
of h with increasing heat flux. Thus, increasing the in-
terfacial heat flux should raise the value of A if it were
not for the presence of nonuniform thermal expansion.

The question of which of the two aforementioned phe-
nomena dominates the value of k is extremely complex,
as it is a function of the surface roughness, mean asper-
ity slope, average interface temperature, gas pressure, and
type of gas used. The ability to predict whether the in-
terface conductance will increase or decrease with heat
flux is not a trivial task, and no model currently exists
that can accurately evaluate the dependence of k. and h,
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on the value of ¢. Thus, one must rely on experimental
measurements of / to obtain an understanding of the sen-
sitivity of interface conductance upon the magnitude of
the heat flux.

To obtain accurate & measurements, considerable care
was taken in designing the interface conductance test ap-
paratus. Eleven individual error sources (thermocouple
calibration errors, lengths between thermocouples, radi-
ation and convection losses, etc.) were explicitly ac-
counted for in calculating the expected accuracy of the
interface conductance measurements. Furthermore, two
individual sensitivity analyses were performed to deter-
mine the expected accuracy of the test rig when: (a) all
error sources are treated as random errors and (b) the ran-
dom errors and bias errors are treated individually. In ad-
dition, because the existing thermal conductivity data in
the literature were found to be a major source of error in
measuring h, two additional test rigs were designed and
constructed to measure the thermal conductivity of the
steel specimen and an aluminum flux meter. Because of
the relatively high thermal conductivity of beryllium, the
error introduced by using the data available in the liter-
ature is small enough (8h < 2%) not to warrant the build-
ing of a fourth test rig.

In summary, past research has found that gaps as small
as a few microns can drastically reduce the interface con-
ductance across an interface. To better understand this
effect, extensive experimental measurements of # were
made for a nonconforming interface of solid beryllium
and stainless steel.

Il. EXPERIMENTAL SETUP

The basic experimental apparatus in the BaS config-
uration is shown in Fig. 3, and consists of (from top to
bottom) an electrically powered heater block to generate
the requisite heat flux, a flux smoother to straighten the
heat flow lines, the beryllium specimen, the Type 316
stainless steel specimen, an aluminum heat flux meter to
measure the magnitude of the heat flux, and a cooling
block to reject the heat. All components of the test article
were located within a bell jar so that measurements could
be made in vacuum or with gases other than air. There
were three versions of the test apparatus corresponding
to three diameters of test specimens (1, 2, and 3 in.). All
three versions worked on the exact same principle, and
only the dimensions of the various components were dif-
ferent. The relative direction of heat flow across the
beryllium-Type 316 stainless steel interface was con-
trolled by arranging the test specimens in the BaS con-
figuration or in the SaB configuration.

lI.A. Beryllium Specimens

The beryllium specimens were circular disks of
S-200f-grade solid beryllium measuring 0.25-in. thick and
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possessing diameters of 1.00, 2.00, or 3.00 in. One sur-
face of each beryllium disk was machine cut and coated
with a silicone-based thermal grease to minimize the in-
terface resistance between the beryllium specimen and
the adjacent heat flux smoother. The test surface (that in
contact with the steel specimen) of each disk was ma-
chine cut and then either lapped, sand blasted, or ball-
bearing blasted to a surface roughness of ~0.1, 1, and
10 um, respectively.

One 0.0135-in. hole was radially drilled (using a num-
ber 80 carbide drill) into each of the beryllium speci-
mens so that a single 0.010-in.-diam sheathed K-type
thermocouple could be installed in each disk. The ther-
mocouple hole was located 2.50 mm from the test sur-
face. Beryllium thermal conductivity data were obtained
from the Brush-Wellman Corporation.*

li.B. Type 316 Stainless Steel

The Type 316 stainless steel specimens were identi-
cal to the beryllium specimens with regard to thickness,
diameter, and location of the thermocouple hole. The test
surface (that in contact with the beryllium disk) of each
disk was machine cut and lapped to a surface roughness
of ~0.2 um. Because of the limited accuracy of the data
reported in the literature, the thermal conductivity of the
Type 316 stainless steel was measured as a function of
temperature in a separate experiment outlined in Abel-
son’s PhD thesis.?

I1.C. Heater Block, Electrical Heating Band,
and Heat Flux Limiter

An electrical heating band produced the required
heat flux through the beryllium and Type 316 stainless
steel specimens. The heater had a maximum power out-
put of 550 W and a maximum operating temperature of
482°C (900°F). To minimize conductive heat losses and
thereby maximize the heat flow across the beryllium-
Type 316 stainless steel interface, a “heat flux limiter”
was positioned between the heater block and the top sup-
port structure (Fig. 3). Essentially a thermal insulator,
this component was a cylindrical piece of low-thermal
conductivity material with a reduced-diameter neck to in-
crease its thermal resistance.

11.D. Aluminum Heat Flux Meter

The magnitude of the heat flux through the beryl-
lium and steel specimens was determined by measuring
the temperature difference along a precisely known length
of aluminum rod and using Fourier’s law of heat conduc-
tion. The thermal conductivity of aluminum was mea-
sured as a function of temperature in the author’s PhD
thesis.?

1L.E. Heat Sink

The heat sink assembly was a 2-in.-diam by 1.8-in.-
tall cylindrical copper “cup” wrapped with five turns of

FUSION TECHNOLOGY VOL. 39 MAR. 2001




...........

...................

Abelson and Abdou

\)
\\‘\\\

A . — Bell Jar

(A

v

%

A Structurol

-4~ Bolts

7

/A

7

/

7

] _ Top Support
=" Structure

_.— Flux Limiter

_.— Heater Block

Heat Flux
-~ Smoother

Aluminum Heat
- Flux Meter

-
-
-’

..~ Base Plate

NN\ \\\\\\\\\‘.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Fig. 3. Test article design for 1-in.-diam specimens.

0.25-in. inside diameter (i.d.) copper tubing. Water with
an inlet temperature of ~15°C was used as the coolant.

ILFE. Vacuum Chamber, Vacuum Pump, Hydraulic Press,
and Load Cell

The vacuum chamber was a glass bell jar,® measur-
ing 18-in. high by 12 in. in diameter, resting on top of an
16- X 16- X 1-in. aluminum baseplate (Fig. 3). A vac-
uum pump® was used to achieve gas pressure as low as
100 mTorr. A stainless steel bellows connected the un-
derside of the baseplate to a hydraulic laboratory press.

2Pyrex brand.
b A Welch model 1400.
¢From Carver, model C.
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All contact pressure measurements were made utilizing

an electronic load cell® connected to a digital process
indicator.

