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FOREWORD
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ABSTRACT

An experimental and analytical evaluation of the theory and computer
programs concerning heat transfer through semitransparent solids has been con-
ducted by Midwest Research Institute (MRI). A transparent boundary apparatus
was developed to experimentally evaluate the computer program developed under
Contract AF 33(657)-9138 by the MRD Division of the General American Transpor-
tation Corporation (MRD). Experimental investigations of the heat transfer
through 96 per cent silica glass and aluminosilicate glass were ccnducted for
glaze temperatures to 1000'F. Similar data were produced for the same materi-
als with tin oxide or gold films on one or both sides of the specimeas.

The MRD computer program was modified to duplicate the experimental
boundary conditions and facilitste use of the program. Computer runs were then
conducted to insure that the original program and the modified program produced
identical analytical results, i.e., that the modifications did not alter the
basic theory or numerical techniques of the program. Since the modified pro-
gram was vritten by MRI primarily for use in evaluating the MRD program, no
attempt was made to document the modified program for general use.

Evaluation of the computer program was initiated by investigating
over one hundred test conditions both in the laboratory and on the computer.
Glaze thickness, glaze material, heat flux, surface temperature, film material,
and film location were varied to produce a wide variety of conditions. Corre-
lation between the MRD computer results and the experimental results was found
to be unsatisfactory.

The experimental data were verified by numerous empirical and ana-
lytical tests. BSeveral independent tests specifically designed to evaluate
the computer program were then run; the findings of each of these investiga-
tions were in very close agreement and demonstrated that the program did not
yield correct results. Significant errors in the computation of the "trans-
parent” radiation interchange terms were found to be the source of the
difficulties in the MRD computer progranm.

The experimental, empirical, and analytical tests conducted to
evaluate the computer program led to the MRI conclusion that the program in
its present form does not yield realistic results and thus is not a satis-
factory tool for the computation of heat fluxes or temperature distributions
in semitransparent materials,

Recommendations for further research are made based upon a belief
that the theory is sound and that, despite the MRD computer program difficul-
ties, the program can be made into an important tool for the design of
advanced aerospace systems.
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Pl

QA(Xi)

Qr(x;)

et

Ty
i

NOMENCLATURE

Area
Emissive power.
Local configuration factor from window to heater.

Pactor accounting for departure of window and heater from complete
blackness.

Function relating appsrent emissivity to thickness and temperature.
Distance from window upper surface to heater; see Figure 6.
Thermal copductivity.

Glaze thickness.

Index of refraction.

Auxiliary function.

Defined by Eq. (23).

Defined by Egqs. (31) and (32).

Fraction of blackbody energy

Flux absorbed at x; from external radiation source.

Flux reabsorbed at x; from the other elements.

Heat flux.

Heat flow into calorimeter.

Net radiant interchange at x; .

Convective heat flux.

Electrical resistance.

Heater radius.

Window radius.
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Ty

Variable radius of heater.

Varisgble radius of window.

Constant.

Temperature.

Calorimeter water inlet temperature.
Calorimeter water outlet temperature.
Electromotive force.
Radiant flux.
Calorimeter water flow.
Position coordinate.

Auxilliary position ccordinate.

Angle between direction of beam within plate and normal to plate.

Absorption coefficient.
Emissivity.

Wavelength.

Volumetric specific hest.
Reflectance.

Directional reflectivity.
Boltzmann's constant.
Trensmittance.

Directional transmissivity.

Defined by Eq. (22).
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Subscripts

B ~ Burner.

c - Calorimeter.

Cr - Critical.

g - Gas.

H - External radiation source (heater).
1, - Elements.

m - Wavelength band.

R - Environment (room)}.

T - Transparent.

W - Window.

A - Wavelength.

1 - First element, hot surface.

11 - Eleventh element, cold surface.
1 - Perpendicular polarization.

i - Parallel polarization.



I. INTRCDUCTICN

Heat transfer is an important consideration in the development of ad-
vanced aerospace systems. Although methods employed by wvehicle designers to de-
termine heat flow through opagque solids are time-proven, technigues for the
thermal analysis of heat transfer in semitransparent¥ materials are not well
established. Such methods are needed to design the semitransparent window sys-
tems of hypersonic and re-entry vehicles.

Theoretical methods of describing heat transfer by phonon (lattice}
conduction in semitransparent solids have been developed in recent years (Refs.
1 and 2). These techniques give realistic results when used to analyze glazes
at low temperatures, but at high temperatures the results do not correlate well
with experimental data. Gardon (Ref. 3) and other investigators advance the
theory that at elevated temperatures a significant amount of heat flows through
nonopaque solids by photon {radiative) conduction.** In contrast with opaque
materials, absorption and emission take place internally as well as at the sur-
faces, The degree of photon conduction is a function of the solid's thickness
and temperature (Ref. 4).

Gardon has developed a theoretical methed of analyzing thermal energy
propagation by the combined mechanisms of phonon and photon conduction. An
operational computer program based on his theory has been written by the IRD
Division of the General American Transportation Corporation (MRD) for an IBM
7094 computer; however, the theory as well as the program must be verified be-
fore it can be used with confidence.

Midwest Regsearch Institute (MRI) was contracted to experimentally
evaluate the computer program for glaze temperatures to 1000 F. A unique fea-
ture of the apparatus developed for the evaluation was that the window surfaces
had a transparent boundary, whereas in most studies of heat transfer in glass,
one or both of the surfaces are in contact with an opagque material. Thus the
tests were carried out under conditions similar to those encountered in actual
vehicle flights., The choice of a transparent-boundary apparatus is supported
by Lee (Ref. 2) who states that “for highly transparent materials the 'effec-
tive' conductivity (phonon plus photon conductivity) measured is largely deter-
nined by boundary conditions unless extremely thick specimens are used."

*  Semitransparent includes materials generally considered to be transparent
(e.g., glass).

#% Photon conduction is so called because of the analogy between this mechanism
and the familiar lattice thermal conduction.



The development and calibration of the apparatus is described in
Section II of this report. Gardon's theory, the MRD computer program, and a
modification of the program are summarized in Section III. Modifications in~
clude temporary changes required to give better agreement with the experimental
program, to evaluate the program's accuracy, and to facilitate the preparation
of data. The evaluation tests, data, and analysis of results are described in
Section IV. Conclusions and recommendations for improving and applying the

program are given in Section V.

Derivations, other supporting information and the experimental data
are included in the Appendices.



II. EXPERIMENTAL PROGRAM

Evaluation of the computer program is fundamentally an experimental
problem. Before designing an apparatus to simulate radiative and/or gonvec-
tive heat transfer through aerospace windows, a survey was made of previous
experimental studies of glass. These investigations, which were primarily con-
cerned with making effective thermal conductivity measurements, in general had
one similarity: the glass specimens were bounded on one or both surfaces by
opaque materials, usually metal foils.

Preliminary plans for an apparatus having transparent boundaries
were developed. A comparison of the two types of apparatus, herein designated
as Transparent-Boundary Apparatus (TBA) and Opaque~Boundary Apparatus (OBA),
is given below.

A. Comparison of Transparent and Opaque Types of Apparatus

The major differences of the TBA and OBA are the manner heat is sup-~
plied to the specimen, the surface temperature determinations, and the heat
flux measurements.

Heat source: The source of heat which is transmitted through the
TBA specimen is from virtually transparent hot gases (convection) and/or a
radiation heater {radiation). Generally, heat is transmitted through an
OBA specimen by conduction from a metal foil in physical contact with the
hot side of the specimen and by the net radiation interchange between foils
at the hot and c¢old sides. Thus, the influence of external radiant energy on
the specimen can be directly determined with TBA, indirectly by OBA (by using
pairs of foils with various emissivities)(Ref. 5).

Surface temperature determinations: The surface temperature de-
terminations are made by using sensors applied directly on each side of the
TBA specimen. These sensors are small resistance grids. Hence, the surface
temperatures are directly measured. The temperatures of the OBA specimen are
measured by thermocouples installed in a metal bar behind the foil on each
side of the specimen. The surface temperatures are then determined by ex-
trapolating data of specimens of several thicknesses (to correct for thermal
contact resistance). In recent work at NBS, the temperature gradient through
the specimen was measured by thermocouples cemented in grooves in the edge
of the specimen (Ref. 5).




Heat measurement: The rate of heat transmission through the TBA
specimen is measured by a water calorimeter (the central part of the heat
sink). The rate of heat transmission through the OBA specimen is determined
by measuring the electrical power supplied to the specimen heater and correct-
ing for heat not passing through the specimen,

After weighing the relative merits of the two basic types of ap-
paratus, it was concluded that the OBA should not be used. Some of the ob-
jections to the use of opaque boundaries were:

1. The environmental conditions would not realistically simulate
those encountered in actual aerospace vehicle flights;

2. Internally generated radiation would be reflected or absorbed
by the foils;

5. The glass surfaces having opague boundaries would not emit heat
to space;

4, The unrealistic boundary conditions would largely determine the
net heat fiow for relatively thin specimens comparable to those used in air-
craft window systems (Ref. 2); and

5. The temperature of the external radiative "heater" (the foil)
could not be made independent of the specimen temperature.

