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ABSTRACT

The severe thermal enviromment of future hypervelocity aerospace
vehicles will place rigorous demands on direct vision window systems. At
the high temperatures encountered, heat will be transferred within window
materials by both conducticn and radiation. This report describes the
development and experimental verification of a computer program for pre-
dicting the temperature distribution snd heat transfer through coated and
uncoated, single or multiple glaze window systems. The heat balance egua-
tions in the computer program account for emission, attenuation, and ab-
sorptilion of radiant energy within the glaze. Reflection and transmission
of glaze surfaces having multilayer, thin-film coatings are computed.

Window temperatures and heat flux can be predicted for transient conditions
of individual and/or combined convective and radlative heating. The com-
puter program was experimentally verifiled with heat transfer tests in which
specimens of various glaze materials and thicknesses were used. Typlesal
serospace reflection and antireflection coatings were employed on one and/or
both surfaces of the test specimens. The work was performed in three phasés.
In the first phase the research was applicable to single uncoated glazes.

In the second phase the scope wag expanded to include coated single glazes,
and in the third phase coated and uncoated multiple glazes were investigated.
Good agreement between the analytical and experimental results was obtained.
The computer program is written in FORTRAN IV language and for the IBM 7094
digital comyuter. A program user's manual is available as a separate publi-
cation.

{(This document is subject to special export controls and each trans-
mittal to foreign governwents or forelgn nationals may be made only with
prior spproval of the Air Force Flight Dynamics Laboratory (FDTS),
Wright-Patterson Air Force Base, Chic 45433.)
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SECTION I

INTRODUCTION

Previously, pllot visibility has heen treated as a relatively minor
problem in the design of aircraft. The aircraft designer simply modified
his design to provide the pilot with the most advantageous view of the
outside surroundings from within the confines of the cockplt using ordinary,
highly trensparent window materials. However, the severe thermal environ-
ment of future hypersonic (Mach 5+) and hypervelocity (Mach 10+) aerospace
vehicles will place much more rigorous demands on direct vision window
systems than were ever contemplated in our current window designs. Steady-
state temperatures approaching 2000°F will be experienced, not for a few
brief minutes, but for prolonged periods of time during hypersonic cruise
and 1lifting re-entry flight.

If direct vision systems continue to play a major role in mission
performance, design engineers must undertake new design approaches rather
than continue the preferred method of medification and improvement of an
exlsting, proven design. The limited amount of operaticnal experience of
high-temperature windows has underscored the severity of this problem.

The designer of advanced high-temperature window systems will require real-
istlc approaches to aid him in evaluating thermal shock, thermal gradients,
and heat soak conditions of transparent materials. Toward this end, Midwest
Research Institute under contract to the Air Force has completed the de-
velopment of a computer program to predict the heat flux and temperature
distributions through high-temperature transperent materials, both coated
and uncoated. The glazes,¥ the coatings, and the test conditions have been
selected to simulate the requirements and the thermsl environment of hy-
personic flight. This approach yields empirical date on realistic window
components in addition to supplying input deitae for validation of the com-
puter program.

The work was performed in three phases. In the first phase, the
regearch was applicable to single uncoated glazes. 1In the second phase,
the scope was expanded to Include coated single glazes, and in the third
phase, coated and uncoated multiple glazes were investigated.

During Phase I, 27 single glaze experimental tests were conducted in-
volving three window glaze materials, three glaze thicknesses, and three

* The term glaze as used in this discussion refers to window materials such
as fused gilica, plastic, etc.



modes of heat transfer. The three specimen materials tested were fused
gilice, aluminosilicate, and 96% fused silica heving thicknesses of 1/8,
1/4, and 3/8 in. Each of the nine specimens was subjected to convective,
rediative, and combined radiative and convective heating. Modifications
of the single glaze computer program (Ref. 1) were completed, resulting in
a good correlation between the computer and experimental glaze temperatures
and heat flux.

Eighty-five single glaze tests were conducted in Phase II of the
research progream. These tests vwere similar to those conducted in Fhase T
with the exception of the test specimens. The glaze specimens were of the
same materials and thicknesses as those of Phase I, but employed thin-film
coatings on cne or both surfaces. A subrouiine was added to the computer
program vhich calculated the transmittance and reflectance of glaze sur-
faces having thin-film, multiple-layer coatings. In addition, a routine
wag included in the pregram so that the coaiing transmission and reflec-
tion can be read as input data, rather then belng computed, if these data
are avallable. The temperatures of and heat fluxes through coated single
glazes were computed and compared with those measured experimentally.

Good correlation was obtained between the computed and measured values.

During Fhase IIT, 112 double glaze experimental heat transfer tests
were conducted in both air and vacuum enviromments using coated and un-
coated glazes of varicus materials and thicknesses. The computer program
was modified and expanded to include the thermal analysis of coated and
uncoated, multi-~glaze window systems. Computed temperatures of, and heat
flux through, double glaze window configurations were in gocd agreement
with the Phase ITT experimental results.

A discussion of the theory, heat balance equations, and the capa-
bilities of the computer program is presented in Section IT of this report.
Section TII describes the equipment, glaze test specimens, and instrumenta-
tion employed in the experimental effort. A comparison and discussion of
the experimental and analytical results are presented in Section IV and
the conclugions are given in Section V.



SECTTION TII

COMPUTER PROGRAM

A major objective of the effort described in this report was to gen-
erate a method of predicting temperature distributions and heat fluxes
through coated and uncoated singie and multiple-glaze asrospace windows
subjected tc individual and combined convective and radiative heating.
This objective was accomplished by modifying and expanding a computer pro-
gram previously developed (Ref., 1) for single-glaze windows.

A, Description and Capabilities

The computer program is designed for the thermal analysis of window
gystems containing as many as five window panes of different materials and
thicknesses with thin-fiim coatings on any or all of the glaze surfaces.
The spaces between the window panes can contain a moving gas, a stgticnary
gas, or a vacuum. Transient window temperatures and heat flux to the cabin
can be computed for time-dependent radiative and/or convective heating con-
ditions. The computer program containg subroutines for computing the heat
Tlux to the window using accepted gerodynamic hesting correlations. As an
alternative option, heat tranasfer rates to the window can be included in
the input data. Reflection and transmission of the glaze surflaces may be
computed for coated and uncoated window panes or be input if these data
are available. The basic assumptions made in the analysis are:

l. The heat transfer is cne-dimensiocnal and normal to the glaze.

2. The window panes are composed of plane parallel, optically smeooth,
homogeneous, and isotropic glaze material.

3. The materizls are considered to be nondlspersive.

4. Any external radiant source is considered perfectly diffuse and
initially unpolarized.

5. Radiation emitted within the glaze is considered to be perfectly
diffuse and initially unpolarized.

6. Attenuation of radiation within the glaze material is descriked
by the Bouguer-Lambert law.

7. Radiative emigsion within the glaze is described by Gardon's
derived volumetric emissive power.



B. Analytical Model

Assuming one-dimensional heat transfer to be the case, an analytical
model was established by treating each window pane as being composed of
11 finite slices or elements (Figure 1).