I1.G. Pressure Gauges and Gas Pressure Regulation

Two different pressure transducers were used to mea-
sure the chamber gas pressure. For runs conducted in he-
lium above a gas pressure of 10 Torr, an absolute pressure
gauge® was used. For runs performed in helium below

10 Torr, or in air for any gas pressure, a Convectron gaugef
was utilized.

40mega brand.
°*MKS Baratron type 122A.
fModel 275.
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An electronic proportioning control valve® was used
to control the gas pressure within the vacuum chamber.
The gas feed to the proportional valve came from a high-
pressure gas cylinder fitted with a pressure regulator.?
The regulator was set to 5 psig. When the proportional
valve was in a feedback loop with the Baratron and Con-
vectron pressure gauges, the gas pressure within the bell

jar was typically accurate to within 5% of any value se-
lected by the user.

ILH. Thermocouples and Thermocouple
Vacuum Passthrough

All temperature measurements were made with 0.010-
in., sheathed K-type thermocouples.i All thermocouples
were calibrated in an ice bath prior to installation in the
test apparatus. Numerous temperature measurements were
made of the bath, and the mean and standard deviations
of the readings computed. The difference between each
average thermocouple measurement and the ice bath tem-
perature was treated as a bias error and simply added or
subtracted from every temperature measurement made
from that particular thermocouple (effectively eliminat-
ing the bias error component). The standard deviation of
the thermocouple measurements served as the random er-
ror for that particular thermocouple.

IL.1. Data Acquisition System

All temperature and pressure measurements were read
into a PC and processed by a digital acquisition board’
(DAQ) and LabView software. The DAQ board pos-
sessed a 16-bit digital-to-analog converter that accepted
up to six pairs of K-type thermocouple leads and two pairs
of voltage leads coming from the pressure transducers.
The DAQ system was also utilized to monitor and con-
trol the gas pressure within the bell jar. An analog output
board,k with 12-bit resolution, was used to generate the
analog output voltage required to control the proportional-
flow control valve,

1.J. Thermal Insulation

All three interface conductance test articles (1-, 2-,
and 3-in. diameters) were insulated with a 2-in.-thick layer
of high-temperature fiberglass insulation, surrounded by
aluminum foil, to minimize both convective and radia-
tive heat losses. The insulation possessed a thermal-con-
ductivity of 0.033 W/m-K at room temperature and could
operate in environments ranging from 0 to 850°C.

80mega PV series.

hLiquid brand.

'Acquired from Omega Industries.

National Instruments model AT-MIO-16XE-10.
kNational Instruments model AT-AO-6.
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ILK. Surface Profilometry

Microscopic surface profilometry was performed on
all 14 beryllium and stainless steel test surfaces after all
measurements were made. Three 1-cm-long traces, con-
sisting of 2000 height measurements per trace, were ob-
tained for each surface using a profilometer! attached to
a PC. The resultant data were processed using a commer-
cial spreadsheet program to extract the root-mean-square
(rms) roughness of each surface. The asperity-height dis-
tribution was checked for randomness by comparing it
with a Gaussian height distribution possessing the same
mean and standard deviation as each test surface,
Asperity-height histograms for the three 1-in.-diam be-
ryllium disks are presented in Figs. 4a, 4b, and 4c with
associated normal distributions. Table I lists the rms sur-
face roughness for each of the 14 test surfaces.

lll. THEORY OF OPERATION

There are four steps to calculating k using the inter-
face conductance test apparatus. The first step is to de-
termine the heat flux ¢ flowing across the test interface.
This is accomplished via Fourier’s law:

- T,

q = kal (2

L34

In this equation, T3 and 7, are two temperatures mea-
sured along the length of a cylindrical aluminum rod
(Fig. 1). The value L;_4 is the length between these two
thermocouples, and ky, is the thermal conductivity of the
aluminum,

Next, the interfacial-surface temperature of the be-
ryllium specimen, T;B® is computed. The value 7;3¢ is not
a directly measurable quantity, so its value must be ex-
trapolated from another location (thermocouple 1 in
Fig. 1) using the relation

Ly,
IPe =, - T

: €)

where

T, = thermocouple-measured temperature at a
known point within the beryllium specimen

L,-; = distance between the aforementioned ther-
mocouple and the test interface

ka1 = thermal conductivity of the beryllium
specimen.

The interfacial-surface temperature of the steel spec-
imen T, is computed via Eq. (4), where T is the
thermocouple-measured temperature at a known point
within the steel specimen, L;_, is the distance between

"Tencor brand.
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Fig. 4b. Asperity height histogram and projected normal distribution for the 1-in.-diam sand-blasted beryllium disk (1o =
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the test interface and the aforementioned thermocouple,
and kg, is the thermal conductivity of the steel
specimen:

TSteeI =T,+ q-Li—: .

(4)

kSteeI
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Finally, having solved for ¢, 7;®¢, and T, the inter-
face conductance can be determined from its defining
relation:

>
i

T;Be - TiSteel ' (5)
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IV. INTERFACE CONDUCTANCE VERSUS CONTACT
PRESSURE EXPERIMENTAL RESULTS

IV.A. Foreword

Interface conductance was measured as a function
of contact pressure for 96 permutations of surface rough-
ness, gas pressure, gas type, disk diameter, and disk
configuration. In each case, the beryllium disk (whose
roughness was varied) was mated against a polished steel
disk of fixed surface roughness (o ~ 0.2 um).

IV.B. Experimental Procedures

The procedure for collecting the interface conduc-
tance data was to first evacuate the bell jar to a pressure
of ~200 mTorr and unload the hydraulic press. The elec-

tric heater was then turned on and the system allowed to
reach steady state (this step typically took 3 h or more to
accomplish). Once a steady value of h was achieved, its
value was recorded. Next, the contact pressure was in-
creased by a fixed amount and the system allowed to reach
the new steady value of interface conductance. This pro-
cedure was continued until the maximum contact pres-
sure of 11.62 MPa was reached, whereupon the test article
was unloaded and the bell jar filled with 76 Torr of he-
lium gas. The contact pressure was increased again in
increments, always allowing A to reach a steady value
before recording its magnitude. The helium pressure was
increased to 760 Torr, and the cycle repeated. On com-
pletion of the two helium runs, the bell jar was evacuated
again and backfilled with air, first at 76 Torr and then at
760 Torr, analogous to the helium runs.

TABLE 1
Mean Asperity Heights for the Beryllium and Type 316 Stainless Steel Test Surfaces

Roughness
Specimen Name (um)

1-in.-diam, lapped Type 316 stainless steel disk 1 0.21
1-in.-diam, lapped Type 316 stainless steel disk 2 0.38
1-in.-diam, lapped Type 316 stainless steel disk 3 0.24

2-in.-diam, lapped Type 316 stainless steel disk 1 0.32
2-in.-diam, lapped Type 316 stainless steel disk 3 0.17

3-in.-diam, lapped Type 316 stainless steel disk 1 0.29
3-in.-diam, lapped Type 316 stainless steel disk 3 0.36

Roughness

Specimen Name (um)
1-in.-diam, ball-bearing-blasted beryllium disk 6.25
1-in.-diam, sand-blasted beryllium disk 1.28
1-in.-diam, lapped beryllium disk 0.14
2-in.-diam, ball-bearing-blasted beryllium disk 10.7
2-in.-diam, sand-blasted beryllium disk 0.10
3-in.-diam, ball-bearing-blasted beryllium disk | 10.1
3-in.-diam, sand-blasted beryllium disk 0.075
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Once all of the data was taken (in vacuum, helium,
and air), the test article was disassembled and the disk
surfaces inspected for oxidation or outgassing products.
A slight amount of oxidation was observed on the Type
316 stainless steel surfaces after the air runs and was eas-
ily removed with a commercially available metal polish,
Often, a second set of runs was taken to check for repeat-
ability of the first set of » measurements. Generally, the
two sets of data showed excellent agreement.