To iliustrate one of the difficulties associated with opaque boun-
daries, an amplification of the fifth objection follows. Assume that a win-
dow is to be heated to a steady-state temperature of 500 F. The "radiator”
temperature will also be 500 F since the foil, which represents the heater,
must be in intimate contact with the window surface to minimize thermal re-
sistance.

Most glasses are transparent to some of the energy that radiates
between 0.5p and 4.5p . Within this band impinging radiation is partially
absorbed, partially reflected, and partially transmitted. Cutside of this
band radiation is reflected or absorbed. At 500 F, less than 20 per cent¥* of
the emissive power of the heater will be at wavelengths to which glass is
transparent and only a fraction of this amount will be transmitted through the
window. Thus, at moderate glass temperatures the ratio of external radiative

* In actual flight, up to 99 per cent (depending on the heat source) of im-
pinging radiation is within the transparent spectrum of glass.



conduction to phonon conduction is very low and consequently the opaque
boundary method cannot adequately evaluate the portion of the program that
pertains to external radiation. At elevated glass temperatures, radiation
from the foil is nc longer insignificant; nevertheless verification of the
program is still limited to the single hypothetical case where the heater and
glass surface temperatures are the same.

A further difficulty associated with opaque boundaries is that this
method does not permit direct evaluation of the program for the case vhere
there is no external radiation, that is, for the case where convection is the
only means of transmitting heat to the window.

B. Design and Development of Apparatus, Instrumentation, and Films

Since opague boundaries would prevent a satisfactory evaluation of
the subject computer program, an apparatus with transparent window boundaries
was designed and built. The final assembly and components are illustrated in
Figures 1 and 2.

The heat source consisted of two types of heat generating systems:
high velocity gas burners and an electric radiant heater. These were lo-
cated and controlled so that they could be used simultaneocusly or individu-
ally without restricting the operation of the other. The specimen was a disk
4 in. in dismeter and 1/8 in., 1/4 in., or 5/16 in. thick. The surface tem-
peratures of the specimen were sensed by gold resistance grids.

The specimen was supported 0.175 in. above a water cooled back
plate. Heat was transferred across the gap by radiation and conduction
through the air; forced convection was not required. The heat sink was water
cooled and coated with a "black" paint to minimize the amount of heat emit-
ted or reflected back to the specimen. The central portion of the water
cooled plate was a calorimeter or thermopile.

The apparatus components, temperature sensors, and instrumentation
are described in detail below.

Radiation heater: The radiative heater was designed to satisfy
three fundamental requirements:

1. That the heat flux be emitted at wavelengths that generally coin-
cide with the transparent band of glass;
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Figure 1 - Schematic View of Transparent Boundary Apparatus
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Figure 2 - Transparent Boundary Apparatus Showing Edge of Radiant
Heater, 3 Gas Burners, and Glass Specimen With a
Preliminary Pattern of Gold Surface
Temperature Sensors

2. That the heat flux be uniformly distributed over the window sur-
face; and

3. That the magnitude of impinging heat flux be sufficient to heat
diathermous materials to 1000 F. '

Several types of heaters were fabricated and evaluated. The first
design consisted of a 0.032 in. Kanthal wire and a ceramic disk. The heating
element was imbedded and cemented with aluminum oxide in a groove which formed
a spiral in the ceramic plate. It was found that this heater could not be op-
erated for any length of time at elevated temperatures (1800 - 1900 F); how-
ever, experimentation with coils of heavier gage Kanthal wire resulted in a
unit that gave reasonable life at these temperatures.

The heater design ultimately adapted for the program is shown in
Figure 3.



Figure 3 - Radiation Heater

It hed an indefinite lifetime and its surface temperature was wmore uniform
than the previous types. The heater had a spiral resistance element 3/8 in.
wide and 1/16 in. thick with a resistance of approximately 0.1 ohm; maximum
voltage was 20 v. It was made of Hastelloy X alloy, which has an adherent
oxide coating at temperatures exceeding 2000 F and has sufficient strength at
these temperatures to maintain its shape without sagging. To assure no dis-
tortion of the long spiral element, Hastelloy X rods (3/32 in. diameter) were
butt welded to the flat spiral strip to provide support. These rods and the
terminal rods passed through a refractory insulating block, 2-1/2 in. thick,
and wvere held on the back of the block by clips. Thus the refractory block
supported the heater element and thermally insulated the rear side of it. Two
chromel-alumel thermocouples were clamped between the element and the insu-
lation block, one for automatic control and the other for monitoring the heater
temperature.



The primary purpose of the experinental tests was to evaluate the
theory that predicts heat transfer through materials by the mechanism of radia-
tion as well as by conduction. It was therefore essential that the radiative
heater emit energy at wavelengths to which glass is transparent. 8Since the
amount of transmission through the glass required to satisfy this criterion can-
not be clearly defined, a conservative range of 10 - 50 per cent of incident
radiation was arbitrarily established.

Most glasses are transparent to some of the energy that radiates be-
tween 0.5, and 4.5yu. Planck's quantum theory was used to determine the heater
temperature range that radiates predominantly within this range.

The amount of heat that is emitted within a given wavelength band is

A
2 E
q=E / “}'g a(AT) (1)
A of

where the emissive power is
4
E = ¢T~ . (2)

The functiocns EA/GTS and AT are directly proportional and are presented in
tabular form by Kreith (Ref. 6). It follows that the per cent of impinging
radiation that is transmitted through a diathermanous material is

P=f E&E&d(m) : (3)
o] cTS

Equation (3) was evaluated for a thin sheet of 96 per cent silica
glass and the results are presented graphically in Figure 4. The curve indi-
cates that the glass will transmit from O to 79 per cent of the incident energy
and that waximum transmission is affected by a heater temperature of 60C0 F.
Further examination of Figure 4 reveals that the desired 10 - 50 per cent trans-
mission range can be attained provided

300 F < Ty < 2300 F (4)
A similar analysis with respect to aluminosilicate, borosilicate, soda lime,

and fused silica glasses resulted in the same approximate heater temperature
range in each case.



80

5 60
wl
(4]
[s 4
w
a_ ------ —
5 I
o> |
2|& 40 .
w uZJ |
:
Zio i
p=d [ 5] l
SE 20 |
= i
|
|
. !
0 ] I
o} 2000 4000 6000 8000 10000

RADIANT HEATER TEMPERATURE, F

Figure 4 - Effect of Source Temperature on Transmission of
Thermal Radiation Through a Thin Sheet of
96 Per Cent Sllica Glass

The heat flow through aercspace windows in actual flight and in simu-
lated flights on the subject computer program is essentially one-dimensional.
Therefore in the experimental program it was important that the impinging radis-
tion be uniformly distributed over the window surface. This can be accomplished
with a disk-shaped heater provided its surface temperature, Tg , is uniform and
the relative size and the spacing of the heater and window are carefully ana-

lyzed.

The temperature distribution of the hesater was determined with an
Ircon model 300 gptical pyrometer. The results, which are illustrated in Fig-
ure 5 indicate that at Ty ~ 1150 F the absolute temperature varied by ¥ 1 per
cent, and at Ty ~ 1650 F the absolute temperature varied by I 2 per cent.
These differences result in meximum variations of emissive power of approxi-
mately 4 and 8 per cent, respectively.
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POSITION SURFACE TEMPERATURE

{ AS SHOWN) RUN NO. | RUN NO. 2
A 1635 R 2118 R
B 1641 2122
c 1637 2146
D 1646 2078
E 1605 2061
F - 2129
G - 2103
AVG 1633 2109

Figure 5 - Surface Temperature Variation of Radiant Heater

If the heat is emitted uniformly it will irpinge the window uni-
formly provided either of the following conditions exists:

1. The heater is designed and positioned in such a way that every
element on the window surface "sees"” nothing but the heater; or

2. The heater is positioned such that it is "seen" equally well by
each element of the window surface.

The first criterion is satisfied if rH/rw —>»e« or h —>»0; the second requires
that h —>=. The variables ry, ry and h are illustrated in Figure 6. These
ideal conditions are not practical in the laboratory; therefore, reasonable
compromises based on further analysis were made.

The local heat flux impinging the window surface is
4 4
q = OFpFR(Tg - Ty) (5)

where Fn is the local configuration factor which allows for the average angle
through which the heater is "seen," Fp makes allowance for the departure of the
source and receiver from complete blackness and is a function of their indi-
vidual emissivities. REquation (5) and the corresponding theory was developed
by Hottel. This widely used approach is described in detail in McAdams' clas-
sic heat transfer text (Ref. 7).

11
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Figure 6 - Schematic of Window and Heater Configuration

The shape factor frequently reported and used for two parallel, finite
disks is an average value and does not account for local variations. Since it
is these variations that must be minimized in the experimental program, the ap-
paratus design cannot be based solely on standard gray-body theory as set forth
by Hottel or Eckert and Drake (Ref. 8). However, their approach can be extended
to be applicable to the heater design analysis by employing shape factor alge-
bra - that is, by subdividing the disks into rings and using the modified reci-
procity relationships described by Kreith (Ref. 9). A study to determine the
relationship between the local configuration factor and the variables h and
ry for Ry = 3 was made (see Figure 6). The theoretical approach and sample
calculations are presented in Appendix B and the results are plotted in Figure
7. For comparison, the average values of F, were obtained from configuration
charts developed by Hamilton and HMorgan (Ref. 10) and are plotted as dashed
lines for h = 2.0 in. and h = 4.0 in.