WINDOW7
/
ONE
DIMENSIONAL -
HEATFLOW 1|2 (3(4a |5 |6 |7 |8|9] 0]

Figure 1 - Window Pane Cross Section

Unlike opsque bedies, gbsorption by diathermanous materials takes
place in depth, and unlike perfectly transparent materials, semitransparent
materials partially absorb impinging radiation., Thus, the energy absorbed
by each element within the window is that received by both conducticn and
radiation since the glaze is considered transparent or semitransparent to
radiation emitted within given spectral bands. Fach slice receives radiant
energy from each of the remaining ten elements as well as from external
radiant sources. Radiation from an externsl source is partially reflected
and partially refracted at the glass surface. A portion of the refracted
energy 1s absorbed as it traverses the window and 1s then partially re-
flected back into the glass at the second surface. This internally re- _
flected radiation is treated as multiple reflected beams which are partially
reflected each time they reach the surfaces and sre partially absorbed each
time they traverse the window. Radiation energy emitted from each elemental
slice is also sbsorbed and multiply reflected within the glass. Thus, each
element absorbs energy emitted directly from the externsl and internal
sources as well as from the multiple reflections of the radiation from
these sources (Figure 2).
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Figure 2 - Primary and Multiple Reflected Radiant Energy



., BRadiation Within the Glaze

The thecry employed in the analysis is that developed by Gardon (Refs.
2 and 3) and used by Lis, Barile, and Engholm (Ref. 1) in the initial devel-
opment phases of the subject computer program. This theory has as its basis
the well-known Bouguer-Lambert law and a volumetric emissive power derived
by Gaerdon (Ref. 4) to compute the radiant energy sbsorbed and emitted,
respectively, by the elements within the glaze. The Bouguer-Lambert law,

-th sec
IX = IOe

relates the sttenuation and absorption of radiation to an absorption coef-
ficient, ¥ , and to the distance, x sec ¢ , traveled by the radiation.
Volumetric emissive power,

Ja = 'Y;\HEWB?\/TI

relates the radlant intensity emitted per unit volume to the glaze absorp-
tion coefficient, the glaze index of refraction, n , and the hemispherical
emissive power of a blackbody radiator, Wg, .

The radiant energy that is absorbed by a given element is based on the
reduction in intensity of the radiation as the beams pass through the element.

D. Heat Balance Equations

The general heat balance equation for each element is written in its
finite difference form gs:

AT . . Typ - 273 + Tiug
po —L = Qa. (1) - g (1} |+ K
e e

et heat transfer to and from the glaze element by conduction is defined

by the last term in the equation. The term QAk(iﬂ represents the radiant
energy absorbed by the element at position x . Bources of this radiation
consist of the other elements and surface coatings within the window system
and the shock heated air flowing over the window's outer surface. Energy

6



emitted by the element at position x is represented by the term QEA(i) .

Since the gbsorpticon and emission of radiation by the elements are spec-
trally dependent, these wvalues are computed for and summed over finite
wavelengtn bands within the spectral region for which the glaze is consid-
ered to be semitransparent. The spectrally dependent glaze properties are
considered constant within a given finite wavelength band. The percent of
energy emitted within a given finite wavelength band by the external scurce,
the surface coatings, and the glaze elements is based on a table of Flanck's
tlackbody radistion functions. The equations for the radiant energy ab-
sorbed and emitted in the glaze, i.e., for @Qa;(1) and QEh(i) are
developed and presented in Appendix A.

E. PRoundary Conditions

In addition to conduction and radiation within the glaze material,
the hest balance equations for the surface elements include terms which
acccunt for heat transfer to and from the window by convection amd by ra-
diation at wavelengths to which the glaze is considered opeque. For Element
1, the energy balance equation 1s written as:

+ \:(1-pL)PL + (l-pR)PR] cott: - [(L-pL)PL + (l-PR)(l*PR)] GT?L

+ ha[Ta - T:LJ + qS

Tn this egquation the convective heating or cooling can be input as a heat
flux, q4 , or can be defined using a heat transfer coeffilcient, h , times
the difference between the alr temperature, T, , and the element tempera-
ture, T; . Radiation of wavelengths to which the glaze ie considered to e
cpague is absorbed and emitted at the surface, and is computed by the terms
containing Tﬁ and T% » respectively. Temperature, Ty , 1s that of the
shock heated sir if the glaze under consideration is the outermost pane in
the window system. For the remaining window panes, Ty 1s taken as the tem-
perature of the lower surface of the preceding glaze. The symbols P and
Pr represent the percent of energy emitted at wavelengths from zero to the
left cutoff point and from zero to the right cutoff polnt, respectively, of
the spectral region in which the glaze is considered to be transparent or
semltransparent. TFor example, fused silica is considered to be transparent

7



and/or semitransparent over the wavelength regicn from A = 0.4 u to
A=4.8pu . Thus, the left and right cutoff points for fused silica are

at 0.4 and 4.8 p , respectively. Synbols P, and pp are the mean reflec-
tivities of the glaze fto radlation in the spectral regions to the left and
to the right of the transparent reglon's cutoff points.

For Element 11 the heat halance eguation is written as:

AXQC AT]_]. - Ax ‘ k
g R o o 09] - [ - ]

S (E LR TN ICE R A FER (1) (1-g)] e

- hc[?ll B TCJ

The temperature, T, , represents the aircraft or spacecraft cabin temperature
if the glaze under consideration is the l1lnnermost pane in the window system.

For the remaining window panes, T, is taken as the temperature of the upper

surface of the succeeding glaze.

When predicting the temperatures for uncoated glazes, the reflectivi-
ties of the surfaces are computed with Fresnel's equetions (see Appendix B,
p. 101). The transmittance of the glaze surfaces is computed as 1-p .

In many instances the windows of aerospace vehicles employ thin-film
cogtings designed to provide certain desirable optical features. TFor exam-
ple, various coatings have been developed to reflect ultraviolet rediaticn,
to refliect infrared radiation, and to reduce glarze surface reflection in the
visual region of the spectrum. For costed glazes, the computer program in-
corporates a subroutine to campute the reflectance and transmittance of glaze
surfaces having single or multiple-layer, dielectric and/or metallic thin-
film ceatings. The technigue employed in the computation is that developed
by Berning (Ref. 3} in which the reflectance is determined as the final step
in a recursion process which calculates the admittance of each layer of the
thin~-film coating beginning with the innermost layer and ending with the in-
cident media (see Appendix B). The gbsorptance of the coating is evaluated
as l-p-7 .



A read-in subroutine is alsc included in the corputer program so that
the transmission and reflection of a given thin-film coating can be included
in the 1nput data rather than be computed by the thin-film subroutine if
tnese data are availsble, When the transmission and reflection data for
coated surfaces are input, the gbsorptance of the ccating is computed as
1-7-p .

F. Glaze Thermophysical and Optical Properties

The glaze properties employed in the znalysis, which are considered
to be temperature-dependent, are: the glare index of refraction, thermal
conductivity, heat capacitance {density times specific heat) and absorption
coefficient. Properties for which the spectral dependence is taken into
account include the glaze abscrption coefficient and the reflectance,
transmitiance, and abscrptance of the coated glaze surfaces.

The values of index of refractiomn, thermal conductivity, and heat capa-
citance were obtained from Ref. & for the glaze materials used in the cal-
culaticns., Spectral values of absorption coefficient were determined by
Finch (Appendix A of Ref. 7) based on transmittance of glaze specimens of
known thicknesses and teking into account the reflectance of the specimen
surfaces. Typlecal values of absorption coefficient are presented in Fig-
ure 2. The dashed line represents the average value of the gbsorption co-
efficient used in each of the five finilte wavelength bands employed in the
nunerical integraticn over the spectral reglon in which the glaze is con-
sidered to be transperent cor semitransparent.

The reflectance of uncoated window surfaces is computed from Fresnel's
equation &8 a function of beam incident angle and glaze index of refraction.
Por cocated glaze surfaces the reflectance and transmittance are computed
vsing Berning's analysis as a function of incident angle and the wavelength
of the incident beam. Dabta recuired for this calculstion include the thick-
ness, extinction coefficlient, and index of refraction of each layer in the
multiple layer coating. Average values of these properties are input for
each of the five finite wavelength bands considered in the numerical inte-
gration over wavelength.

When the reflectance and transmittance of a coated surface are included
in the input data, values must be Input as an array versus lncldent angle
for each of the five wavelength btands considered in the analysis.

The thermophysical and optical properities of five typical glaze mete-
rials are given in Appendix C. These properties are stored as block data
in the computer program. Thus, calculation of the temperatures and the heat
flux through window systems constructed from these five materials can be ac-
complished without inputting glaze property data.
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G. Flight Convective and Radiative Heating

Various methods of computing the heat input to the window are used by
the program, depending on the mission under consideration, i.e., hyperscnic
flight, re-entry, supersonic flight, or orbital flight.