For runs carried out under gas pressures of 200 mTorr,
the type of gas used (i.e., air or helium) had no impact
upon the magnitude of the interface conductance. Fur-
thermore, based on the experimental results, the contri-
bution of the gas layer to interfacial heat transport was
negligible at such low values of gas pressure. Therefore,
to simplify the text, we will not distinguish between runs
conducted in 200 mTorr of air and in 200 mTorr of he-
lium. Rather, they will both be referred to as being con-
ducted in vacuum.

IV.C. Verification Experiment

Interface conductance measurements made with the
current test apparatus were compared with similar mea-
surements made in Abelson’s earlier work, Fig. 5. This
was done to determine whether the new test rig could
accurately repeat the previous h measurements and, by
doing so, generate confidence that no gross design errors
or construction flaws existed for said test apparatus. The

test specimens used in Ref. 5 were lapped-beryllium and
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Type 304 stainless steel disks, arranged in the BaS con-
figuration, with a combined surface roughness of 0.56
pm. The specimens used in the current work were lapped-
beryllium and Type 316 stainless steel disks (also in the
Ba$ configuration) of 0.28-um surface roughness. The
details of the test rig used in Ref. 5 are described in Abel-
son’s MS thesis®; the previous rig was constructed en-
tirely by graduate students other than this author.

Figure 5 demonstrates that there is very good agree-
ment between the interface conductance results obtained
from both Abelson’s previous test rig and the test rig spec-
ified in this paper. Measurements were made in 760 Torr
of helium and in lower gas pressures (76 Torr He for the
present data set and 98 Torr He for the data taken from
the author’s earlier work). The present results were mar-
ginally higher than those from Ref. 5, which was ex-
pected since the present test specimens have a somewhat
lower surface roughness (0.28 versus 0.56 wm). Addi-
tionally, the uncertainty in the experimental results ranged
from 10 to 20% [using the treat everything random (TER)
methodology] or from 20 to 40% [using the distinct bias
and random error (DBRE) methodology]. The magni-
tude of these errors was more than enough to account for
the difference between the two sets of interface conduc-
tance data.

In summary, the experimental results were very sim-
ilar even though tests were conducted using two differ-
ent sets of specimens in two different test rigs built by
different people. This suggests that the results were re-
peatable, that there were no gross errors in design or con-
struction in the current test rig, and that there is confidence
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Fig. 5. Verification experiment results for current test article, k versus P,, helium gas, lapped beryllium and stainless steel.
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that any interface conductance measurements made with
said test rig should be as accurate as specified in the er-
ror analysis section of this work, Sec. VI.

IV.D. Experimental /4 Versus Pc Data

Four sets of experimental measurements were made
with the steel-beryllium disks. The first set were for 1-in.-
diam disks in the SaB configuration where the heat flux
travels from the steel disk to the beryllium disk. Because
of the effects of nonconforming thermal expansion, the
interfacial contact area for disks in the SaB configura-
tion is expected to be an annular region located about the
outer perimeter of the disks (Fig. 2a). Three beryllium
disks of varying degrees of surface roughness were used
and runs were carried out in helium and air. The com-
bined surface roughnesses of each of the three beryllium-
Type 316 stainless steel disk pairs was 6.25, 1.34, and
0.28 pm.

The second set of measurements were for the same
three 1-in.-diam disks as mentioned earlier, but in the BaS
configuration. The typical interfacial contact area for this
configuration is expected to be a concentrically located
circle, (Fig. 2b). The third set of runs are for two pairs of
2-in.-diam disks, with combined surface roughnesses of
10.7 and 0.20 pm in the SaB configuration.

The last set of measurements were for two pairs of
3-in. diam disks in the SaB configuration, with com-

bined surface roughnesses of 8.78 and 0.28 um in
the SaB configuration. An exhaustive pre-experimental
error analysis was presented in one author’s PhD the-
sis and governed the design of the test article. A post-
experimental error analysis is presented later in this
paper.

IV.E. Discussion of the / Versus Pc Results

The interface conductance was observed to be a
strong function of contact pressure, as expected. This is
because the application of a compressive axial force on
the beryllium-steel specimens forces the two surfaces
closer to each other via deformation of the surface as-
perities and in macroscopic deflection of the disk pro-
files. For interfaces formed from very rough surfaces
(>6 pum), the magnitude of h appears to be less sensitive
to increases in contact pressure than for interfaces formed
from smoother surfaces (<2 um). This suggests that
rougher surfaces can create more robust interfaces which,
at the expense of having lower overall magnitudes of A,
possess more uniform values of interface conductance
over wider ranges of contact pressure.

Typically, the interface conductance experienced a
significantly larger increase in value when the gas pres-
sure was raised from 76 to 760 Torr as opposed to when
it was raised from vacuum (200 mTorr) to 76 Torr (Fig. 6).
In helium gas, for example, the magnitude of A (for the
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® Helium, (1.34um) O Air, (1.34 um)
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Fig. 6. Interface conductance versus gas pressure, helium and air, various surface roughnesses, P, = 6.16 MPa, 1-in. disks, SaB

orientation.
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0.28-pm surface) was raised by 6300 and 14 140 W/m?2-K
as the gas pressure was increased from 0.2 to 76 Torr and
from 76 to 760 Torr, respectively. Thus, not only did the
absolute value of & increase with gas pressure, but so did
the sensitivity of & to P,. The magnitude of this sensitiv-
ity was a function of the surface roughness of the test
specimens as indicated by the 6.25-um specimens, which
(in helium) experienced only a 3700 and a 5050 W/m2-K
increase in value as the gas pressure was raised over the
same intervals as the 0.28-um specimen mentioned
earlier. Thus, rougher surfaces have values of interface
conductance that are less sensitive to variations in gas
pressure.

Runs conducted in air generally yielded lower over-
all values of interface conductance than runs performed
in helium (Fig. 6). Furthermore, the sensitivity of & to
gas pressure was smaller in air than in helium, Take, for
instance, the 0.28-um specimen: Increasing the air pres-
sure from 0.2 to 76 Torr raised & by 4950 W/m?2-K (com-
pared with 6300 W/m?-K in helium). When the air
pressure was increased from 76 to 760 Torr, the value of
h was raised by 9150 W/m2-K, which is only 65% of the
increase in h observed in helium gas under analogous con-
ditions. For the 6.25-um surface, the sensitivity of & to
the air pressure all but vanished for P, greater than 76 Torr.