The configuration factor curves indicate that the per cent deviation
of the local value of Fy from the average is greatest when the heater is posi-
tioned about 3 in. from the window. At h = 2,0 and h = 4.0 the variation
from average is approximately 115 anda 110 per cent, respectively. As expected,
Fy approaches a constant as h~—>o or wvhen h>>1 . At h = 0.4 in., Fp de-
viates from the average by less than 2 per cent; at h = 8.0 in., the variation
is approximately 4 per cent. Primarily as a result of this analysis, the fol-
lowing heater positions were selected for the experimental progran:

h = 9/16 in. and h = 8 in. (8)
12
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A study wes made to determine the heater temperatures required to
raise the temperature of & glass window to 1000 F or above. Heat was considered
to be transferred through the window by conduction only; heowever, compensation
for this assumption was made by employing apparent emissivities and thermal con-
ductivities (see Section IV-B). The results of the analysis indicated that the
surface of the window closest to the heater would stabilize at approximately
1100 F wvhen Tg = 1300 F and h = 9/16 in. This conclusion was subsequently
verified experimentally.

It was concluded that a radiant heater could be designed, positioned,

and operated to satisfy all three of the fundamental requirements get forth at
the beginning of this section. DBased on analyses described above, two heater
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position/temperature combinaetions were used throughout the experimental program.
For the case where radistion was the primary source of heat transfer to the win-
dow, the heater was positioned 9/1¢ in. above the glass and operated at tempera-
tures between 900 and 1300 F. For the case where radiation and convection were
simultanecusly used, the heater was placed 8 in. above the window and operated

at temperatures up to 2300 F, The heater was also used in this position without

operating the burners.

Convection heaters: The convective heat source was designed to satisfy
two fundamental requirements:

1. That the convective heat transfer be sufficient to heat di-
athermanous materials to 1000 F; and

2. That the heat flux be uniformly distributed over the window sur-

face.

Preliminary celculations were made to determine the mean gas tempers-
ture necessary to heat the exposed glass surface to 1000 F. Using a conserva-
tive convective heat transfer coefficient {for perallel gas flow) and effective
thermal conductivity and emissivity walues for glass, a meximum gas temperature
of 2880 F was computed. Based on this estimate, a superheat burner supplied
with natural gas and compressed air was selected as the convective source.

The burner usged in the experimental program was a SH-2 Selas superheat
burner with & rectangular blast opening 1-3/8 in. long by 1/8 in. wide end a
Tlared tongue. Combustion occurs inside the burner and the products of combus-
tion are forced out of the blast opening at a high velocity. When the burner is
first ignited, the flames burn outside of the combustion chamber and must be
forced or "popped" back into the burner. A technigue of accomplishing this with
a torch directed into the combustion chamber was developed.

The convective source consisted of three burners mounted so that they
could each be adjusted in three directions (see Figure 2). Various combina-
tions of burner positions were experimentally evaluated to determine the opti-
mum arrangement with respect to uniform heating. These tests were run on a
1/32 in. stainless steel "window;" the temperature distribution was determined
by thermocouples welded to the backside at 12 different positions.

Initially, the burners were directed towards the center of the stain-
less steel disk as schematically shown in Figure 1. Uneven heating was indicat-
ed both by a nonuniform oxidation pattern and by a measured temperature gradient
of several hundred degrees. These results are in general agreement with those
of Gardon whe studied local heat transfer between three exhausts of hot air and
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& plate mounted perpendicular to them (Ref. 11). The MRI burners were then
lined up tangentially to the specimen's periphery and the result was a markedly
improved heat distribution. By systematically varying the fuel flow rates,
heater positions, and other pertinent variables, it was found that temperatures
over the central two-thirds of the "window" could be made uniform within ¥ 2
per cent of the absolute temperature. The maximum variation of 125 F is
comparable tc that attained with the radiative heater operating at a height of
9/16 in. and therefore the variations in heat flux rate should also be compare-
ble and satisfactory.

Unlike the radiative case, it 1s not a simple matter to obtain re-
Peatable magnitudes of heat flux from test to test. For convective heating,
the sir flow rate and the exhaust temperature must be controlled for each of
the three burners. The exhaust temperatures were indicated by thermocouples
positioned in front of the burners {see Figure 2) and were varied by manually
adjusting the gas flow rate. Despite double pressure regulators, which were
used in both the air and natural gas supply lines, the burner temperatures
fluctuated over a range of ¥25 F at 2000 F. However, the average temperature
of each burner was monitored and the results were repeatable from one test to
another for a given set of conditions.

The uniformity of convective heat distribution and the repeatability
of heat flux rates are illustrated in Figure 8, which shows the temperature
profile of a 1/32 in. stainless steel disk for two similar runs made at a time
interval of 20 days.

Temperature sensors: The temperature sensor developed for measuring
the surface temperatures of the specimen was a gold resistance thermo-element.
Fine wire platinum-platinum 10 per cent rhodium thermocouples were originally
vonsidered but were abandoned because of the difficulty of attaching them to
the surface without distwrbing the heat transfer to the surface and because of
their low sensitivity.

Gold was adopted for the resistance grid of the temperature sensor
because the metal has a high thermal coefficient of resistivity, 1s free from
oxidation, is stable for temperatures to at least 1200 F and is readily de-
posited with reproducible resistance. Two gold grids were deposited on each
side of the specimen as shown in Figure 9. The top and bottom grids were de-
posited directly opposite each other so that local surface temperature gradi-
ents are cancelled out. The grids consisted of two main current conductors and
two voltage taps; the latter were used so that the resistance change of the
grid in the center of the specimen surface could be determined. The “active"
section of the grid was "U" shaped, 1-1/2 in. long, and 0.005 to 0.006 in.
wide. The resistance of this section was within the range of 5 to 10 ohms at
[ 7; it had a temperature coefficient of resistivity of approximately 0.020
Ohm/F.
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Figure 9 - 96 Per Cent Silica Specimen With Two Gold Tempereature
Sensors on Lach Side

The gold was deposited onto the surface of the specimen by vacuum
evgporation. Initially, the specimen was cleaned with a detergent, rinsed with
distilled water, and flushed with reagent grade acetone. After the specimen
was placed on a mask and installed in a vacuum chamber, a pressure of approxi-
mately 1 x 10™3 torr was obtained. The specimen was heated to between 950 and
1150 ¥ for final surface cleaning. Then, a gold wire, 99.9 per cent pure, was
heated in a molybdenum boat until it melted and evaporated to form a suffi-
clently thick film on the specimen. The thickness of the film was monitored
during deposition by a resistance measuring circuit on a dummy specimen. When
the resistance decreased to a standard value, the evaporation was stopped.
Thus, grids could be produced with nearly identical resistances. When the
specimen was cooled, the chamber was opened and the specimen moved to a new
position over the mask and the procedure repeated.

Silver wires were used at the edge of the specimen to connect the
grids to silver electrical conductors. These wires were bonded to the gold
film of the grids with Wesgo No. F1l406B silver brazing paint, fired in a furnace
at 1100 F.
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Heat sink and calorimeter: The heat sink for the apparatus was a
water-cooled copper plate and a calorimeter, which was mounted at the center of
the plate. The surfaces were flush with each other and were coated with a
black paint having an emissivity of approximately 0.98. The specimen was sup-
ported so that it was 0.175 ¥ 0.010 in. above the heat sink. The space around
the specimen between the heat sink and the specimen clamp was filled with alum-
ine silicate fiber paper. Thus, the edges of the specimen were insulated from
radial heat losases.

The calorimeter consisted of a copper disk of 1 sq. in. area with a
copper cooling coil soldered to its bottom side. The copper disk was supported
and insulated from the remainder of the heat sink by & nylon circular spacer.
The temperature difference between the incoming and outgoing water was sensed
by a five-junction chromel-constantan thermopile, made of wires 0.003 in. diam-
eter. The wires were sealed in the copper tubing by epoxy cement. At the
operating temperature of the calorimeter, the sensitivity of the thermopile was
0.1645 mv/F.

Instrumentation: The instrumentation and controls used with the ap-
paratus are shown schematically in Figure 10 and are illustrated in Figure 1l.
The signals from the temperature sensors and the thermopile were measured with
a Ll & N K3 potentiometer with & L & N linear D.C. amplifier as a null detector.
The signals could be recorded with the X3 as a voltage suppression unit; the
sensitivity of the recorder could be varied by the amplifier from 50 to 2,000
microvolts full scale.

The controlling system for the radiant heater consisted of a L& N
electronic null detector, zener-diode stabilized voltege reference, L & N
C.A.T. proportional controller, magnetic amplifier and a satureble core reac-
tor. This system maintained the radient heater temperature constant to within
%t 0.4 per cent.

Thin Films: The specimens used in the final phase of the experi-
mental program were aluminosilicate disks coated with 0.2p gold or tin oxide
Tilms. Four gold temperature sensing grids were deposited on each of the
disks as previously described. A film was then vacuum depesited over the en-
tire center section of one or both sides of the substrate; a fixture for sup-
porting the disk also served as a mask to prevent the film from depositing on
the terminals of the temperature sensors. In the case of gold films, fine
diagonel lines were scribed through the coatings to prevent the resistance
grids from shorting out.