For hypersonic flight and re-entry, the convective input to the window
is expressed as a percentage of the stagnation point heat transfer rate.
The stagnation point convective heating iz ccomputed using the correlation
of Kemp and Riddell (Ref. 8). The percentage or ratic of convective heat
transfer rate at the window to that at the stagnation point is generally
determined by heat flux data obtained during wind tunnel tests using a model
of the actual vehicle being designed. Radiative heating of the window during
hypersonic flight and re-entry is from the hot air in the sheck layer. Emis-
sivities of the shock heated air are determined by curve fifs of the dats of
Kivel and Bailey (Ref. 9) which present the emissivity of heated air as a
function of its temperature and density. The temperature and density of the
air behind the shock wave 1s determined from the free stream conditions and
normal shock relaticnships.

Tor supersonic flight, the convective input is computed from & flat
rlate heating correlation (Ref. 10) based on free stream conditions. No
radiative input is considered for the supersonic case because the gaseous
radiation 1s negligible. Since the emissivity of air is relatively low,
gaseous radiation does not become significant until extreme air temperatures
are reached such as those in the shock layer of hypersonic flight and re-
entry.

For orbit and above an input critical altitude in the hyperscnic and
supersonic flight cases, the convective heating is computed from a free
molecular heat transfer correlation (Ref. 8). The radiative heating from
the gun is approximated by using a solar temperature of 8000°K and am ap-
propriate form factor. Since the solar radiation is collimated and the
computer program analysis assumes the external radiation to be perfectly
diffuse, solar heating of the window is only approximated.

The input data required for using the flight heating subroutines are’
dependent on the type of flight being considered. These data include flight
time, altitude, free stream conditions (velocity, temperature, pressure,
density, viscosity and Mach mumber), and shock layer conditions (temperature,
pressure, and density). Appendix D contains a discussion and outline of
the equaticns and correlations used by the program to compute inflight
heating of aerospace windows.

1l



A convective hegting rate versus time can also be ineluded in the In-
put data. This allows the convecltive heat flux computed by any desirable
method to be used in the program. A constant radiative heating rate can
be described by input data if so desired by inputting a heat source tempera-
ture and emittance, and an appropriate configuration factor. This coption
was used whenh computing glaze temperatures for compariscon to those measured
in the experimental heat transfer tests.

H., TNumerical Sclution

The heat balance equations for each glaze element in the window system
can be written in either the explicit or implicit form, i.e., the heat trans-
fer between elements and to the surrcunding enviromment can be related to
the element temperatures st time t or time +t + &t . In order not to vio-
late the second law of thermodynamics, an explicit or forward difference
egquation is subject to a stability criterion which limits the time step used
in the mimerical soluticn (Refs. 11 and 12). No stability criteria are re-
guired for the implicit or backward difference egugtion. The heat balance
equations employed in the computer solution are of mixed form and written
ag follows:

T

1 ! T

7. T Ty - 27 + T,

po 4t = “1 . qQ (i) -0 (i) + k i-1 i i+l
At E%:[ A =) } e

where the primed temperatures refer to values at time + + At . Conductive
heat transfer between the elements, described by the last term in the above
equation, is based on the element temperatures at time t + At . The radi-

ant energy absorbed, QAh(i) , and that emitted, Qp,(i) , by an element at

location x  are computed from the glaze element temperatures at the begin-
ning cof the time step.

Since the finite difference equations used in the numerical sclution
are approximations of integrsl-differential eguations, both the implicit and
explicit forms are subject to truncation error. To minimize truncation
error and insure computational stability, a technique developed by Lis (Ref.
1) is employed in the program. Glaze temperatures at time t + At are com-
puted using a given time step, At . DNext, the glaze temperatures at time,

t + At , are computed using two At/2 time steps. This temperature field is
compared to that computed using a single time step, At , and if the compar-
ison agrees within a prescribed accuracy the computed temperatures are
accepted. 1If the temperature fields do not agree, the given time step is
halved and the procedure ls repeated untll agreement is obtalned.

12



IIT.

EXPERIMENTAT: PROGRAM

The experimental effort included heat transfer testing of coated and
uncoated glazes subjected to radiative, convective, and combined radiative
end convective heating. The test apparatus (Figures 4 and 5) was designed
such that the test specimen(s) have a transparent boundary ellowing the
tests to be carried out under conditions similar to those encountered in
flight of aerospace vehicles. This approach yields empirical data on
realistic window components in addition to supplying input data on which
to validate the computer program.

A, Test Apparatus

The test apparatus, Transparent-Boundary Apparatus (TRA) No. 1 (used
for radiation and radiaticn plus convection testing), TBA No, 2 (used for
convection only testing), and a modified version of TRA No. 2 {used for
vacuum testing), were designed after that used for the work done under Con-
tract No. AF 33(657)-9138 (Ref., 7), with the major differences being in the
method of measuring heat flux through the window glaze system and in the
manner of attaching potential and current leads to the gold temperature sen-
sors on the glaze specimen, These differences will be described later in
this report.

1. Heat sources: The sources of heat for the test apparatus were
high velocity convective burners and/or an electric element, radiant
heater. '

e. Radiant heater: The radiant heater (Figure 8) has a spiral
resistance element 3/8 in. wide and 1/16 in. thick with a resistance of
approximately 0.1 ohm; maxlimum voltage was 20 v. Tt 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 distortion of the long spirel element,
Hastelloy X rods (3/32 in. diameter) were butt welded to the flat spiral
gtrip to provide support. These rods and the terminal. rods passed through
e refractory insulating block, 2-1/2 in. thick, and were 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 employed for measuring the heater temperature.

The heat flow through sercspace windows in actual flight and in
simulatbed flights on the subject computer program is essentially one-
dimensional. Therefore, in the experimental program it was important that
the impinging radiation be uniformly distributed over the window surface.

13



Figure 4 - Radiative and Convective Transparent Boundary Apparatus
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Figure 5 - Modified Version of TRBA No. 2 for Vacuum Testing

15
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This can be accomplished with a disk-shaped heater provided that its sur~
face temperature, Ty , is uniform and the relative size and the spacing of
the heater and window are carefully analyzed.

The temperature distribution of the heater was determined with
an Ircon model 300 optical pyrometer. At Ty ~ 1150°F the absolute tem-
perature varied by & 1%, and at Ty ~ 1650°F the absolute temperature
varied by * 2%. These differences result in meximum veriations of emissive
power of approximately 4 and 8%, respectlively.

If the heat is emitted uniformly it will impinge the window
miformly 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 flrst criterion is satisfied if rg/ry—>= or h—>0 ; the second
requires that h—>w . The variables rg , ry and h are illustrated
in Figure 7. These ideal. conditions are nct practical In the laboratory;
therefore, reasgonable compromises based on further analysis were made.

The local heat flux impinging the window surface is characterized
by

q-=cFA.GT14{

vhere Fp is the local configuration factor which allows for the average
sngle through which the heater is "seen." The shape factor fredquently
reported and used for two parallel, finite disks is an average value and
does not account for local variations. BSince it is these variations that
must be minimized in the experimental program, the apparatus design was
not based sclely on the average configuration factor.

By employing shape factor algebra--that is, by subdividing the
disks into rings, a study was made by Finch (Ref. 7) to determine the
relationship hetwsen the local configuration factor and the variables h
and Yo for Ry = 3. The results are plotted in Figure 8. For comparison,
the average values of Fp were obtained from configuration charts de-
veloped by Hamilton and Morgan (Ref. 13) and are plotted as dashed lines
for h=2.04in. and h = 4.0 in.

17
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The configuration factor curves indicate that the percent devia-
ion of the local value of F, from the average Is greatest when the heater
g positioned about 3 in. from the window. At h =2.0 and h = 4.0 the
variaticn from average is approximately * 15 and % 10%, respectively. As
expected, F, approaches a constant as h—»o or when h>>1 . At
h = 0.562 in., Fy deviates from the average by less than 2%; at h = 8.0
in., the variation is approximately 4%. Primarily as a result of this
analysis, the following heater positions were selected for the experimental
programs

g
i

h = 9/16 in. and h =8 in.

Fer the case where radiation was the primary source of heat transfer to the
window, the heater was positioned 9/16 in. above the glass, and for the case
where radiation and convection were simultaneously used, the heater was
placed 8 in. above the window.