Interface conductance was observed to be relatively
insensitive to disk diameter for rough beryllium surfaces
(>6 um) (Fig. 7), consistent with the results reported by
Berman.” This implies that the observed results should hold
true for disk diameters exceeding 3 in., as long as the be-
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ryllium surface roughness is of the order of 6 um or greater.
One reason for this result may be that very rough surfaces
have asperity heights that are greater than the macroscopic
gap spacing incurred by nonuniform thermal expansion.
These asperities would act as a compliant layer, filling the
macroscopic gaps that would typically reduce the inter-
face heat conductance of smoother surfaces.

For interfaces formed from very smooth beryllium
surfaces (<0.4 um), the magnitude of the interface con-
ductance was a function of specimen diameter for a given
value of gas pressure (Fig. 8). As the disk diameter was
raised from 1 to 2 in., there was a noticeable raise in k.
However, as the diameter was further increased from 2
to 3 in., the raise in h was only minimal, implying that a
saturation effect was in process. Very smooth surfaces
(i.e., lapped or polished) were expected to have asperity
heights that were substantially smaller (an order of
0.1 m) than the height of the macroscopic gap (an order
of 1 to 10 wm). Because these small surface asperities
could not act as a compliant layer and fill the gap, the
interface conductance became sensitive to the geometry
of the interfacing surfaces. The data suggest that as the
disk diameter was increased, the test surfaces were flat-
tened against one another, decreasing the mean separa-
tion distance and increasing the magnitude of h. This
seems reasonable since larger-diameter disks are less rigid
than smaller-diameter disks for a given thickness. This
would explain the relatively low values of h observed for
the 1-in. specimens relative to the 2- and 3-in.-diam
specimens.
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Fig. 7. Interface conductance versus contact pressure, all diameters, combined surface roughness >6 wm, helium gas, SaB

configuration.
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Fig. 8. Interface conductance versus contact pressure, all diameters, combined surface roughness <0.4 pm, helium gas, SaB
configuration.

When the gas conductance component hg of the in-  faces (>6 um). First, hg was nearly independent of contact
terface conductance k was calculated, from = hg +h., pressure (Fig. 9). This implies that increasing P, typi-
where A, is just h measured in vacuum, several signifi-  cally only affects the contact conductance h. presumably
cant trends were observed for the ball-bearing-blasted sur- by increasing the amount of surface-to-surface contact
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Fig. 9. Gas conductance versus contact pressure, helium gas, all disk diameters and orientations, roughness >6 um.
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area between the beryllium and steel surfaces. Second,
raising the gas pressure from 76 to 760 Torr increased
the magnitude of h, by a relatively fixed amount of
5000 W/m?2-K. The size of this increase was insensitive
of disk diameter and direction of heat flux (i.e., SaB and
BasS configurations). Third, the gas conductance was only
weakly sensitive to the magnitude of the disk diameter.
The uncertainty in the data, however, is great enough that
hg may be completely independent of disk diameter.
Higher accuracy interface conductance measurements are
needed to confirm this.

Examining the gas conductance component of 4 for
very smooth surfaces (<0.4 um), the value of h, was
typically insensitive to the magnitude of the contact pres-
sure (Fig. 10). Increasing the disk diameter from 1 to 2
in., in 760 Torr of helium, raised the mean value of the
gas conductance by ~170%. Further increasing the disk
diameter from 2 to 3 in. appeared to have little impact on
hg, suggesting that the magnitude of the gas conductance
saturated above a certain value of disk diameter. Raising
the gas pressure from 76 to 760 Torr increased the mean
value of h, by ~25000 W/m?-K. Comparing this in-
crease with the 5000 W/m?2-K increase observed for
the roughened beryllium surface (>6 um), it was clear
that the gas conductance was very sensitive to surface
roughness.

Interface conductance was found to be dependent on
disk orientation (SaB or Ba$S) and, thus, on the direction
of heat flow, with SaB corresponding to heat flow from
the steel disk to the beryllium disk and vice versa. The
direction of heat flow determined which portion of the
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two test surfaces would be in contact due to nonuniform
thermal expansion. For example, it was expected that the
test specimens would experience annular surface contact
along their outer perimeter in the SaB configuration;
whereas, in the BaS configuration, the specimens expe-
rienced concentric contact. Since the disk-deflection pro-
file was different for each of these two cases, one might
expect that the contact conductance k. would be depen-
dent on the direction of the heat flux. This is, in fact,
what was observed (Fig. 11). The discovery of a direc-
tional effect is not new; in fact, it was first noted by Starr®
in 1936 and subsequently by numerous other investi-
gators.®~!13 While many of the reported occurrences were
for interfaces formed from dissimilar materials, Thomas
and Probert!* performed experiments with similar ma-
terials (steel-steel) and still observed a directional ef-
fect, with the magnitude of h being as much as 70%
greater for heat flow in one direction than in the opposite
direction.

As Fig. 11 demonstrates, the contact conductance for
the beryllium-steel interface in the SaB configuration can
be >6600 W/m2-K higher than for runs carried out in
the BaS configuration. The implication is there is signif-
icantly more interfacial contact area for disks in annular
contact rather than in concentric contact.

In conclusion, the magnitude of the interface heat
conductance was found to be a strong function of sur-
face roughness, gas pressure, and contact pressure. In-
creasing the gas pressure or contact pressure typically
increased the magnitude of h, whereas raising the
surface roughness generally reduced the value of k.
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Fig. 10. Gas conductance versus contact pressure, helium gas, all disk diameters and orientations, roughness <0.4 um.
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Fig. 11. Contact conductance versus contact pressure, 1-in. disks, various surface roughnesses, both disk orientations.

Measurements carried out in helium tended to yield larger
values of 4 than runs carried out in air, due to helium’s
greater thermal conductivity, with the difference increas-
'ing as the gas pressure was raised. For very rough sur-
faces, h was nearly independent of disk diameter and
contact pressure. However, very smooth surfaces showed
that & increased as the disk diameter was increased. A
directional effect was observed in the magnitude » with
respect to heat flux. Disks arranged in the SaB configu-
ration typically yielded larger values of interface con-
ductance than disks in the BaS configuration.

V. EXPERIMENTAL RESULTS FOR INTERFACE
CONDUCTANCE VERSUS HEAT FLUX

V.A. Foreword

Interface conductance was measured as a function
of heat flux for numerous values of surface roughness,
helium gas pressure, contact pressure, and disk orienta-
tion. Measurements were made with the beryllium and
steel disks in both the SaB and Ba$ configurations to de-
termine what effect the heat flux direction would play on
the magnitude of h. All runs were performed using the
1-in.-diam specimens.