A coated specimen is shown in Figure 12. The gold film, which is
on the back side of the disk, has a mottled appearance as a result of being

18



AC POWER SOURCE

REGULATED
PROPORTIONAL DRY AIR
CONTROLLER
RADIATION SﬂzigéfLE
SOURCE
REACTOR 11
Te REGULATED GAS
DETECTOR ’///—_
SURFACE
TEMPERATURE
SENSORS
~¥-—— CONVECTION
SOURCE
_____,,////’ (SUPERHEAT RECORDER
SPECIMEN ___///////,/ i,
HEAT SINK = — .

N—

Li—)

THERMOPiti//////,///A( LINEAR D-C
CooLANT _ SWITCH AMPLIFIER

[

K-3
POTENTIOMETER

DC
POWER

Figure 10 - Schematic of Apparatus Components, Instruments and Controls

Figure 11 - Instrument and Controls Console Used With
Transparent Boundary Apparatus

15



Figure 12 - Aluminosilicate Specimen Coated on the Back Surface
With a 0.2y Film of Gold

aged for 24 hr. at 1100 F and being impinged by flames from the superheater
burners for long periods of time. The transparency of the 0.2; gold coating
can be noted by observing the outline of the hand and fingers behind the film.

The notch in the upper right quadrant of the film shown in Figure 12
is where a thin glass slide was located during deposition. The spectral trans-
mittance of the gold covered slide was measured and plotted with a Beckman DK-1
spectrophotometer. Measurements were made over the major portion of the spec-
tral band that most glasses are transparent to: 0.3p to 3.53. The reflectance
chart is shown in Figure 13.

Gold film thickness determinations were calculated from the change in
weight of 0.5 mm. glass slides before and after deposition. An alternate
method employed a Bausch and Lomb single beam interferometer attachment on a
Lietz microscope; this method had an accuracy of approximetely %0.05, whereas
the weighing technique was accurate to within f0.0lu. Thickness as a function
of resistance was plotted and used to monitor the rate of deposition of subse-
quent runs.
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The tin oxide films were deposited on the aluminosilicate disks by
indirect heating; i.e., a tungsten flat spiral filament was heated directly
over stannous oxide {3n0) powder contained in a flat molybdenum pan. A mea-
sured amount of powder was evaporated by sublimaetion onto the disk which was
10 cm. above the source; the weight of the powder was calculated to provide
the 0.2y film on the disk. The deposition procedure is terminated by exposing
the SnO film to oxygen while the film is hot (800 F). Thus, the SnO film is
oxidized and becomes predominantly Sn0Oz as indicated by the color of the films;
Sn0 films are brownish color vhile Sn0Os films are visibly transparent. The
Sn0p film thickness was confirmed by the single band interferometer-microscope
to be approximately 0.2u.

C. Calibration of Apparatus

To simulate MRI experimental tests using the modified computer pro-
gram, it was necessary to know the quantity of heat being transferred to the
specimens. Likewise to correlate the experimental and analytical results, it
vas necessary to know the window surface temperatures as a function of time.
Accordingly the radiant heater and the temperature grids were calibrated; this
work is summarized in the following sections.

Radiation heater: The local radliant heat flux that impinges the
test specimen is proportional to the emissive power, OTy , of the heater (see
Eq. (5)), thus a high degree of accuracy in measuring Ty is required.

The temperature of the back side of the heater was detected by two
chromel-alumel thermocouples, one for asutomatic control and the other for moni-
toring and recording. Since these thermocouples were on the back side of the
heating element and are in contact with the refractory support block, they did
not accurately sense the surface that was "seen" by the window. However, the
back side and front side temperatures were related to each other and this re-
lationship was determined experimentally by simultaneocusly monitoring the ther-
mocouple and measuring the front side temperature, Ty, with an Ircon model 300
optical pyrometer. The resulting heater temperature calibration curve is shown
in Figure 14.

Calorimeter: The function of the calorimeter was to measure the heat

flowing through the window into the "cabin" and to aid in the calibration of
the radiative and convective heaters.
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Figure 14 - Calibration of Radisasnt Heater Thermocouple Using
an Optical Pyrometer

The heat flowing into the calorimeter is theoretically found by

W Tout-Tin)C
9pet = A (7)

where w is the flow rate of the water, Tip 8nd Tyt are the inlet and outlet
temperatures of the water, C is the heat capacity of the water, and A is the
surface area of the calorimeter and is normal to the impinging heat flux.

The flow rate was determined by measuring the volume of water empty-
ing into & graduated beaker in a timed intervel. The water was supplied from
a tank which was maintained at a uniform pressure to assure a uniform flow
rate. The water temperature difference, Tgyt - Tinswas detected by a five
Junetion chromel-constantan thermopile. At the operating temperature of the
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calorimeter, approximately 80 F, the sensitivity of the thermopile was 0.1645
mv/ F. Substituting this velue and other appropriate constants into Eg. (7)
yields

Gpet = 115.6 wv (8)

where the units are: q - Btu/hr-fte, W - ml/min, end v - millivolts,

The proper selection of W is important; the flow rate must be large
enough that it can be accurately measured, but not so large that the thermo-
pile signal is too weak to accurately sense. Figure 15 shows the experimental
relationship between Qpeys 85 determined by Eq. (8), and W for a constant
rate of heat into the calorimeter. The dependency of Qu.i On W 85 W—RoO
is probebly due to the thermal junctions not being fully immersed at low flow
rates. Similar data were recorded for other rates of heat input. Based on an
apalysis of these data, a flow rate of v = 320 ml/min wes selected and was at-
tained by pressurizing the supply reserveir to 15 psig.

The calorimeter was calibrated by comparing the calculated gquantity
of heat absorbed by the water with the emount flowing to the calorimeter from
a heated disk. The latter values were found at steady-state conditions by com.
puting the heat transferred:

1. By conduction through a 0.134 in. Pyroceram¥* 9608 disk;

2. Across the gap from the Pyroceram disk to the calorimeter; and

3. Across the gap from a 1/32 in. type 304 stainless steel disk to
the calorimeter.

The heat through the Pyroceram disk was computed as follows:

T) - Ty
Q= K0 (9)

where K is the thermal conductivity of the disk and Ax is its thickness.
The temperatures, Ty and Ty, were measured with gold resistance grids de-
posited on the front and back surfaces, respectively.

* Trademark of Corning Glass Works, Corning, New York.
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is the coefficient of heat transfer, ¢
disk, and TC is the calorimeter temperature.

K and

is the emissivity of the

The heat convected and radiated from the back surface was determined

for Pyroceram 2606 were used to solve
of type 304 steel (oxidized at 1050 F and

and that an empirical coefficient to improve the correlation was not required.
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Figure 16 -~ Calorimeter Calibration

A further check of the calorimeter was made by using the apparatus
to experimentally determine the thermal conductivity of type 304 stainless
steel. Temperature gradients across a 0.236 in. thick disk were measured with
surface thermocouples and steady-state heat fluxes were determined from
calorimeter data. Average values of K are compared in Figuwre 17 with data
by Deverall (Ref. 12), Przybycien (Ref. 13), and Ewing (Ref. 14).

Temperature sensors: Calibration of the temperature sensors on the
windovw specimens was conducted in a Hoskins type FH2040 electric furnace. The
window was mounted in a special fixture which secured and protected the speci~
men and provided ceramic insulators for the electrical leads. The fixture was
constructed of stainless steel and was designed to damp out eny temperature
variations within the furnace. This was done by making the fixture suf.
ficiently massive to have a high heat capacity and a slow thermal response to
small fluctustions in the temperature of the furnace.
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The specimen temperature was measured with a platinum - platinum-
10 per cent rhodium thermocouple inserted into the fixture. The thermocouple
reference junction was maintained at 32 F by means of an ice bath.

The power source for the sensor circuit was a Trygon Model HR 20-
1.5 constant voltage DC power supply. The circult was the seme as that used
in the experimental data runs. The sensors were connected in series. The
current was determined by measuring the voltage drop across a precision 10 ohm
resistence connected in series with the sensors. The sensor voltage junctions
were connected to a multiple channel switch which, in turn, was connected to a
Leeds and Northrup Model 8686 potentiometer. The output of the thermocouple
was also commected to the switch.

After installation in the calibration fixture, the window specimen
was placed in the furnace and heated to a temperature of 1000 F. This tempera-
ture was maintained for a period of 15 to 20 hr. to allow the gold temperature
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sensors to stabilize. Calibration measurements were then mede at stable tem-
peratures incremented at approximately 200 F intervals from 1000 F to room tem-
perature. Measurements were made of the voltage drop across each of the four
temperature sensors, the voltage drop across the precision resistor, and the
emf output of the thermocouple. At each temperature, as determined by the
thermocouple, the resistance of each sensor was then computed from

v
R = vo X Ro (ll)

where V 1s the voltage drop across the sensor, V, 1s the voltage drop across
the precision resistor and R, = 10 ohms is the resistance of the precision re-
sistor. The value of R versus temperature was then plotted for each sensor.
A typical calibration curve is shown in Figure 18. B8tability of the tempera-
ture sensors is indicated by the linearity of the calibration plots with
straight lines characteristic of stable sensors. If, following calibration,

the plot for any sensor was found to be nonlinear, the sensors were aged again
and recalibrated. The calibration plots were used to determine the window tem-
peratures during the data runs.
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ITI. ANALYTICAL PRCGRAM

A FORTRAN II computer program based on CGardon's theory was written
by MRD for an IBRM 7094 computer. Midwest Research Institute made modifications
t0 a copy of the MRD program to enable it to simulate the experimental tests.
Other changes were made to evaluate the program's accuracy, to facilitate data
preparation, and to make the program compatible with FORTRAN IV monitoring sys-
tems. The modified program was written by MRI for the primary purpose of eval-
uating the MFED program; therefore, no attempt to document the modified version
for general use has been made.