To determine the emittance of the radiant heater the heat flux
from the heater was measured in a vacuum envircnment with the heater posi-
tioned 9/16 in. above the celorimeter mounted in the heat sink of the test
apparatus (Figure 9). Using these date and a configuration factor from
Figure 8, & value of 0.9% was compubed for the heater emittance from the
exXxpression:

e = 4:(1 T
GF(TH - TC)

Tepperatures of 2200°F were reached by the radiant heater resulting in a
heat flux of 73,000 Btu/hr—ft2 at the incident surface of the test specimen.
At this %emperature approximately 81% of the energy is emitted at wave-
lengths for which the glaze is considered to be transparent cr semitrans-
parent to radiation.

b. Convection burners: The convective source consisted of three
burners mounted so that they could each be adjusted in three directions
(Figure 10)}. These are SH-3 Selas superheat burners with a rectangular
blast opening 2-1/8 in. long by 1/8 in. wide and a flared tongue. The
burners were supplied with natural gas and compressed air. Combustion
oeeurs inside the burner and the products of combustion are foreed oub the
hlast opening at a high velocity. Various combinations of burner positions
were experimentally evaluated to determine the opiimum arrangement with
respect to uniform heating. These tests were run on a 1/32 in. stainless

20
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steel disk (in the glaze specimen position); the temperature distribution
was determined by thermocouples welded to the backside at 12 different
positions. Thermocouples positioned in front of the burners were used to
Indicate exhaust temperatures. The gas flow rate for each burner was
adjusted manually to obtain equal indicated exhaust temperatures. The hot
trensparent gases were at a static temperabure of approximately 3000°F and
supplied convective heating rates to 20,000 Btu/hr-£t2. This heating rate
is typical of that experiemced by hypersonic aircraft, for example, flying
at Mach 6 at 60,000 ft. or Mach 10 at 120,000 ft.

2. BSpecimen mounts: Foamed, fused-silice disks were employed to
support the test specimens and associated instrumentation circuisry. Con-
tact between the circuitry and the specimen's temperature sensors was made
through small leaves of gold foil welded to the ends of the wiring in the
disks. BOpring rods were employed to insure electrical. continuity between
the upper glaze temperature sensors and the instrumentation circuitry.
These rods applied pressure to small ceramic sticks which held the gold
foil against the temperature sensors at the edge of the specimen (Figure 11).
In & similar manner, steel leal springs mounted in the heat sink insured
continuity between the circuitry and the lower glaze temperature sensors.
This unique and simplified approach provided electrical contact without
mechanically bonding the circuitry to the test specimen, as was done for
the work done under Contract No. AF 33(657)-9138 (Ref. 7), and allowed
specimen changes in the test apparatus to be easily accomplished. For the
miltiglaze (two glazes) apparatus, an extra set of foamed, fused-silica
disks was needed to support the outer specimen end to provide instrumentea-
tion circuitry for the connection between the temperature sensors of the
outer specimen and the temperature sensors of the immer specimen. Contact
between the circuitry of the extra disks and temperature sensors was
achieved by using the pressure applied by the spring rods as explained
above and by placing stainless steel wool under each leaf of gold foil so
that when pressure was applied through the rods, the steel wool, in effect,
acted as & spring and insured good electrical contact between the gold
Toil comnectors and the temperature sensors.

5. Heat gink: The heat sink for the apparatus is a water-ccoled
copper plate. The surface of the heat sink was coated with a black paint
having an emissivity of approximately 0.89. Two commercial heat fIux
gauges were purchased from Hy-Cal Engineering (Parts Nos. C-7027-A-05-072
and ¢-1118-C-12-010) and were installed in the heat sink to measure the
net heat flux pasgsing through and from the test specimen. Twoe heat flux
gauges were used so that 1f one failed or underwent a change in calibration,
a back-up would be available. A copper-constantan thermocouple along with
a thermal switch which activated a buzzer were mounted in the heat sink %o
prevent overheating of the heat flux gauges.

23
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4, TInstrumentation and controls: The instrumentation and controls
used with the test apparatus are shown schematically in Figure 12. Signals
from the temperature sensors, heat [lux gauges, radiant heater thermccouples,
burner thermocouples, and heat sink thermocouple were measured with a L&N
Model No. 8686, millivolt potentiometer.

The controlling system for the radlant heater consisted of a menually
operated DC power supply driving a saturable core reactor. The power supply
used was a Trygon Model HRBO-2.5A constant voltage source. This systenm
maintained the radiant heater temperature to within * 0.6%.

B, Window Test Specimens

The test specimens included cambinations of three glaze materials
and three thicknesses. The 4-in., diameter specimens (Figure 13) were
fabricated from fused silica, 96% fused silica {Vycor), and aluminosili-~
cate. For each material, glaze thicknesses of 1/8 in., 1/4 in., and
3/8 in. were used.

€. Thin-Film Coatings

Four thin-film coatings were employed on the test specimens for the
purpose of reducing heait transmission through the glaze in the infrared
reglon of the spectrum and to increase the transmission in the visual
renge of the spectrum. These coatings included: (1) a high efficiency
anti-reflection coating, (2) an ultraviolet-near infrared reflecting coat-
ing, (3) a multi-layer coating containing layers of gold and dielectric
materials, and (4) a single layer gold film, The first three of these
coatings were developed and applied to the specimens by the Optiecal Coat-
ing laboratory, Ine, (OCLI), while the single layer gold film was devel-
oped and applied to test specimens by Midwest Research Institute.

D. Coating Temperature Limits

Temperature limits for these coatings were determined when it was
revealed that the design temperatures of the coatings were below the fem-
perature specified in the contract to which the specimens were to be heated.
The coating supplier (OCLI} suggested that these coatings might function
as specified above the design temperatures; however, the supplier did not
know at what ftemperature the coating transmission would be adversely af-
fected. It was decided to determine the 1imiting temperature for each coat-
ing and conduct the coated-specimen heat transfer tests within this tem-
perature Llimit %o preclude deterioration of the coatings.
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Tc this end, Vycor microscope slides with the specified thin-film
coatings were used to determine the temperature at which the design trans-
mission of the coatings is adversely affected. This was accomplished by
heating the slides to successively higher and higher temperatures and
measuring the transmission afier each heating cycle.

Two slides with the high efficiency antireflection (HFA) coating were
heated for 24 hr. at each 100° interval through 1200°F without apparent
damage. Transmisgion data were taken with some slight transmission changes
noted after each heating. During the 1300°F heating the HEA coating was
damaged to the extent that deterioration of the coating could be detected
visvally.

To evaluate the effect of changes in coating transmission on the radi-
ant energy transfer through the coating and into the glaze, the emissive
power as well as the change in transmission must be considered at each
wavelength., Thus, the change in energy, W , transferred through the coat-
ing and into the glaze can be obtained by evaluating the integral

2
o f (67)(E) 2

M.

where the change in transmission, AT , and the emissive power, E , arc
funcétions of wawvelength, A . The 1imits of inbtegration define the wave-
length range for which the test specimens (glazes) are considered to be
semitransparent to radiant energy. ZEvaluation of the above integral in-
dicates that the change in transmission of the coating after being heated
to 1200°F will result in a change of less then 1% in the radiant energy
transferred through the coating. Thus, the upper temperature limit of
1200°F was set for the HEA-coated specimens during the Phase II heat trans-
fer tests,

Two slides coated with the ultraviolet-infrared (UV-IR) coating were
heated for 24 hr. at each 200° interval to 1200°F. Transmission data were
taken after each heating through 1000°F. The 1200°F heating resulted in
severe damage (crazing) of the UV-IR coatings. Changes in the transmission
of the coating after being heated to 1000°F will result in a change of
approximately 3% in the energy transferred through the coating and into the
glaze. Since 3% is within the accuracy of experimental measurement of
heating rates, the decision was made to heat the UV-IR coated glazes to
1000°F during the Phase II heat transfer tests.
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The transmission of the gold coatings applied by MRT exhibited signifi-
cant changes after each heating even at relatively low temperature (600°F).
It was noted that if the gold coatings were cured at 1000°F for 24 hr., sub-
sequent heatings to 1000°F did not additionally affect the transmission.