V.B. Experimental Procedures

The general test-taking procedure was to first evac-
uate the test chamber to a gas pressure of <200 mTorr

170

and then turn on the electric heater and adjust it to a heat
flux of ~10 to 20 kW/m?. The temperature profile of
the test article was then allowed sufficient time to reach
steady state (often requiring 2 to 3 h to do so) before any
data were recorded. Once steady state was achieved, as
determined by real-time plots of heat flux and interface
conductance via a digital acquisition system, the magni-
tudes of h and g were recorded. The contact pressure was
then increased to 5 MPa and held there until the test ar-
ticle reached a new steady-state temperature profile (this
generally took 45 min to 1 h to complete), whereupon
the relevant data were recorded. The contact pressure was
then increased to 10 MPa, and the steady values of 4 and
qrecorded. The test rig was unloaded (back to 0.18 MPa),
and the heat flux increased by a fixed amount, and the
previous cycle repeated. The maximum heat flux used in
the interface conductance measurements was governed
by an upper limit of ~200 kW/m?2 However, with re-
spect to runs performed in vacuum under 0.18 MPa of
contact pressure, the maximum usable value of g was gen-
erally <200 kW/m? due to limits imposed by the maxi-
mum operating temperature of the heater element.

Once a complete set of data had been collected, the
test article was disassembled and the test surfaces in-
spected for contamination (i.e., due to outgassing, oxi-
dation, etc.). Since all runs were carried out either in
vacuum or helium, there was no significant oxidation ob-
served on the test surfaces. After inspection of the test
surfaces was completed, the thermocouples were re-
checked for calibration and then reinserted into the test
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Fig. 12. Interface conductance versus heat flux, 760-Torr helium and vacuum, combined surface roughness = 0.28 um, SaB
configuration.

specimens. The previous interface conductance measure-  V.C. Experimental 4 versus g Results

ments were then repeated to ascertain whether thermo-

couple reinstallation or test rig reassembly altered the Interface conductance measurements for test sur-
value of h. Typically, the two data sets agreed very closely.  faces in the SaB orientation are presented in Figs. 12, 13,
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Fig. 13. Interface conductance versus heat flux, 760-Torr helium and vacuum, combined surface roughness = 1.34 um, SaB
configuration.
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Fig. 14. Interface conductance versus heat flux, 760-Torr helium and vacuum, combined surface roughness = 6.25 um, SaB
configuration.

and 14 as a function of heat flux, helium gas pressure, When interface conductance measurements were
contact pressure, and surface roughness. Figures 15, 16, made in 760 Torr of helium, results for the 0.28- and
and 17 present h measurements obtained from speci-  1.34-um specimens typically indicated only a weak de-

mens in the BaS configuration. pendence of & on the magnitude of g (Figs. 18 and 19).
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Fig. 15. Interface conductance versus heat flux, 760-Torr helium and vacuum, combined surface roughness = 0.28 wm, BaS
configuration.
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Fig. 16. Interface conductance versus heat flux, 760-Torr helium and vacuum, combined surface roughness = 1.34 um, BaS

configuration.
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configuration.

Specifically, the magnitude of the interface conductance
was essentially independent of heat flux for values of ¢
exceeding 50 kW/m?2 This result was found to be true
regardless of the magnitude of the contact pressure or
FUSION TECHNOLOGY

VOL. 39 MAR. 2001

the direction of heat flow. For runs carried out with the
rougher 6.25-um test specimen (in 760-Torr He), the in-
terface conductance showed a marginal tendency to in-
crease in value as the heat flux was raised. However, the
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Fig. 18. Interface conductance versus heat flux, vacuum and 760-Torr helium, P, = 10 MPa, all roughnesses, BaS configuration.
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Fig. 19. Interface conductance versus heat flux, vacuum and 760-Torr helium, P, = 10 MPa, all roughnesses, SaB configuration.

data suggest that the magnitude of » may saturate for heat
fluxes exceeding 175 kW/m?2.

For runs conducted in vacuum, the interface conduc-
tance was generally found to be more sensitive to heat
flux than when the same runs were performed in 760 Torr
of helium (Figs. 18 and 19). Although this observation
was found to be true for disks in both the SaB and BaS
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configurations, the latter configuration showed a higher
degree of sensitivity (of 4 to g) than did the former. From
these results, it is surmised that the presence of the inter-
facial gas layer acted to moderate the value of h, keeping
it roughly uniform over the explored range of heat fluxes.

The magnitude of h for disks in the SaB configu-
ration was generally higher than for disks in the BaS
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Fig. 20. Interface conductance versus heat flux, 760-Torr helium, P, = 10 MPa, all roughnesses, SaB and BaS configurations.

configuration (Fig. 20). This is consistent with the find- When the gas conductance h, was computed for
ings from the previous h versus P, data sets, and it may  runs carried out with the 0.28- and 6.25-u.m disks, it was
indicate that the area of interfacial contact is smaller in  discovered that the magnitude of &, is only a weak func-
the BaS configuration than in the SaB configuration. tion of disk configuration (SaB or BaS), but is a strong
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Fig. 21. Gas conductance versus heat flux, 760-Torr helium, P, = 10 MPa, 1-in. disks, surface roughness = 0.28 and 6.25 pum,
SaB and BasS orientations.
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function of surface roughness (Fig. 21). Additionally, the
value of the gas conductance increases with heat flux,
although there is evidence that it reaches a steady value
once g is raised beyond 180 kW/m2.

When measurements were carried out in 760 Torr of
helium, the ratio between h measured under 5 MPa and
under 0.18 MPa of contact pressure was found to equal
~1.5, independent of surface roughness and disk orien-
tation (Fig. 22). Similarly, the ratio of & under contact
pressures of 10 and 5 MPa was discovered to be fixed at
~1.2. From these results, it is surmised that the presence
of the interstitial gas layer desensitizes the relative in-
crease in k& (due to a fixed rise in contact pressure) to the
surface characteristics of the test disks (surface rough-
ness and disk orientation). The rate of increase in the ra-
tio of h for a given raise in contact pressure declined as
P, was increased; for example, the interface conductance
at P = 5 MPa s 1.5 times greater than at 0.13 MPa. How-
ever, as P, was raised from 5 to 10 MPa, this ratio in %
decreases to just 1.2,

The magnitude of the interface conductance for the
0.28-um rough surface was generally found to decrease
as the heat flux was raised. In 760 Torr of helium, the
decline in h was minimal and occurred almost entirely
for ¢ < 100 kW/m? (Fig. 23). In vacuum, however, the
decrease in & was far more substantial and typically oc-
curred over the entire range of heat fluxes (Fig. 24). It is
surmised that this inverse relation between the magni-
tude of & and q is a result of macroscopic gap formation
within the test interface due to nonuniform thermal de-
formation of the test specimens. In 760 Torr of helium,

3.0

the gas layer appears to moderate the value of / such that
gap formation has only a minimal impact on the inter-
face conductance. In vacuum, however, the only heat
transfer is via the interfacial contact area between the be-
ryllium and steel surfaces. Thus, as ¢ was increased and
larger interstitial gaps formed, it was expected that the
contact area, and therefore the interface conductance,
would decrease. The experimental results for the 0.28-um
specimen tended to confirm this hypothesis.