Gardon's theory, the MRD program, and the modified program are sum-
marized below.

A. Theory of Heat Transfer Through Diathermanous Materials

Radistion calculations applicable to either opaque or perfectly trans-
parent materials are relastively simple and are time proven. Such is not the
case for diasthermenous materlals. Unlike opaque bodies, absorption by diather-
manous materials takes place not Just at the surface but in depth; unlike per-
fectly transparent materials, semitransparent materials partially absorb im-
pinging radiation. The amount of sbsorption is dependent not only on the prop-
erties of the materisl but is also a function of its thickness.

Only in the last decade or 5o has the mechanism of radisnt heat trans-
fer in diasthermanous materials been carefully analyzed. Before this time, radi-
ation was either neglected or it was included by introducing an "equivalent”
radiative thermal conductivity. UFor most applications, these fundamental ap-
proaches were satisfactory since net internal radiation is negligible at low
temperatures and glass is essentially opaque to impinging radiation except when
the source temperature is very high. Howvever, for some conditions, such as
those associated with molten glass during masnufacture, the preliminary approach
does not result in acceptable correlations between analytical and experimental
data. Consequently, investigators have developed more sophisticated methods of
analyzing the mechanism of radiative heat transfer in diathermasnous materials
at elevated temperatures.

The method accredited to Gardon includes considerable detall, yet the
theory is sufficiently general that it is applicable to glass products and as-
semblies as well as to the manufacture of glass. For this reason, Gardon's
theory has been employed in the subject computer program to aid in the study
and degign of hypersonic aircraft and spacecraft windows. His theory and re-
lated derivations which are presented in full in the literature (Ref. 15) are
briefly discussed below.
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The following general assumplions were made by Gardon:

1. The diathermanous material is s flat plate and is large enough
for the net heat to be regarded as one-dimensional;¥*

2. The material is homogeneous and isotropic;

3. Reflection at the surface of the plate is governed by Fresnel's
equations for dielectric materials; and attenuation of a monochromatic beam of
radiation follows the Bouguer-Lambert lav {see Eq. (A-1) in Appendix A).

The governing heat balance equations for a diathermanous material are
similar to those for an opague materiasl, except that emission and absorption
within the semitransparent medium must also be taken into account. The rate of
internal emission of radiation per unit volume is dependent on the spectral
volume emissive power, index of refraction, and absorption coefficient. Ab-
sorbed radiation includes that which originates from either an external source
or from the material itself. External radiation is attenuated as it is trans-
mitted through a diathermanous plate and is partially reflected back through
the plate when it strikes the opposite internal surface. The reflected beam
travels back and forth continuously giving up energy until its intensity dimin-
ishes to zero. The rate of resbsorption {of internally emitted radiation) at
a given element is dependent on the rate of emission at sll other elements.
Like the absorption of external radiation, reabsorption takes place as the beams
are transmitied back and forth through the material.

The heat transfer equetions developed by Gardon were the basis for
those employed in the MRD computer program. The primary difference between the
two is that Gardon's equations are for symmetrical hegting and cooling and those
used by MRD for unsymmetrical heating snd cooling. The MRD equations are sum-
narized in the following section; detailed explanations and derivations are
given in the report by Lis which describes the program {Ref. 18). '

B. MKD Computer Program

The function of the MRED computer program is to evaluete the governing
equations which are:

* Gardon justifies this assumption as follows: 'Energy transfer by diffuse
radiation is & three-dimensional process. However, with temperature grad-
ients existing in one dimension only, the net energy transfer is one-
dimensional."
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where 1 represents an internal element, 1 represents the front surface and
11 represents the back or cebin surface as shown in Fig. 19. The radiation
fluxes and functions used in the above equations are defined in the following
paragraphs.

Radiation fluxes: The flux absorbed at x3 from external radiations

Qa(xq) = 2 Sn° z w"mwﬁ’&f (15)

where S =1 for internal elements and S = 1/2 for surface elements. The
flux radiated from x; 1is

n

Qp(x;) = 4n2 ZY’* g (x;) - (16)
I

The energy reabsorbed at x; from the other elewents is

)i} L
Qglx;) = 2 8n? ZY,\m (x3) [Z Y,\m(y) WB"m () P a YJ : (17)
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The absorbed external radiant flux in wavelengths that the glass is opague to
is

(1-m) Wigy = (1-b1gm) [1-pm(TH>] [eg o Tﬁ] . (18)
The heat that is radiated from the glass in "opague' wavelengths is

€ [me(Tl)] = ﬁu[l-pm(Tl)} I:cr Ti} : (19)

The amount of external radiation that impinges the glass at wavelengths that
glass is transparent to is

4
k&{Am = p)\m eg OTH 2 (20)
the "transparent" energy that is radiated from element x is

Wmm(x) =p ° Tﬁ (21)
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Auxiliary functions: The functions @#(x) and P(x,y) used in the
above eguations are given by

- X 8
Yoy _th sec e-EYhL sec o pl(;gi P th sec ¢ . eYl ec a)
e vl +
=0 Tt . o -Q'YKL sSec
1 + .....E..'. l"‘(pJ.) =
T
L , (22
T! p' - -¥.X sec g Y,X sec
T['t - 2Y,L s ' Q)'u e +e X sin clo
- ec
Looa-(p)2e A 0 0
and
/e
-Y ‘x-ylsec o .
P-p+ tan o « e A Ao (23
=0
where
n/2 J -¥y{L-x) sec « -Yk(Lﬁx) sec o] -Y,(L-y)
P = P e + P'e e gsec o
o=0
(24
r -YyX sec o =Y, (2L-x) sec o | -Yyy sec o)
+ P! e + Pl e e tan obdo .
! 2
Miscellaneous functions: Other functions used in the sbove equa-
tions are
T! =l/2(TJ'-+ ™) (25
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C. Modified Computer Program

(26)

(27)

(28)

(29)

(30)

(31)

(32)

Numerous modifications to a copy of the MRD program were made to pro-
vide correlation with the experimental program, to evaluate the progranm's ac-
curacy and running time, and to facilitate data preparaticn for the test cases.

Modifications to give correlation with the experimental test condi-

tions: Changes were mede to the program to enable it to duplicate evaluation

tests performed with the experimental apparatus. These included:

1.
input data;

Ar option to accept constant radiation and/or convection heat
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2. The introduction of configuration factors to compensate for the
finite-sized experimental radiant hester;

3. A revision of the upper limit of ¢ from 90 degrees to an angle
less than 90 degrees which corresponds to the geometry of the radiant heater;
and

4. Changes in the heat flux equations at the two boundaries to ac-
count for differences between the experimental and the analytical heat sinks
(1.e., the water cooled back plate vs. the cabin of the hypothetical vehicle)
and similar differences.

Modifications to improve program accuracy and to reduce computational
time: A preliminary review of the theory and computational techniques employed
in the program indicated that certain changes could significantly improve the
prograin vhile others might have only & negligible effect. Therefore, all prom-
ising modifications were incorporated into the modified program for analysis to
determine their relative merits.

The most significant improvement was to allow the radiation inter-
change terms, Qa, Qp, and QR given by Egs. (15}, (16) and (17) to be integrated
over more than two wavelength bands. This modification mskes it possible to
approximate absorption coefficient curves with a step function to a reasonable
degree of accuracy.

The effect of integrating over more than two wavelength bhands was
evaluated on the computer; the resulis of one study, in which a 96 per cent
silica window was theoretically irradiated with intense short wavelength energy,
are plotted in Figure 20. The five-band approximation yields an equilibrium
temperature that is 265 F more accurate than the two-band approximation. The
curve also indicates that little additional improvement would be attained by
integrating over six or more increments. Although this was a representative
test case, the actual improvement resulting from this modification will vary
from case to case depending on the type of window material, its thickness, the
heater temperature, ete.

A related progrsm modification accounts for the fact that diather-
manous materials are opaque below a certain wavelength, usually approximately
0.5 p . Uhen the sun is the source of radiation, this opacity should not be
ignored since 24 per cent of solar energy is emitted at wavelengths less than
0.5 p ; therefore, the modified program includes an opaque region on both sides
of the transparent band.
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The final major refinement which can result in a significant increase
in accuracy was to gllov the following glass propertles used by the program to
be a function of temperature: ¢C, K, n, and "1-p". For temperatures below
1200 F, Y is practically unrelated to temperature; however, the temperature-
dependent capability was retasined for high temperature studies.

Although it vas deemed that evaluation of the program's accuracy was
the primary objective of this study, the following wethods of reducing compu-

tational time were among those investigated and/or carried out:

1. Conversion of the program to FORTRAN IV to take advantage of
input /output buffering and to facilitate altering array sizes;

2. Determination of running time as a function of size of various
tables;

3. Suppression of unnecessary "transparent" calculations when the
opaque option is used;

4. Elimination of redundancy in computing ¢ and ‘P values;
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5. Comparison of explicit and implicit integration of difference
equations;

6. Mcodification of the simultaneous equation sclutions to search
each row or column for the maximum pivotal element before reducing the matrix;
and

7. Determiration of accuracy and running time when internal reflec-
tances are simplified by dropping the use of directional wvalues.