The initial cure, howevér, significantly increased the transmission of the
gold coating, reducing its effectiveness as an infrared (heat) reflector.
The cure was necessary, since without it, changes in the gold coating
transmission would occur at some undetermined rate during the heat trans-
fer tests. Without the correct transmission data, the computer program
could not be expected to predict the glaze temperatures for these bests.
Since the transmission of the gold coatings was already significently in-
creased by the 1000°F cure, it was decided not to exceed this temperature
on the gold coated specimens during the heat transfer tests.

E. Temperature Sengors

The sensors developed (Ref. 14) for measuring the surface temperatures
of the specimens were a gold resistance thermoelement. Gold was adopted
because the metal has a high thermal ccefficient of resistivity. Two gold
grids were vacuum deposited on each side of the specimen as shown in Figure
13. The immer legs of the four grids are connected electrically in a
series and act as current conductors. The outer legs of each grid are used
as potential taps to measure the voltage drop across the active ("U" shape
section) portion of the temperature sensor.

Calibration of the temperature sensors was accomplished by determining
thelr resistance while at variocus ftemperature levels in a Hoskins Type
FH2040 electric furnace. The specimens were mounted in a special fixture
(Figures 14 and 15) constructed of stainless steel and foamed fused silica.
External leaf springs of Hastelloy-X applied pressure on small ceramic
sticks passing through the case of the fixture. These ceramic sticks, like
those employed in the test apparatus, held the instrumentation circuitry
of the calibration fixbture against the temperature sensors of the test
specimens. The specimen temperature was measured with btwo chromel-alumel
thermocouples inserted into the fixture. The reference junction for the
thermocouples was maintained at 32°F by means of an ice bath.

The power source for the sensor circuit was a Trygon Model HR20~Ll.5
conatant voltage DC power supply. Instrumentation circuitry similar to
that used in the test apparatus was employed in the calibration fixbure.
The temperature sensors were connected in series. The current was deter-
mined by measuring the voltage drop across & precision 10-ohm resistor
connected in series with the temperature sensors and a 10 K-ohm resistor.
The sensor voltage Junctions were connected to a multiple channel switch
which, in turn, was connected to a L&N Model 8688 millivolt potentiometer.
The cutput from the two thermoccouples was also comnected to the switch.
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After installation in the calibration fixbture, the glaze specimen was
placed in the furnace and calibration measurements were then made at ap-
proximately 300°F intervals from room temperature to the maximum tempera-
fure the specimen would undergo during testing. The system was allowed to
stabilize at each temperature level before making measurements of the volt-
age drop across each of the four temperature sensors, the voltage drop
across the precision resistor, and the emf output of the thermocouples. At
each temperature, as determined by the thermocouples, the resistance of
each sensor was then computed from

R = (Ro)

v
Vo

where V dis the volbtage drop acrcss the sensor, Vo , is the voltage drop
across the precision resistor and Ro = 10 ohms is the resistance of the
precision resistor. The value of R versus temperature was then plotted
for each sensor. These calibration plots were used to determine the glarze
~temperatures during the heat transfer tests.

F. Superpogition Tests

The plamned experimental tests used to verify the computer program
were based in part on the so-called superposition technique. The primary
advantege of this "additive" approach was that it required experimental
tests to be run for only two sets of boundary conditions, all-air and all-
vecuum, eliminating the need for other possible test combinations. Super-
position tests were conducted to demonstrate the validity of all-vacuun
and all-air tests as reguired in the contract for the work discussed in
this report. The results of these superposition tests are presented in
Appendix =,

G. Heat Transfer Tests

The tests were performed in three phases. TIn Phase I, the research was
applicable tc single uncoated glazes. In FPhase ITI, the scope was expanded
to include coated single glazes, and in Phase IIT, coated and unccated
miltiple glazes were investigated.

During Phase I, 27 single-glaze experimental tests were conducted in-
volving three window glaze materials, three glaze thicknesses, and three
modes of heat transfer. The fthree specimen materials tested were fused
silica, aluminosilicate, and 96% fused silica having thicknesses of 1/8,
1/4, and 3/8 in. Each of the nine specimens were subjected to convective,
radiative, and combined radiative and convective heating.
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FEighty-five single glaze tests were conducted in Phase IT of the re-
search program. These tests were similar to those conducted in Phase I
with the exception of the test specimens. The glaze specimens were of the
same materials and thicknesges ag those of Phage I, but had thin-fiim
coatings on one or both surfaces., Specimen material and thickness combina-
tions employed in the Phase II tests included:

1. Tused silica, 1/4 in. thick;
2. Tused silica, 3/8 in. thick;
3. Vycor, 1/4 in. thick;
4. Vycor, 1/8 in. thick; and
5. Aluminosilicate, 1/4 in. thick.
Seven each of the specimen types listed above were coated as follows:

1. Gold film, upper surface
No coating, lower surface

2. No coating, upper surface
Gold coating, lower surfece

3. Gold film, both surfaces

4. High efficiency anti-reflection (HEA), upper surface
No coating, lower surface

5. HEA, both surfaces

6, Gold film, upper surface
HEA, lower surface

7. No coating, upper surface
Ultraviolet-infrared (UV-IR) reflecting coating, lower surface

Modes of specimen heating included radiation, convection, and combined
radiation and convecticn.

During Phase III, 112 double glaze experimental heat transfer tests
were conducted in both air and vacuum enviromments using coated and un-
coated glarzes of various materials and thicknesses. The combinations aof
speclimen materials, thicknesses, and coatings and the environment and modes
of heating are outlined below. Figure 16 is a schematic representing the
double glaze window configuration.
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HEAT SOURCE

/—SURFACE A

OUTER GLAZE

SPACING |

BETWEEN
GLAZES C =y
1 L INNER GLAZE ]
p—A

HEAT SINK (CABIN)

Figure 18 ~ Parallel. Outer-Tnner Glazings of the
Multiple Glaze Tests

Specimen material and thickness combinations used in the Phase ITI tesis

Iincludeds

1.

1/4
1/8

3/8
1/8

1/4
3/8

1/4
1/4

1/4 i

1/a

3/8
1/4

in. Fused Silice - Outer
in. Vycor - Inner

in. Fused Silica - Outer
in. Vycor - Immer

in. Fused Silica = Quter
in. Fused Silica - Tnner

in. Aluminosilicate - Quter
in. Aluminosilicate - Inner

. Fused Silica = OQuter

in
in. Aluminosilicate - Inner

in. Alwninosilicate ~ Quter
in. Aluminosilicate - Trmer
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7. 1/4 in. Aluminosilicate - Outer
3/8 in. Aluminosilicate - Inner

8. 3/8 in. Fused Silica - Outer
1/4 in. Aluminosilicate - Inner

9. 1/4 in. Fused Silica - Outer
3/8 in. Aluminosilicate - Inner

Heat transfer tests were conducted on each of the above double glaze window
configurations having no surface coatings. Experimental tests were also
conducted using each double glaze configuration 1 through 5 with the fol-
lowing surface coating combinations:

1. No Coating - SBurface A
UV-IR Coating - Surface B
No Coating - Surface C
Yo Coating ~ Surface D

2. No Coating =- Surface &
UvV-IR Cocating - Surface B
HEA Coating - Surface C

HEA Coating - Surface D
3. HEA Coating - Surface A
HEA Coating ~ Surface B
HEA Coating - Surface C
HEA Coating - Surface D

4, XNo Coating - Surface A
UV-IR Coating - Surface B
Gold Coating - Surface C
HEA Coating - Surface D

Both the coated and uncoated double glaze configuraticns, 1l through S5, were
used in tests conducted in air and vacuum enviromments. The uncoated win-
dow configurations & through 9, were used only in tests conducted in air.
Window heating was accomplished by radistion, convection, and combined
radiation and convection in the air tests and by radiation in the vacuum
tests,

H. C(oating and Glaze Damage

After all Fhase III experimental heat transfer tests were completed,
several brief tests were conducted in the presence of the Air Force Project
Engineer to demonstrate the temperature-time effect on the different coatings
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und glaze materials used in this work. These different tests are enumerated
and explained below.