The magnitude of h for the 6.25um surface, in
760 Torr of helium, was generally found to increase in
value as the heat flux was raised (Fig. 25). The results
were contrary to the results observed for the 0.28-um
surface, but were consistent with those results reported
by Salerno and Kittel,!> Van Sciver et al.,'® and Schaellig
and Seidel'? for interfaces composed of similar materials.
An explanation for this may be as follows: Increasing
the heat flux was known to raise the mean interface tem-
perature as well as the temperature of the steel speci-
men and the interstitial gas.> Because the interface
conductance is proportional to thermal conductivity, and
the thermal conductivity of helium, air, and steel in-
creases with temperature (and heat flux),? one might ex-
pect that raising ¢ would increase the magnitude of #,
were it not for the deleterious effects of interstitial gap
formation.

The present results may indicate that the taller sur-
face asperities of the 6.25-um surface acted as a com-
pliant layer, actively filling any gaps that might form
within the interface due to nonuniform thermal expan-
sion. It is known from the literature that the yield strength
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Fig. 22. Ratio of interface conductance versus beryllium surface roughness, 760-Torr helium, 1-in. disks, SaB and Ba$S disk

orientations.
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Fig. 23. Interface conductance versus heat flux, 760-Torr helium, 0.28-um surface roughness, SaB and Ba$S configurations.
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Fig. 24. Interface conductance versus heat flux, vacuum, 0.28-.m surface roughness, SaB and Ba$S configurations.

and Young’s modulus of steel and beryllium is reduced
as the temperature is increased. Therefore, increasing the
heat flux would raise the temperature of the beryllium
and steel specimens, resulting in the strength of their sur-
face asperities being reduced. This could have led to a
decrease in the mean separation distance (between the
beryllium and steel surfaces), resulting in an increased

FUSION TECHNOLOGY VOL. 39 MAR. 2001

value of interface conductance. Further research must be
conducted to confirm these theories.

In summary, the interface conductance for 0.28- and
1.34-pm surfaces in vacuum was found to be very sen-
sitive to heat flux, typically decreasing in magnitude as ¢
was raised. For runs conducted in 760 Torr of helium,
however, the value of & (for the same surfaces) appeared

177




Abelson and Abdou INTERFACE HEAT CONDUCTANCE

25000

1 )| |

® (760 Torr He, 6.25um, 5 MPa, SaB )

5

A (760 Torr He, 6.25um, 10 MPa, SaB )

B (760 Torr He,6.25um, 0.18 MPa, SaB ) O (760 Torr He, 6.25um, 0.18 MPa, Ba$ )

1 1 1 I

A (760 Torr He,6.25um, 10 MPa, Ba$S )
O (760 Torr He, 6.25um, S MPa, BaS )

:

:

) — -

interface Conductance, [W/im2-K]

/1/

e e e "-—-D'"—D—"-‘D——--C

o

0 25000 50000 75000

100000

125000 150000 175000 200000

Heat Flux, [W/im2]

Fig. 25. Interface conductance versus heat flux, 760-Torr helium, 6.25-um surface roughness, SaB and BaS configurations.

to be nearly independent of heat flux. The rougher
6.25-um surface was found to be sensitive to heat flux
both in vacuum and in 760 Torr of helium and generally
saw h increase as the heat flux was raised up to ~175
kW/m?, whereafter the interface conductance appeared
to approach a steady value. The magnitude of h was
found to be a function of the direction of the heat flux
and was higher for disks in the SaB configuration. How-
ever, the gas conductance was found to be nearly inde-
pendent of disk configuration, suggesting that it is the
contact conductance component of k that is sensitive to
the direction of heat flow. Finally, the presence of the
interstitial gas made the relative increase in 4 for a given
raise in contact pressure insensitive to the surface char-
acteristics of the test specimens (surface roughness and
disk orientation).

VI. INTERFACE CONDUCTANCE ERROR ANALYSIS

VIA. Foreword

Eleven major contributors to the total uncertainty in
h were considered in this anatysis. These 11 error sources,
and their respective magnitudes, are presented as fol-
lows (refer to Fig. 26 for error source location):

1. the calibration uncertainties of the four thermo-
couples installed within the beryllium and Type
316 stainless steel specimens, 8Ty = 8T, =
+0.13°C, and in the aluminum heat flux meter,
8T = 6T, = £0.13°C.
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2. the distance between the beryllium-Type 316 stain-
less steel interface and the thermocouple within
the beryllium specimen, 8L, = £0.1 mm

3. the distance between the beryllium-Type 316 stain-
less steel interface and the thermocouple within
the Type 316 stainless steel steel specimen, 6L, =
+0.1 mm

4. the distance between the two thermocouples in-
stalled in the heat flux meter, which are used to
calculate the magnitude of the heat flux, §L; =
0.1 mm

5. the thermal conductivity of the beryllium speci-
men, kg, = £10%

6. the thermal conductivity of the Type 316 stain-
less steel specimen, 6kgg316 = +3%

7. the thermal conductivity of the aluminum heat flux
meter material, 8k = 3%

8. the radiative and convective heat losses from
the experimental test apparatus, referred to as
Leakage.

- There. are several established methods that may be
employed to perform an uncertainty analysis. The most
common procedure is that given by Moffat!® and the Jour-
nal of Heat Transfer'® and involves treating every iden-
tifiable error source (i.e., temperature measurements,
lengths between thermocouples, thermal conductivities,
etc.) as a random error. In doing this, it is assumed that
each individual error will change from run to run fol-
lowing a Gaussian distribution. For later reference, this
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methodology will be referred to as the TER method. Fol-
lowing the TER methodology, the total expected error
in interface conductance, denoted as &h, is given by the
following root sum square relation:

8h = [(8hlsz,)? + (8h|sr,)* + (8hlsr,)* + (8h|sr,)?
+ (8h|s,)? + (8hlse,)? + (8hls,)?
+ (8hlse,,)? + (8h|srgs306)* + (BRse,)?

+ (ahlLeakage)z]l/2 . (6)

In this relation, 8h |57, is the uncertainty in h due solely
to temperature measurement error 87; (where T; is any
one of the four thermocouples employed in the ng) and
8h|5,_ is the uncertainty in k& due solely to length mea-
surement error 8L; (where L; is any one of the three crit-
VOL. 39
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I~

. ——Thermocouple #1
/-—Thormoeouplo #2

_ .~ Thermocouple §#3

"\ Thermocouple #4

conductance test apparatus, BaS configuration.

ical lengths listed in Fig. 26) . Additionally, 8h|s, is
the uncertainty in & due solely to thermal conductivity
error 8k, (where k,, is either the thermal conductivity of
beryllium, Type 316 stainless steel, or aluminum) and
8h|Leakage is the error in interface conductance due to both
convective and radiative heat losses.