The above investigations resulted in some minor improvements in the
prograu.

Modifications to facilitate data preparation: The data requirements
of the program being evaluated were unnecessarily complicated; therefore, con-
siderable effort was devoted to simplifying the input routine. The invariable
relationship between per cent of blackbody energy and the product of temperature
and wavelength was changed from an input table to an integral part of the masin
program. Likewise, thermal and optical properties of glasses commonly used in
alreraft window assenblies were stored in the program msking it unnecessary for
the user to repetitiously compile and prepare data each time the program is run.
Data for scda lime, borosilicate, aluminosilicate, 96 per cent silica, and fused
silica were compiled, calculated and used in the MRI evaluation runs.

These and similar MRI modifications, if permanently incorporated into
the program, would permit the program tc be used by personnel who are not thor-
oughly acquainted with the theory and numerical techniques employed by the pro-
gram; and would significantly reduce the time required to prepare input data,
minimize data errors, and reduce the possibility of using incorrect or obsolete
glasg properties.

P. Comparison of the MRD and Modified Computer Programs

The primary purpose of rodifying the MED program was to make it pos-
sible to simulate experimental conditions on the computer. Care was taken to
insure that the modifications did not alter any of the basic program theory or
numerical techniques., As a check, identical problems were run with each program
and the results compared. The time-temperature relationships were in close
agreement; however, deviations in q''' at certain nodes were noted. It was
determined that these differences were caused by random numbers that were in-
troduced by g faulty logic test in the MRD program. 8Since the programs were
using different systems (FORTRAN IV and FORTRAN TI), it was impossible to obtain
agreement until the program error and resulting random numbers were eliminated.
A discussion of the faulity logic test in the MRD program follows.
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One of the terms in the expression for gq''' is of the following form:

I
~ L 2

\ -Y)0 sec ¢
-Y¥y | X-y|sec @
/ nWE;\(Y)dyf e Alx] (1' e : )sin ode (33)
X
Q

e

Wnen this integral is evaluated numerically, it 1s necessary to set the ex-

-Y. }1X-y|sec
ponential e Y“, y| ® %o zerc when y equals x . The MRD program con-

tains a sequence of statements which test for quality of x and ¥y and evalu-
ates the exponential accordingly. However, unless x and y are exactly
equal, the exponential term is not suppressed.

It can happen as a result of roundoff that values of x and ¥
which should be equal will not be exactly equal, since x is summed in incre-
ments of &x and y 1is summed in increments of 24x . This is illustrated
with an example where four significant digits are carried and /fx is C.03333.

Node No. X ¥
1 O. 0.
2 0.03333
3 0.066686 0.06666
4 0.08999
5 0.13332—>0.1333 0.13332 —» 0.,1333
6 0.16663~»(Q.1666
7 0.19983—0.1999 0.19996 —» 0.2000
3] 0.23323—»0.2332
9 0.266853—> 0.2665 0.26666—»0.2667
10 0.29983->0.2998
11 0.3331353—»(.333) 0.33336—~» 0.3334

Thus, for nodes 7, 2 and 11, ¥ can never be exactly equal to X
because of roundoff. Hence, the computer would evaluate the term

“Yp|x-y|sec o .
e with ‘x~y| being a very small number and the exponential

will be close to unity instead of zero.
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Instead of testing whether ¥y equals x , it is better to test
whether the absolute value of the difference |x~y| is less than ¥ If so,
2

then X and y represent the same node and the exponential term can be set
O ZEero,

This logic correction was made and the corresponding output deviations
betveen the modified program and the MRD program were essentially eliminated as
a result. PRurthermore, this correction also improved the q''' distribution
through the window. This is seen in Figure 21 where "before" and "after’ com-
Puter output data are presented. Before making the logic correction, g''' at
nodes 9 and 11 differed considerably from values at nodes 8 and 10. These dis-
continuities, which theoretically should not exist, are seen to have diminished
considerably after the program change was made. The remaining fluctuations are

caused in part by evaluating £ in Eq. (23) at every other y#x instead of
at every y#x .

NODE NO.
| 2 3 4 5 6 7 8 9 10 ||
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=0.994 -1.T70A -1a549 1. 403 ~1.30%} ~1.202 -1l.137 ~1.073 =0, 251 =099 C.582
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=0, 994 ~1.708 ~L+569 -1.403 =1.300 ~l.202 =-1.,137 ~1.073 -0,251 =0.993 0,582
432.029 42T.196 422.993 413,342 416,249 SlI.blé 411l.426 0%, 655 408.280 408,997 4Dé, 0A]
=0 994 <1.708 ~1.56% -1,4483 -1,300 =1.202 =1.1%7 ~1.072 -0, 251 ~0.9%92 0.582
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Figure 21 - Cutout Data Before (a) and After (b) Correcting Faulty Test
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IV, EVALUATION CF COMPUTER PROCGRAM

Over 100 test conditions were analyzed both in the laboratory and on
the computer to aid in the evaluation of the computer program. The parameters
included thickness, type of window material, heat fiux, surface temperature,
type of film material, and film location (e.g., front window surface). A de-
scription of the tests and analysis of the results are given in the following
sections.

A. Experimental Tests

Diathermanous disks were heated by radiation, convection, and combined
radiation and convection. The substrate materials tested were 96 per cent
silica and aluminosilicate; the films were gold and tin oxide. The coated win-
dows had films on either the front side or the back side, or on both surfaces.
The disks were 1/8 in., 1/4 in., and 5/16 in, thick and the films were 0.2
thick.

The surface temperatures were monitored and recorded at thermal equi-
librium and the net heat flux was calculated for each test, The results are
plotted in Appendix C. A visual inspection of Figure C-1 indicates the window
absorbed less heat from impinging radiation than from an equivalent amount of
convection, Whereas all of the heat convected to the glass was absorbed at the
surface, some of the radiant energy was transmitted through the window and into
the "cabin" and some eventually escaped back into "space." Theoretically, the
transparency of glass increases as the radiant source temperature increases and
consequently a window is heated to a lower equilibrium temperature for a given
intensity of thermal radiation. The energy data for the low temperature source
(when h = 9/16 in.) and the energy data for the high temperature source (when
h = 8 in.) shown on the graph subscribe to this logic.

B. Empirical Calculations

Before proceeding to evaluate the computer program, confidence in
the experimental data was gained by comparing the results to those obtained
empirically.

Empirical methods of analyzing heat transfer in glass are time proven
and are still used to given satisfactory solutions to many practical problems
involving transparent materials. These methods use effective emissivity and
thermal conductivity values in conjunction with the elementary Fourier eguation

41



for one-dimensional conduction. The effective values are determined from experi-
mental measurements and/or theoretical considerations. The emissivity of trans-
parent materials has been studied by numercus investigators. In one study,
Gardon computed spectral hemispherical emissivity as a function of dimensionless
thickness and total hemispherical emissivity (effective emissivity) as a func-
tion of thickness and temperature. The latter relationship is reproduced in
Figure 22 (Ref. 4).

Empirical relationships between the surface temperature of a diather-
manous disk and the impinging one-dimensional convective heat flux are given in
the following equations. The net heat flow through a disk at equilibrium is

4 4
Inet = 1(Ty11 - Tc) + OFy; ef(e) - o7, (34)

where h is the coefficient of heat transfer between the window and the calo-
rimeter, ¢ is the emissivity of an infinitely thick disk at T;; , and f(¢)
is a factor that accounts for the effect of thickness and temperature on the
emissivity of a diathermanous material. Values of ¢f{e) for soda lime as
determined by Gardon are plotted in Figure 22. Convective heat flow into the
disk is given by

4

. (35)

. 4
9 = qnet + UTl ef(e) - ol

4
where UTR, in the case of no radiant heater, is the radiant flux from the en-
vironment at room temperature, Tp .

The use of the above empirical equations is illustrated in the follow-
ing example:

material - 96 per cent silica

Xy1 - Xy = 5/16 in. (specimen thickness)

Xo - X7 = 0.175 in. (air gap between specimen and calorimeter)
Tll = 830 F

Tc =70 F

TR = 75 F

Problem: Find the net heat flow and the impinging convective heat flow.
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Figure 22 - Effective Emissivity of Soda Lime Glass as Determined by
Gardon. (Ref. 4)

The 0.175 in. air gap is too narrow to permit an appreciable degree

of natural convection; therefore, the coefficient of heat transfer is calculated
as follows

h= _8ir . 0.0835 _ 1 g0 Btu/hr'ftE-F
Xp-Xp; 0.175/12

where Kair is the thermal conductivity of air at the average temperature of
Tc and Tll .

The emissivity at Tj1] is approximated by first dividing the abscissa
of the (1 - pH)l curve for 96 per cent silica into a finite number of A4A
increments and evaluating (1 - py)) APy for each increment where APy is the
per cent of blackbody energy emitted at Ty; between the wavelengths A and
A+ AN . The value of € is then found as follows

e~ (1 - pyly AP - (36)
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For a surface temperature of 830 P, the emissivity of 96 per cent
silica was found to be 0.86. The factor f(€) was determined indirectly from
Figure 22 assuming 96 per cent silica and soda lime curves to be similar. For
&8 thickness of 5/16 in. and a temperature of 830 F, f(¢) was found to be 0.953.