In the first test & 3/8 in. thick, fused silicu glaze (uncoated) was
subjected to a temperature of approximately 1400°TF by means of convective
heat., With the glaze at this temperature, there was no visual change in
tlie transmission characteristics of the glaze. The glaze did not appear to
glow and nelther was there any other visual physical change ab this tem-
perature. As a measure of fused silica's ability to withstand thermal
shock and stress, the convective input to the glaze was cut-off sharply at
the 1400°F level and the glaze allowed to cool. The glaze, when subjected
to this thermal shock, suffered no apparent damage. Although no Vycor
(96% fused silica) glazes were tested in this menner, it is anticipated
that had they been, the resulis would have been 1dent1cal since the physical
properties cf the two materials are very similar.

The second test involved a 3/8 in. thick, uncoated, aluminosilicate
glaze which was heated by convection to approximately 1200°F. At this
temperature, the glaze broke into several pieces. The elapsed time from
initial heating to point of failure was approximately 10 min. The probable
cause of the breakage was an excessive increase in heating rate which set
up a large temperature gradient through the specimen and resulted in severe
thermal shock and stresses. Before failure, the transparency of the glaze
did not seem to be affected in any way. Thege results bear out those ob-
tained during the experimental heat transfer tests in which several alumino-
silicate glazes broke for no apparent reason other than an increase in
heating rate.

Test No. 3 involved & 1/4 in. fused silica glaze which was coated on
one surface with a high efficiency anti-reflection (HEA) coating and on
the other surface with a multi-layer gold {OCLI) coating. For this test, the
glaze was heated by convection to approximetely 1400°F with the HEA coabted sur-
face being the surface to which the hest was applied. After about 2 hr.
at 1400°F, the HFA coating started clouding. A short time later, the coat-
ing started blistering at what seemed to be & hot spot on the surface. The
rest of the coating changed from the viclel to a deep red color., These
results agree with those reported earlier in this report in which an HEA
coating was damaged toc the extent that deterioration of the coating could
be detected visually when heated to 1300°F. With this damage, it was
obvious that the coating was no longer fulfilling the purpose for vhich it
was intended.

Test No. 4 was conducted using the same coated glaze used for Test
No. 3. TIn this test, the gold coated surface was used as the incicent
surface; and like the previous test, the glaze was heated by convection to
approximately 1400°F. With the glaze and coating at this temperature, there
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was no apparent damage to the coatlng or any visual change in its trans-
mission characteristics.

No test was conducted using the ultraviolet-infrared (UV-IR) coating;
but based on results cbtained by heating UV-IR coated slides and by
examining UV~IR coated glazes after repeated use during the experimental
heat transfer tests, 1t is apparent that subjecting the coating to repeated
use and to temperatures of 1000°F and above results in severe damage
(crazing) of the coating so that it is no longer performing as intended.
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SECTTON IV

ANALYTICAL AND EXPERIMENTAL RESULTS

A. Computer Program Verification

Since a major objective of the experimental heat transfer tests was to
verify the validity of the computer program, measured values of window sur-
face temperatures and heat flux to the cgbin were compared tc those computed.
The "heat flux to the cabin" as used in this discussion refers to the flux
from the cold gide of the window. This inecludes the heat transfer from the
ccld surface by convectlon and radiation, and the radiation through and from
the interior of the glazes.

Comparisons of computed and megsured glaze surface temperatures and
heat flux to the cabln for a single-~pane window sre presented graphically
in Figures 17, 18, 20 and 21, and in Tables I, IT and ITI., All single-pane
window tests were conducted 1n an alr enviromment. Figure 17 presents s
comparison of the analytical and experimental results for a 1/4-in. fused
sllica window heated by radiation. In the experimental tests employing the
radiant heater, the heater was placed 9/16 in. above the glaze. In this
position, heater temperatures from 1000° to 2200°F resulted in incident
rediant flux ranging from 8,700 to 73,000 Btu/hr-fte.

Figure 18 compares measured and computed values of glaze temperafures
and the heat flux to the cabin for =a l/é-in. fused silica window that is
convectively heated. Different levels of convective heating in the experi-
mental tests were obtalned by adjusting the burners to varicus positions on
burner mounts (Figure 10). The convective input to the glaze at steady-
state conditions for each burner position was determined by performing a
heat balance calculaticn on the glaze as follows:

4 4 4 4y K
Qn = ef(e)o(Ty-Tooom) + ef(e) e o(T77-T,) + aér (T11-Te)

The effective emissivity, -ef(e¢) , was determined using the emissivity,
€y, » of glass plates presented by Gardon (Figure 5 of Ref. 4) as a function
of the sbsorption coefficient times the plate thickness. Since the abscrp-
tion coefficient and in turn ef(e) are wavelength-dependent, the total
effective emissivity of the glass plate was determined for a given tempera-
ture from the expression

ef(e) = 3 Ex P
A
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in which €), and APy are evaluated for each finite wavelength band con-
sidered in the summation. Values of total effective emisasilvity vs. temper-
ature computed for a l/4-in. fused silica plate are plotied in Figure 19.
Using these values in the above heat balance equation, the convective heat-
ing rates at the glaze surface were determined for each test point. As

seen in Filgure 18, the experimental convectlve heating rates ranged from
8,800 to 20,000 Btu/hr-fie.

TOTAL HEMISPHERICAL EMISSIVITY

i 1 | 1 1 1 i I
200 400 400 800 1000 1200 1400 1600 1800

TEMPERATURE - °F

Figure 19 - Effective Emissivity of 1/4 In. Fused Silica Plate

In order to evaluaste the capability of the subject computer program
to accurately compute transient temperatures, computed values were compared
to the glaze cooling and heatling experimental test data of Refs. 7 and 15.
The glaze cool-down data of Ref. 7 (obtained from a specimen allowed to cool
from 900°F to room temperature) are compared to the computed glaze cool-down
temperature in Figure 20. Pigure 21 compares calculsted glaze temperatures
and the heat flux to the cabin to the experimental values presented in Fig-
ure 9 of Ref. 15. These transilent heating data were obtained by instanta-
neously positioning the specimen under a radiant heat source. The predicted
heat flux to the cabin is greater than that measured due to non-cne-dimensional
radiant flux incident on the glaze and to an instrumentation problem in the
test radiometer as explained in Ref. 15.

41



saanjessdws] quatsues], pagndllo) pue paimses)f - 02 2Jn3Td

SALNNIW - IWIL

08 0z - 09 0s oy o€ 0c 01 0
T T 1 T T T T
) ° ° © v j ..
i -
ad °Il
© "dW3L 3QIS LOH a3ynsvaIw
n - "dW3l 3QIS 1OH diLNdwWO>D

002

009

008

0001

do = RNLVYIdWIL

42



ZJ.:J'EIH

000l - NIg¥D OL XN14

nig

XNTJ g8y pur saanjefadws] 2usTouel] poandwopn pue paangesj] - 1o SIndTd

SANOD3S - INWIL

00¢ 06z 002 051 00l 05 0
8 | T T 0
oL
e
ZLE 00Z
-
— -
711-O T
- -
. e
oLt 00¥
O NIgVD OL XN14
4009
°1 -dwil 3aIs Q10D
Y1 *dw3al 3qIs LOH
—— — — NOILYINDIVD YW
v1lva 1s3l 1ay {008
4o ¥681 = "dW3IL ¥31VIH
H) X714 LV3IH ANV STNLVY3dwaL ooot

INIISNYYL ONILVIH IZV1O

1 | 1 1 1

do = WNLVYIAWIL IZVT1O

43



A comparison of computed and measured glaze steady-state temperatures
and heat flux 1s presented in Taeble I for fused silica test specimens of
various thilcknesses subJected to radiative and convective heating. #fs sus-
pected, when the glaze thickness is increased, the hot side temperature is
higher, the cold side temperature is lower, and there is a decrease in the
heat flux to the cabin.