The problem with using the TER procedure is that
not every error source changes from run to run. For ex-
ample, the thermal conductivities of the Type 316 stain-
less steel specimen and the aluminum heat flux meter were
measured and curve fitted before any interface conduc-
tance measurements were made. We do not remeasure
kss316 and ka; between every interface conductance mea-
surement, and thus, the uncertainties in kss3j¢ and ku;
clearly act as bias errors in the calculation of h. The re-
sult of assuming these two error sources behave in a ran-

dom manner is to severely underpredict the true magnitude
of oh.

179




Abelson and Abdou INTERFACE HEAT CONDUCTANCE

The second method for performing a sensitivity analy-
sis is that outlined by Mills?® and Taylor2! and will be
referred to here as the DBRE method. In following this
procedure, random error sources (e.g., temperature mea-
surements) and bias error sources (e.g., lengths between
thermocouples, measured thermal conductivities, and ra-
diative and convective heat losses) are treated as two dis-
tinct entities. The total uncertainty error in  is then given
by the following expression:

oh = iahrandom + ahbias ’

M

where the random and bias error components are defined
by

R, andom
= \/(Shlsn)z + (8hlsr,)? + (8h|s,)* + (8hlsr,)?
(®)
and
Shpips = :f:(sthLI * 6hls, = 5h|5L3 + 5h|5ch
* 8hlse,, £ 8hskgsy e + O Learage - )

The advantage of this method is that it treats random and
bias errors distinctly and correctly, resulting in a more
accurate sensitivity analysis. The disadvantage is that it
tends to give a worst-case error estimate, which may be
overly conservative. As previously mentioned, the dif-
ference between errors estimated by using this proce-
dure versus the TER procedure (where all errors are
treated as random errors) can be significant.

Because both of the aforementioned methods are use-
ful indicators of how accurate a given interface conduc-
tance measurement is, error bars were generated using
both the TER and DBRE methodologies for a seléct num-
ber of interface conductance data.

VI.B. Uncertainty Estimates for #
versus P, Measurements

The uncertainty error in & has been calculated over a
range of surface roughnesses, contact pressures, gas pres-
sures, and gas types to give an idea how 8h varies with
respect to these parameters. Both the TER and the DBRE
methodologies were used to compute the uncertainty er-
rors and generate error bars in the following figures.

In addition to the 11 error sources previously dis-
cussed, there are 3 additional sources of uncertainty that
should be mentioned. The first is the error in the inde-
pendent variable P,. Because of load cell calibration er-
rors and the imprecise nature of controlling the contact
pressure with a hand-operated hydraulic press, the mag-
nitude of the external loading is only good to + 10 pounds,
which corresponds to 1-in.-diam specimens. Clearly, on
a scale that ranges from 0.18 to 12 MPa, the uncertainty
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in P, is negligible and does not warrant adding horizon-
tal error bars to any of the figures.

The magnitude of the gas pressure is another source
of error in two different capacities:

1. in the reading of the pressure via the Convectron
and Baratron transducers

2. in regulating the gas pressure via the propor-
tional control valve and feedback loop.

The transducers had a typical measurement uncertainty
of <5%, while the pressure regulation system was able
to hold P, to within 5% of the selected value. The effect
of these uncertainties on the magnitude of & was ob-
served to be minimal relative to all other error sources,
and thus, they were not included in any of the error bars.

Finally, it was expected that plastic deformation of
the surface asperities would result in large discrepancies
between repeated results. This was not found to be the
case. Some surface deformation was visible in the form
of a smooth annular ring when the specimens were in the
SaB configuration, and a concentric circle for runs car-
ried out in the BaS configuration. However, repeated mea-
surements failed to indicate any notable change in 4 that
could be definitely attributed to surface smoothening.

Figures 27 and 28 present uncertainty estimates for
the 6.25-um rough surfaces as a function of contact pres-
sure using the TER and DBRE methodologies, respec-
tively. Error bars are presented for runs carried out in
vacuum, in 760 Torr of air and in 760 Torr of helium,
and selected numerical values are listed in Table II. In
general, the magnitude of the measurement error was
minimized when the temperature difference across the
beryllium-steel interface was large. Thus, the most ac-
curate h readings were obtained in vacuum and at low
contact pressures. The magnitudes of the DBRE error es-
timates were often twice those of the associated TER es-
timates. This indicated that the test rig was dominated by
bias error sources (lengths, thermal conductivities, and
convection heat losses) rather than by random error
sources (thermocouple temperature measurements). The
three dominant error sources were the uncertainties in
Type 316 stainless steel thermal conductivity, alaminum
thermal conductivity and the distance between the test
interface and the thermocouple within the Type 316 stain-
less steel specimen (Fig. 26).

The uncertainty errors for # measurements made with
the lapped beryllium surface (combined beryllium-Type
316 stainless steel disk roughness = 0.28 um) are pre-
sented in Figs. 29 and 30 using the TER and DBRE
methodologies. Selected numerical values are listed in
Table III. The magnitude of the interface conductance
was typically very high (as great as 35000 W/m?2-K) for
runs carried out in 760 Torr of gas, resulting in a very
small interfacial temperature drop (on the order of 5°C).
This small temperature difference greatly increased the
uncertainty in the & measurements due to the 11 error
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Fig. 27. Measurement uncertainty for h versus P., using TER methodology, 6.25-um disks, in 760-Torr (air and helium) and in
vacuum, SaB configuration.

sources previously mentioned (the uncertainty in h could  applications. Thus, the large uncertainties encountered
be as great as 99%). However, a high value of interface  under 760 Torr of gas do not invalidate the usefulness
conductance means the interfacial resistance is very small  of the data; rather, the associated large values of 4 indi-
and, therefore, generally unimportant for most practical  cate that the interfacial resistance may be of negligible
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Fig. 28. Measurement uncertainty for h versus P,, using DBRE methodology, 6.25-um disks, in 760-Torr (air and helium) and in
vacuum, SaB configuration.
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TABLE 11

Measurement Error in h for the 6.25-um Surface

Gas Pressure, and Gas Type

INTERFACE HEAT CONDUCTANCE

at Selected Values of Contact Pressures,

Contact TER DBRE
Pressure Gas Errorinh | Errorin h
(MPa) Pressure/Type (%) (%)
0.18 Vacuum 4.4 7.1
6.38 Vacuum 6.9 15
11.6 Vacuum 8.8 19
0.18 760 Torr /air 6.3 13
6.38 760 Torr/air 9.8 22
11.6 760 Torr/air 11 24
0.18 760 Torr/helium 13 28
6.38 760 Torr/helium 17 38
11.6 760 Torr/helium 18 41

importance when lapped surfaces are used in 760 Torr of
gas under high contact pressures.