Substituting the values of T1; , Toc s h , € and f(¢) into Eq. (34)
yields

dnet = 1230 + 3880 - 148 = 4962 Btu/hr.ft°

The temperature gradient, T3-Ty13 , is calculated as follows

1, - 1y = duet (X11-X1) _ 4962 x 5/16  _ 103
K 0.0181 x 57.8 x 12

where K is the effective thermal conductivity of 96 per cent silica based on
experimental measurements (see Appendix A). As a check, AT was found from

curves which were determined in the experimental program for the same test con-
ditions. The experimental and analytical valueg of T;-Tyy agreed to within 5F

as shown in Figure 23. T; is found by adding AT and Ty; and therefore is
953 F.

The effective emissivity is determined for x; at Ty as previously
described. Substituting anet , Tp , ef(c) and TR into Eq. (35) and solv-
ing yields q] = 10,504 Btu/hr.ft2

The graph in Figure 24 compares the empirical solutions as described
above with the experimental results which were discussed in the previcus sec-

tion. The excellent agreement tends to substantiate the validity of the experi-
mental program,

C. Computer Program Results

The test conditions for the experimental production runs described in
Section IV-A were simulated with the computer program. The results of one set
of tests are shown in Figure 24 along with the experimental and empirical results
which were previously discussed. The correlation between the analytical and
experimental results is seen to be poor.
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Additional runs were made in an attempt to isolate the area(s) of
disagreement. A stainless steel "window" was experimentally tested and numer-
ically analyzed "by hand" and on the computer. The resulting equilibriuvm tem-
peratures were essentially identical in each case; therefore, it was concluded
that any existing significant errors must be associated with the transparent
theory and not the opaque theory.

Since the analytically and experimentally determined temperature
gradients for a given heat flux through the window are approximately equal (see
Figure 24}, it was concluded that the values used by MRI for true thermal con-
ductivity of glass were reasonably accurate. This was confirmed in subsequent
computer tests in which K was varied from one run to the next. The result
was that the temperature gradients varied, but the average glass temperature
was not appreciably affected and remained considerably different from the average
window temperature of the corresponding experimental tests.

At the termination of all scheduled production runs it could only be
concluded that the computer results did not agree with the empirical or experi-
mental results. Tests specially designed to evaluate the computer program are
discussed in the following section.

D. Program Evaluation

A test of the transparent theory employed in the MRD program was made
by analyzing a transparent material using the opague program cption and then
analyzing a hypothetical glass having negligible transparency (v>>1) using the
transparent program option. The test conditions and the glass properties were
identical, except for the Y values,and were selected such that the resulting
equilibrium temperatures should be identical. Run No. 112 used the opaque
option and run No. 113 simulated an opaque window but used the unproven trans-
parent cption; the convective input was 4000 Btu/hr-ftz in each case.

The results did not correlate -- the temperatures of the two surfaces
for Run No. 112 were 515 F and 552 F; the values for Run No. 113 were 276 F and
320 F., Since the validity of the opaque option has previously been established,
it can be concluded that for this set of conditions the general MRD program
(transparent option) yields results that contain significant errors.

Next, an evaluation test using a conventional window material, 96 per
cent silica, was made. A 5/16 in, specimen was heated by convection; the heat
flux rate was 12,000 Btu/hr-fte. The equilibrium temperatures and radiation
interchange terms computed by the MRD program are as follows:

46



Temp. an

Node No. (K) (watts/cm?)
1 557 -3.727
2 541 -5.818
3 528 -5.845
4 517 -3.693
5 508 -4.245
6 500 -3.186
7 493 -3.626
8 488 -2.608
g 484 -3.108

10 481 -2,588
1l 479 -1.041

The net radiation emitted in the transparent band of the window is
ap = > Soxq'" (37)

where S = 1/2 for the surface nodes and S = 1 for the interior nodes. Sub-
stituting the above data into Eq. (37)and solving yields qp = 3.01¢ watts/cm®.
An alternate means of calculating qp 1is based on the fact that the net heat
flow into the specimen is zero at thermal equilibrium. Therefore

* (3} n
ar = 97 = 977~ (9agiation)1 = (%radiation)1l (38)

q = 35.784 - 0.15 - 0.392 - 0.235 = 3.014 watts/cm®
T

which checks with the first solution (based on Eg. (37)).

An average effective "transparent” emissivity, €5 , can be written
as a function of U as follows:

. - S (39)
T (°T4p)l + (GTép)ll
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where p 1is the per cent of energy emitted at temperature T in the transparent
region of the window. Substituting the values of s Tl’ Tll s By and P11
that are obtained from the computer output into Eq. ({39) yields

Ep = 3.014 = 20.9
T (0.53){0.20) + (0.29){(0.13)

which is unrealistic since emissivity by definition is bounded by 0 and 1 .,
However, this value, which is indirectly determined by the MRD computer program,
does explain the disagreement between the analytical and experimental results --
the MRD program causes the glass to radiate away much more heat than it is
theoretically capable of doing and consequently the window is cooled to an
equilibrium temperature that is too low. This conclusion was then verified by
modifying the program to enable the q''' terms to be multiplied by a weighting
coefficient, W . By using a coefficient of W afl/eT A 1/20.9 the computer
results give good agreement with the experimental and empirical curves plotted
in Figure 24,

Since the effective "transparent" emissivity of the computer program
is too high, the rate of cooling should alse be too large. This was investi-
gated by running a transient test experimentally and on the computer in which
a window was allowed to cool by rediation and natural convection from approxi-
mately 900 F to room temperature. The results,which are plotted in Figure 25,
corroborate the conclusions based on the previous evaluation tests -- that the
subject computer program yields q''' terms (and therefore temperatures) that
are significantly in error.

The present program will not be able to correctly analyze film covered
windows until the difficulties in the nonfilm program are resolved. The com-
puter results of gold and tin oxide on aluminosilicate substrates do not agree
with the experimental results, but it cannot be ascertained whether or not the
disagreements are entirely due to the faulty portion of the program that is not
directly related to the film theory.

However, it can be said that the two wavelength bands employed by the
subject computer program are definitely inadequate to properly define the re-
guired film properties. Lis et al., of MRD approximated the apparent reflec-
tivity of a 0.21 gold film to be about 0.9 for all wavelengths as shown in their
graph which is reproduced in Figure 26 (Ref. 16). They discussed the restric-
tions imposed by their limitation of two wavelength bands as follows: "It must
be emphasized that, like the absorption coefficient approximatlons, the apparent
properties for the film materials are a gross simplification to the actual data
and are used as a necessary first approximation to the actual data. . . (the)
gold film apparent reflectivity is poorly represented by two wavelength bands."

48



T"F

Apparent Reflectivity

1200

800

€00

EXPERIMENTAL V YCOR-0.3I77" THICK

400

ANALYTICAL (MRD COMPUTER PROGRAM)

200
ROOM

0 o 20 30 40 50 60 70 80
TIME ,MINUTES

Figure 25 - Comparison of Experimental and Analytical Transient Results

1.0 —

G—0—0
Sa
0.8
O|st o = 157 radisns
st oo = 626 redtans
i ——feapprox. for |.157 radispa
- —4 approy. for |.620 radi
0.6 -
o J
¥
REPRODUCED FROM
o.2f— g){_}w/‘ MRD REPOQORT {186)
o . { ‘ I
0.1 0.2 0.k ¢.6 0.8 1.0 2.0 4,0 6.0

Wavelength (Micrans)

Figure 26 -~ First Order Approximatipn of Reflectance of a
- Thin Gold Film

49



The MRD first order approximation of apparent total hemispherical
transmissivity of a 0.2p gold filmed aluminosilicate glazing is about 4 x 10-9,
Both this value and the apparent reflectivity approximation {0.9) indicate that
a 0.2 gold film is opaque. If this were the case the window would be rendered
useless due to a complete loss of visibility. In reality, a 0.2u gold film is
semitransparent; this is apparent from the photograph in Figure 12 and the
spectral transmitfance curve in Figure 13.

In view of the unrealistic film properties and the significant errors
in computing the q"1 terms, it is concluded that the subject program in its
present form is not a satisfactory analytical tool for estimating heat fluxes

and temperature distributions in diathermanous materials.

After completing the evaluation program, MRI consultant Robert Gardon
(a) independently analyzed the experimental, empirical, and analytical results,
(b) critiqued the MRI evaluation and procedures and conclusions, (c) briefly
studied the MRD theory and (d) offered opinions and recommendations concerning
the over-all project. After performing this work, Garden judged that the MRI
evaluation procedures were reasonable and in general concurred with MRI's pri-
mary and secondary conclusicns.
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V. CONCLUSIONS AND RECCMMENDATIONS

The MRD camputer program for analyzing heat transfer to, within, and
from diathermanous materials was evaluated by MRL. A primary objective of the
evaluation was to detemmine whether the program in its present stage of develop-
ment was a valid analytical tool that could be used with complete confidence.
Several independent studies involving experimental, empirical, and analytical
tests were conducted by MRI to answer this question. The findings of each of
these investigations are in very close agreement and all lead 1o and support the
MRI conclusion that: +the subject canputer program does not give realistic re-
sults and thus in its present formm is not a satisfactory means of estimating
heat fluxes and temperature distributions in diathemmanous materials.