Table II presents g comparison of snalytical and experimental results
for 1/4-in. test specimens under thermal equilibrium conditions for the
same radiative and convective hesting rates. The difference inh temperatures
of these glaze materlals is attributed to thelr different spectral sbsorption
coefficients.

Computed and measured heat fluxes are compared in Table IIT for 1/4-in.
fused silica specimens having variocus thin-film coatings on one and/or both
surfaces. The coatings, which were deposited on the test specimens by
Optical Coating Leboratory, Inc., included an ultraviclet-near infrared
reflecting coating (UV-IR), a high-efficiency antireflection coating (HEA)
and g gold coating for infrared reflectlon. Temperatures of the glazes
cogted with only W-IR and HEA coatings were close to the temperatures of
the noncoated specimen. These two coatings were designed for their optical
characteristics at or near the visual regicn of the spectrum; and their
transmission is relatively high for the longer wavelengths at which the
major porticn of radisnt energy is emitted in the cases of Table III. The
temperatures and heat flux of the gold coated specimen, however, were sig-
nificantly lower than those of the uncoated specimen, This is due to the
very high reflectance of the gold coating at the longer wavelengths.

The gold coatings referred to in Table IIT are the multiple layer
coatings of OCLI containing layers of gold and dielectric materials. Temper-
atures of the glazes with the single layer gold coating applied at MRI were
not significantly different than temperatures of the uncoated specimens.

This was due to & microscopic migration of the gold when heated, resulting

in & coating transmission close to that of the uncoated glaze. Since the
single layer gold coatings did not operate as an efficient infrared reflector,
only the gold-dielectric coating applied by OCLI was employed in the Phase
IIT heat transfer tests.

Comparisons of computed and measured glaze surface temperatures and
heat flux to the cabin for double-pane windows are presented graphically in
Figures 22 through 25 and in Tables IV through vII. All of these computed
and measured data are for steady-state heat transfer conditions.
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TABLE T

VARTATION OF GLAZE TEMPERATURES AND HEAT FLUX WITH THICKNESS

FOR FUSED SILICA HEATED EY RADIATION AND CONVECTION

i ndow Hot Side Temperature Cold Side Temperature Flux to Cabin
Thickness Hent, (°F) {°F) (Btu/hr-£68)
{in.) Source Computed Measured Computed Measured Computed Measured
1/8 Th = 2150°F 1434 1465 1413 14C0 52,200 53,100
1/4 [ 1561 1535 1206 1385 50,400 49,400
3/8 1815 1581 1377 1359 49,000 14,000
1/a 9, = 18,000 _Tty 1182 1180 1112 1094 8,410 -
1/4 hpopt? 11358 1205 1064 1060 7,960 -
3/8 1215 1180 1032 agg 7,550 .-
TABLE II
VARIATION CF GLARE TEMPERATURES AND HEAT FLUX WITH TYPICAL GLAZE MATERTALS
FCR 1/4-IN. WINDOW AEATED BY RADTATICN AND COIVEOTTION
Hot 3ide Temperature Cold Side Temperature Flux to Cabin
Window Heat (°F (°F) { Btu/hr-££2)
Material Source Conputed Measured Computed Measured Computed Megsured
Fused Silice Ty, = 1340°F a58 928 aa1 855 10,01C 9,300
Vycor l 396 960 308 875 9,040 8,600
Aluminosilicate 1cle 380 o3 an2 §,410 8,000
Fused Silica Qg = 14,0 Bt 1127 1151 1905 1018 7,020 -
Vyeor Lir-ft° iael 1113 WU 330 8,840 --
Aluminozilicate 1074 1042 gzd 913 &,620 --
TARLE TIT
EFFECT OF TYPICAL WINDOW COATINGS ON TEMPERATURES AND HEAT FLUX OF
y&-l’l\'-. MBED SILICA SPECIMEN HEATED BY RADIATTCN AND CONVECTICN
Cortings Hot 3ide E\emparatm 2 Cold Sideﬂ!ﬂ‘emperawre Filux to Cabin
(°F) F) {Btu/hr-r+2}
Hot  Cold lleat h Baa/ar=1t
Side Bide Source Computed Measured Computed Messured Copputed Measured
None None Th = 1450°F 1042 1018 957 940 10,800 10,450
None W-IR 10581 1015 988 243 10,440 10,800
HEA  None 1036 1018 949 330 12,300 10,900
HEA HEA 1037 9895 451 910 12,100 10,100
Gold EEA B1C 820 749 785 5,000 4,200
None Mone Qo= 13,300 B 1085 980 8,650
None wW-TR hr-it< 1105 1072 G ga1 5,550 -
HEA None 110z 1125 9AY el 5,730 --
1EA HEA 1103 1150 G91 10ls 8,700 -
gold HEA 1190 1212 1087 10w 8,130 --
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As was done in comparing the analytical and experimental results of the
gingle-pane windows, double-pane window temperatures and heat flux to the
cabln were computed and compared to selected experimental data toc evaluate
the various capabilities of the computer program. The capabilities verified
were to compute the temperatures of and heat flux through multiple glaze
windows for: :

l. A wide range of radilative, convective, and combined radiative
and convective heating conditions in air and vacuum environments;

2. Various combinations of glaze materials and thicknesses; and

3. Various combinations of reflective and antireflective coatings
on the window glazes.

Figures 22, 23, and 24 present comparisons of snalytical and experi-
mental results for a selected double glaze window heated over a wide temper-
ature range by radlation, convection, and combined convection and radistion
in an alr enviromment. The glazes employed in the window for which this
comparison was made consisted of uncoated 1/4-in. fused silica for the outer
pane and uncoated l/B-in. Vycor for the inner pane. For the radiant heating
tests, the heater was positioned 9/16 in. gbove the upper glaze. The dis-
tance between the glaze specimens was 5/8 in. and the inner speclmen was
3/16 in. ahove the apparatus cold plate. Figure 25 presents a comparison
of the computed and measured glaze temperatures and heat flux to the cabin
for this window system when heated radiantly in a vacuum environment.

Tebles IV and V present a comparison of computed and measured tempera-
tures and cabin heat flux for the various combinations of glaze materials
and thicknesses employed in the double-pane window configurations heated by
radiation and by convection in an air enviromment. A comparison of the
analytical and experimental results 1s given in Table VI for the warlous
coating comblinations employed on 8 double-pane window system heated 1n air
by radistion and by convection. The computed and measured wvalues compared
in Table VII are for the coated double glaze coumbinations heated by radia-
tion in a vacuum environment.

Based on the good agreement obtained in the comparison of the analytl-
cal and experimental results presented in FPigures 17 through 25 and Tsgbles
I through VII, it is concluded that the developed computer program accu-
rately computes the. temperature distribution and heat flux through ccated
and uncoated, single- and multiple-pane window systems.
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TAELE TV