VI.C. Uncertainty Estimates for / versus g Measurements

The measurement uncertainty i was computed as a
function of heat flux for runs carried out under 5 MPa of
contact pressure, with disks of 6.25, 1.34, and 0.28 um
of surface roughness. Selected numerical results are

presented in Table IV for measurements made in vac-
uum, and the associated error bars are displayed in Fig. 31
(TER methodology) and Fig. 32 (DBRE methodology).
The analogous TER and DBRE error bars for runs car-
ried out in 760 Torr of helium are presented in Figs. 33
and 34,

From Table IV, observe that the magnitude of the er-
ror in h is inversely related to the magnitude of the heat
flux. When measurements were made at low values of q,
the temperature difference across the test interface would
often be very small (typically on the order of 1 to 5°C),
making it difficult to accurately compute the magnitude
of h [using Eq. (5)]. Typically, the measurement uncer-
tainty of the four thermocouples would dominate the error
in h as the magnitude of the heat flux was reduced below
50 kW/m2,

The uncertainty in the interface conductance mea-
surements was generally observed to increase along with
the magnitude of h. Thus, the error bars were larger for
smoother surfaces than for rougher surfaces (Figs. 31 and
32) and for measurements made in 760 Torr of helium as
opposed to vacuum (Figs. 33 and 34). The relationship
between the magnitude of  and the uncertainty in 4 is as
follows: A higher value of interface conductance implies
a smaller interfacial temperature difference A7; for a fixed
value of heat flux [Eq. (5)]. At lower values of & (i.e., in -
vacuum, using rough surfaces, etc.), the magnitude of AT}
is typically large (an order of tens of degrees Celsius),
and its value was not greatly affected by uncertainties
in temperature measurements (8T = +0.13°C), length

A (750 Torr He, SaB)

:

® (750 Torr Air, SaB)

& (Vacuum, SaB)

g

g
8

interface Conductance, [W/m2-K]

RN
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Fig. 29. Measurement uncertainty for & versus P, using TER methodology, 0.28-um disks, in 760-Torr (air and helium) and in

vacuum, SaB configuration.
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Fig. 30. Measurement uncertainty for h versus P,, using DBRE methodology, 0.28-um disks, in 760-Torr (air and helium) and in

vacuum, SaB configuration.

measurements, etc. However, as the interface conduc-
tance was increased, the magnitude of AT; could be re-
duced to the order of just 1°C. This made the values of
the uncertainties (in temperature, length, etc.) nearly the
same magnitude as A, resulting in a large relative error in
the interface conductance measurement.

For h versus g runs carried out in 760 Torr of he-
lium, the temperature difference across the test interface
was typically many times smaller than for runs carried

TABLE I

Measurement Error in & for the 0.28-um Surface at Selected
Values of Contact Pressures, Gas Pressure, and Gas Type

out in vacuum, resulting in interface conductance mea-
surement errors that were substantially higher when com-
pared with runs carried out in vacuum. Numerical values
of the TER and DBRE errors are listed in Table V for a
selected range of heat fluxes, and the associated error bars
are presented in Figs. 33 and 34.

Following the TER methodology, the average uncer-
tainty in & was ~16, 22, and 35% for surface rough-
nesses of 6.25, 1.34, and 0.28 wm, respectively. Because

TABLE 1V

Uncertainty in h in Vacuum at Selected Values
of Heat Flux, P. = 5 MPa, All Roughnesses

FUSION TECHNOLOGY VOL.. 39 MAR. 2001

Contact TER DBRE Be Surface TER DBRE
Pressure Gas Pressure/ Errorinh | Errorinh Heat Flux Roughness Errorin h Errorin h
(MPa) Gas Type (%) (%) (W/m?.X) (pm) (%) (%)
0.18 Vacuum 4.8 8.6 22140 6.25 6.0 13
6.38 Vacuum 13 16 96 090 6.25 6.0 13
11.6 Vacuum 15 33 183850 6.25 6.5 14
0.18 760 Tort/air 11 25 26210 1.34 18 39
6.38 760 Torr/air 23 49 96930 1.34 14 32
11.6 760 Torr/air 47 99 190 140 1.34 4 8.4
0.18 760 Torr/helium 20 44 17130 0.28 19 41
6.38 760 Torr/helium 32 68 109 660 0.28 7.0 16
11.6 760 Torr/helium 43 91 193570 0.28 6.6 14
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Fig. 31. Measurement uncertainty for h versus g, using TER methodology, P, = 5 MPa, vacuum, SaB configuration.
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Fig. 32. Measurement uncertainty for h versus g, using DBRE methodology, P, = 5 MPa, vacuum, SaB configuration.

of their lower values of interface conductance, rougher
surfaces could be more accurately characterized than
smoother surfaces. The magnitude of the DBRE error es-
timates are roughly twice those of the TER estimates, with
the uncertainty dominated by errors in the thermal con-
ductivity of Type 316 stainless steel and aluminum, and
by the measured distance between the test interface and
the thermocouple installed in the steel test specimen.
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VIl. SUMMARY

Interface heat conductance was measured between
roughened beryllium and lapped stainless steel as a func-
tion of numerous geometric, surface, and environmen-
tal parameters. The value of the interface conductance
was within the order of magnitude range of 100 to
100000 W/m?2-K, which is consistent with similar
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Fig. 33. Measurement uncertainty for h versus ¢, using TER methodology, P. = 5 MPa, 760-Torr helium, SaB configuration,
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Fig. 34. Measurement uncertainty for s versus g, using DBRE methodology, P, = 5 MPa, 760-Torr helium, SaB configuration.

metal-metal contacts reported in the literature (e.g., Van
Sciver et al.!6),

Lapped surfaces possessed values of & as great as
80000 W/m?2-K under high contact pressures and in
760 Torr of gas. The magnitude of the interface conduc-
tance for these smooth surfaces, however, was very sen-
sitive to contact pressure, gas pressure, and heat flux.
FUSION TECHNOLOGY
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Because the associated interfacial resistance under these
conditions was very low (and therefore unimportant for
most practical applications), the variation of A with re-
spect to the foregoing parameters may not be a signifi-
cant concern.

Rougher (e.g., ball-bearing-blasted and sand-blasted)
surfaces were found to have much lower values of
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NOMENCLATURE

h = interface conductance (W/m2.K)
h. = control conductance

h, = gas conductance

kpe,

ksteet, kar = thermal conductivity of beryllium, stainless
steel, and aluminum (W/m-K)

ki,k; = conductivity of the contacting solids
(W/m-K)

L, = distance between thermocouple 2 and inter-
facing surface

Ly-; = distance between thermocouple 1 and inter-
facing surface

Li4 = distance between 2 thermocouples in cylin-
drical Al Rod

P. = contact pressure (mPa)

P, = gas pressure (Torr or mTorr)

Q = applied heater power (W)

q = heat flux (W/m?2)

TBe = extrapolated temperature, beryllium inter-
facing surface

T3t = extrapolated temperature, steel interfacing
surface

T, = temperature at the mathematical s-surface

T, = temperature at the mathematical u-surface

T, = temperature of Be at location 9, thermocou-
ple 1

T, = temperature of steel at location 9, thermo-
couple 2

Greek

AT; = temperature difference across the interface

Sh = total uncertainty in the value of # (W/m?2.K)

Ohpins = uncertainty in the value of & due to bias er-

rors (W/m?-K)
OhRandom = uncertainty in the value of A due to random
errors (W/m?2-K)
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