Secondary conclusions relative to the MRD program include:

1. An increase in the number of wavelength bands from two to five or
more can significantly improve the resulis;

2. Data preparation is complicated, time consuming, and requires that
the program user read in glass properties and Planck's blackbody spectral
energy data and otherwise be unnecesgsarily familiar with the theoretical con-
siderations underlying the program;

3. A faulty logic test is responsible for the discontinuous nature of
qa™ at nodes 9 and 11 and is most pronounced for relatively opague diatherma-
nous materials;

4. Opaque materials are correctly analyzed;

5. Computed values of q'"' are much too large; thus, diathermsnous
materials are incorrectly analyzed;

6. Radiation from the cabin to the window is not accounted for in the
thermal balance of node 1l1; and

7. The two-band limitation results in the use of unrealistic gold
film properties.

Significant findings relative toc the experimental program conducted by
MRI include:

1. The transparent boundary epparatus, which was designed to give
realistic boundary conditions, yielded good experimental data;
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2. It was found that radiative and convective heaters could be de-
signed to give a uniform hest flux across the window surface;

3. The gold temperature sensors were accuraie, sensitive, stable, and
had a negligible influence on the local heat flux and temperature.

Robert Gardon, whe developed the basic theory employed by MRD, con-
curred in general with the MRI evaluation procedures and conclusions. With
respect to one typical computer run he reported, "I still believe our rough over-
all heat balance on the glass and therefore cannot trust the computer results as
they stand" (Ref. 17).

Despite the program difficulties, MRI investigators and Gardon beliewve
that the basic theory is sound. It is also believed that if more emphasis were
now placed on obtaining realistic results rather than concentrating on intricate
and perhaps inconsequential theoretical detalls, & valid and useful program
could be developed. ©Such a program would make an important contribution to the
design of advanced systems such zs the 55T and the Scramjet. With the predicted
heat loads for these vehicles being several times larger than those encountered
by current aircrait and with rediation heat transfer in diathemmanous materials
increasing rapidly as a function of temperature, the lack of an accurate and
reliable method for the thermal analysis of window systems could be a serious
limiting factor in the design of future aerospace vehicles. Therefore, it is
strongly recommended that develorment of this camplex computer program to pre-
dict heat fluxes and temperatures in transparent materials be continued.

The progress to date has been orderly: developing the theory, writing
a camputer program, and evaluating the program. The next logical step is to
modify the basic program to maske it accurate, reliable, and applicable to actual
design studies and probléms. Additional refinements and versatility could be
added later, but in the meantime FDL engineers could be using an operational
program.

Based on our evaluation and understanding of the theory and program
we recanmend that the following research be initiated:

1. Conduct a thorough analysis of the computer program to further
isolate the area(s) of difficulty;

2. Perform modifications to correct the above dirficulties;

3. Incorporate, refine and document the following temporary changes
made by MRI (see III-C);
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&. Allow the radiation interchange terms to be integrated over
any number of wavelength bands;

b. Add an opaque short wavelength band;
c. Allow the material properties to be temperature dependent; and
d. Permanently correct the faulty test described in III-D;
4. Simplify the dats input requirements. This includeg the following:
a. Incorporate the invariable relationship between per cent of
blackbody energy and the product of wavelength and temperature as part of the

main program;

b. Btore thermal and optical properties of glasses applicable
to aircraft window systems in the body of the program;

5. Add an option to allow heat flux information to be read in as data
s¢ that the user will not be restricted to trajectories and flight paths that
are somevwhat limited;

6. Make the output more useful to FDL engineers. This includes im-
proving the printed format and adding an option for plotting the results;

7. Take into account the heat that is radiated from the cabin to the
window;

8. Ewaluate the new version of the program by comparing it with MRI
experimental data (Appendix €) and by conducting tests similar to those described
in Section III;

9. Write a user's manual;
10. Work closely with the FDL engineer(s) to insure effective infor-
mation transfer pertaining to the use of the program, interpretation of results,
and application of the program to practical problems. This would involve a short

training period after the program has been developed and verified;

11. Reevaluate the film theory after incorporating the modifiecations to
correct the nonfilm theory; and
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12. Analyze the experimental apparatus to detemmine what changes
would be required to run at temperatures approaching 2000 F.

Minor tasks too detailed to include in the above summary are also
recommended. Major tasks that should be carried out at a later date include
experimental testing at higher temperatures, correcting any existing film
difficulties, expanding the experimental capabilities to include multiple glazes,
and evaluating the multiglaze computer program. However, in order to obtain a
useful program in the least smount of time we believe that the 12-step program
outlined sbove should first be completed.
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APPENDIX A

PROPERTIES OF DIATHERIIANOUS MATERIALS
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PROPERTIES OF DIATHERIAIIQUS 1IATERITALS

The following optical and thermophysical properties are employed in
the theory developed by Gardon: thermal conductivity, absorption coefficient,
index of refraction, the product of density and specific heat, and emissivity
(for wavelength bands where the material is opague).

Thermal conductivity values cannot be measured directly without in-
cluding the effects of so~called radiative conduction; however, ingeniocus
metheds of partially eliminating radiation have been devised. For example,
Plynn and Robinson (Ref. 18) determined the thermal conductivity of borosili-
cate by measuring the iemperature gradient between two foils in contact with the
specimen surfaces; external radiation was indirectly eliminated by extrapo-
lating the results to zero emissivity. Tt is much more difficult, if possible
at all, to experimentally eliminate internal radiation; however, for moderate
temperatures this component is relatively insignificant. For high temperatures
(say above 1500 F) a better means of determining true thermal conductivity will
have to be developed.

The property, absorption coefficient, is related to the attenuation
of intensity of a morochromatic beam of radiation over a distance x by the
Bouguer-Lambert Law:

I, = Ie™Y® (A-1)

The absorption coefficient can be developed as a function of transmittance,
normal reflectance, and specimen thickness as follows. Transmittance, which is
a function of thickness and thus is not a true property is expressed as

T = IOUB//iin (A-2)

where Iin is the intensity of a beam entering the specimen and IOut is the
intensity as it exits from the opposite surface. The incoming beam, which is
assumed to be normal to the glass surface, is partially reflected at the first
surface, is attenuated as it passes through the semitransparent medium, and is
partially reflected at the second surface such that
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Iout

= Ji-py J[(l—pn)lin] e"YLI (4-3)

J

where L is the specimen thickness. Combining Egs. (A-2) and (A-3) yields
T = (l-PN)2 e Yh (A-4)

For most glasses, hemispherical and normal reflectance are related approximately
as

(1-pg) =0.95 (1-py) {a-5)

Substituting Fq. (A-4) into Eq. (A-5) and rearranging gives the desired rela-
tionship:

y=lo [o.so ;Al-pﬂ)e] (A-6)

The other properties are readily measured and calculated.
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APPENDIX B

DERIVATION OF THE LOCAL CONFIGURATION FACTOR FOR PARALLEL,
DIRECTLY OPPOSED, PLANE CIRCULAR DISKS
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DERIVATION OF THE LOCAL CONFIGURATION FACTOR FOR PARALLEL,
DIRECTLY OPPOSED, PIANE CIRCUIAR DISKS

The net heat radiated from the window to the external heater is
- 4 _méd 4 -
q = Fo(Te-T%) TR (B-1)

vhere Fyp is the fraction of radiant energy leaving the window that is inci-
dent upon the heater. The configuration factor Fyy is related to Fpy by the
basic reciprocity law

Fyg = FH;J“:H (B-2)

The average value of Fpy can be obtained from equations developed by Hamilton
and Morgan (Ref. 10) vhich are of the following form:

Fy = 1/2 [x-(xe-m?ne)l/a] (B-3)
wpgrg
BE = % ) (B'4)
_h
D= -RTI_; , and
X = 1+H{(1+ER)D2 . (B-6)
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Computation of the local value of Fpy at 1y is illustrated in the
following exazple: h =2.0 in., By =2.0in., Ry =3.0in., and 1y = 1.0 in.
First, a window disk having a radius of 1.1 in. is subdivided into a 0.9 in.
radius disk and a surrounding ring. It follows that

(Fw) Ag = (Fgy) Ag + (Fgy) Ag (B-7)

ring

Ry=1.1 Ry=o.9

therefore

= (FHW)R - (Fgy) (B-8)

F
(Fene) W=1.1 Ry=0.9

ring
Solving Eq. (B-3) for Ry = 1.1 and 0.9 and substituting into Eq. (B-8) gives

P = 0.090 - 0.061 = 0.029
( Hw)ring

The value FHW is proportiomal to the window area being considered; the above
value is with respect to the ring having radii of 1.1 in. ard Q.9 in. The value
of FHW for the total disk based on the local conditions at ry = 1.0 is

A n (2.0)°
(FHW) % —1_ = 0.029 x (2.0)

By=2.0 ring Aring ™ [(1.1)2-(0-9)2]

Local (Fpy)

Ol29

it

Local (Fyns)
W R0

Substituting this value into Eq. (B-2) yields

2
Local (Fyy) = 0.29 T (3.0 _ 5.658
m (2.0)°

which coincides with the curve in Fig. 7 at h =2.0 and ry/Ry = 0.5.
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APPENDIX C

EXPERIMENTAL DATA
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