TEMPER/TRFS AND HEAT FLUXES FOR VARICUS GLAZE CONFIGURATTONS

AD A CONSTANT RADIATIVE INPUT

51

Muter Glage Inner Glaze ﬁiu,: to Cal-i
Glaze Configuretion Heat Input | Hot Bide ~ old Bid. Kot Side old Side {BtlI/hr-ft‘)
Juter Glaze Taner Glazce (Btu/hr-£+2) | Comp. | Meas. | Comp.| Mi-as.| Comp.| Meas.| Comp.] M ai.| "omp.| Mos. .
1/4 in. Fused Silice| 1/8 in. Vycor Gp = 12,480 1,033 | 1,025 287 ok Y 732 700 w7 4,800[ 4,n
3/8 in. Fused Silica| 1/8 in. Vycu 1,044 | 1,028 976 58 716 720, 890 695| 5,220| 4,"0C
1/¢ in. Pused Silica} 3/8 in. Fused Lilien 1,041 ) 1,040 997 970 756 730 630 A4s| 5,280 5,150
3/6 in, Alumine- 3/8 1n, Alumine- 1,072 2,038 986 957 e TER 868 643 4,170] o, w0
silicats silicate
1/4 in. Fused Bilica 1_/4 in. Awn, 1,056 | 1,037 1,015 1:8C 795 796 724 1o 4,850 3,45
3/8 in. Alum. 1/4 in. Alw. 1,065 | 1,032 974 45 153 703 871, g4g| 4,230 3,600
1/4 in. Alum, 3/8 in. Alum, 1,063 | 1,085( 1,005 i 783 77¢, 685 ETR| 400 3,050
3/8 in. Pused Silica| 1/4 in. Alum. 1,085 | 1,0e2| 1,004 980G 784 765 715 837| 4,795 4,n00
1/4 in. Fused Silica| 3/8 in. Alum, 1,065 | 1,025 1,026 280] 823 785 77 690| 4,750 4,:00
wR = Radliation incident or ocuter surface cf cuter glaze; radisnt heater temnerature, Ty = 1250°F.
TABLE V¥
TEMPERATURES AND HEAT FLUXES FOR VARIOUS GLAZE CONFIGURATTIONS
AND A CONSTANT CORVECTIVE INPUT
i Cuter (laze Inner Glaze Flux to Cati.
@lezc Cinfigupation Heat Inmput Hot Side Cold 3ide Hot Side Cold side | (Etu/hr-7t&)
Outer Glaze Irner Glaze {Btu/nr-rt8) Comp.| Mems,| Comp. | Meas.| Comp.| Meas.| Comp.| Mems.|Comp. | Mess.
1/4 in. Fused Sillca |1/8 in. vycor W, = 5724 917 | 948 | se1 | s81 | =2 | eno | =57 mma [ il - -
2/8 ir. Fuesd Silica [1/8 in. Vyeor 426 965 854 880 SRE E1Q 562 588 LR LUV
1/4 in. Pused Siliea | 3/8 in. Fused 938 |1,010 aas zak 518 €40 558 57C TLI0D - . -
51lica
3/8 in. Alumino- 3,:"8 In. Aluminc- 956 995 868 593 647 845 578 BEO3 2,275 - - -
eilleate silicate
1/4 in. Fuses Silies |1/4 in. Alum. 951 |1,010 | 900 937 833 875 383 goa | 7,2a0] - - -
3/8 in. Alum. 1/¢ in. Alum. 940 {1,012 | 8sz2 a0s 619 | 65¢ 573 | =98 | 2,289 - - -
1/4 in. Alum. 3/8 in. Alum. 944 980 881 310 652 g5 579 595 L27El - - -
3/8 in. Fused Sililea | 1/4 in. Alum. 851 |1,028 872 95 817 854 5E3 [iied 2,240 - - -
1/4 irn. Fus~d Sillca [3/8 1n. Alum. v 968 (1,02C [ 917 950 [ &58 700 [ 584 617 SRt I
Qe = Convective Input to outer purface of cuter glaze.




TARLE VI

TEMFERATURES AND HEA™ FLIMES PCR VARIOUS COATING CONFIGURATIONS OK A 1/4-IN. FUSED SILICA

A 1/8 TN, VYCOR WINDOW SYSTEM IN AN ATR ENVTRONMENT

Ccatings
Cuter Glaze | Innter Glaze Cuter Jlaze Inner Glaze Flux to Cabin
Hot. Told Hot fold| Ueat Input Hot 8ige Cold Side Hot Side Co’d Side {Btuhr- )
Side {Side | Side | Side| {Btu/ar-ri*) Comp.| tene . Comp,] Meas. | Comp. | beas. | Come. | Meas. Comp.| eas.
None |[None | Tone | Bone | <R ¢ 10,480 1,035,025 gg7 | 977 | ver | a2 | 7oo | 707 | 4.BO0 | 4,840
Nore |UV-TR | Mone | Wone 1,056 {1,000 | 9es | ®63 | 714 | 7o | & T | €34 | 4,80C | 4,710
Wene |UV-IR| HEA | HEA 1,035 1,000 989 | 969 | 712 150 ) BE7 | 691 | 4,550 | 3,280
A | HEA wa | HEA 1,035 p,ooz) 99 | eso | 7e2 | 15| mos | esl | 4,950 | 4,180
Nene |UV-IR§ cold | HEA 1,112 1,085 |1,084 |1,058 B08& G670 eng 585 2,460 ) 2,170
Hone None Tigrne | None J. 6,360 1888 9935 900 920 611 2435 san 62D 2,350 - - -
None | UV-IR |} None | Hone 974 a23 819 888 B23 [Be] £ 602 2,480 - - -
Nene JUV-IR | HEA HRA 7% |1,015 918 958 623 il 501 620 2,460 - - -
HEA HEA EEA HEA 972 1,040 917 959 827 BED €04 &z8 2,500 -- -
None | UV-IR [ Gold HEA 1,00% 386 966 955 512 515 484 490 1,500 - - -
TABLE VIT
TCMPERATRES AVD HEAT FLUXES FOR VARTIOUS COATING CONFIGURATIONS OW A 1/4-IM. FUSTI SILICA
AND lfB-IN. VYCOR WINDOW SYSTEM IN A VACUUM ENVIROMMEET
Contings

Fiver Gleze Inner Glmze Ouser Gleze Inner Glaze Flux to Cebin
det  |Cold | Hot Colr, Hea< Input Heto 3ide Cold Side Hot Side Cold Side (Btu/hr-r:2)
Side [Side side |3ide | {Btu/ar-£12) [Tomp. | Mens. Comp. | Meas. | Coep, | Meas. | Comp. | Mess, | Comp. . Mea:n.
Jone  luonu {aone [Hone G = 9,800 875 963 945 930 727 721 i €93 | 3,800, 3,400
R PV*IR None Kone a7z 940 941 308 710 701 290 375 3,365 3,600
i ne UV-IR | HEA HEA |71 a5z G40 a1b 705 578 81 658 3,280 2,950
HEA IEA HEA HEA 271 951 940 92 716 708 636 685 | 3,315 3,Cs0
Nonz  |UV-IR (Gold  |HEA 1,030 | 1,020 1,011 984 580 645 Bhi 850 1,620 1,830

Readiant heater

remperative, Ty = 11S0°F.
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L. Additional Experimental Results

In addition tc supplying data for validation cof the computer program,
a second objective of the experimental testing was tc provide empirical
data on realistic window glaze components. Toward this end a large number
of heat transfer tests were conducted, and data from 50 representative
tests are presented in Appendix F of this report.

C. Additional Analytical Results

Calculations, in addition to those made for the valldation of the
analysis, were accomplished for the comparison of interesting analytical
results and to check out the in-flight radiative and convective heating
subroutines. A comparison of window temperatures and heat flux to the
cabln was made for:

1. An opague analysis as opposed to the semitransparent anaslysis;
2. A window heated by radistion and by convection;

3. A window heated in air and in a vacuum; and

4. Arn increasling number of panes In a window system.

The in-flight cases included the calculation of window temperatures and
cabin heat flux for: '

1. A hypersonic re-entry;

2. A supersonic trajectory;

3. A convective heating rate versus time speclfied by input data; and
4. A circular orbit.

Figure 26 is & plot of the computed temperature distributions within
a l/é-in. fused silica window subjected to radiative heating assuming the
glaze to be semitransparent in one case and to be opagque in s second case.
The semitransparent analysis resulted in lower computed glaze temperatures
and a higher heat flux to the cabin since radiant energy from the heater
was not totally absorbed as it passed through the window. In the opaque
analysis it was assumed that radiation is absorbed at the surface. A sim-
ilar effect is seen when comparing the temperature distribution in & glaze
heated by comvection and by radiation (Figure 27). The convective heat 1s
applied to the surface, whereas the radiative heat is partislly absorbed
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and partiaslly transmitted by the window. The temperature gradient computed
in the semitransparent analysis is less than that in the opague case. This
iz due to the internal radiastion between the glaze elements,which is
accounted for in the semitransparent analysis.

Pigure 28 compares glaze temperatures and heat flux to the cabln for
the 1/4-in. fused silica, 1/8-in. Vycor window heated by wradiation in air
end in a vacuum. The cabin heat flux is higher in the air environment since
the heat flux to the calorimeter in the apparatus ccld plate includss con-
duction through the air as well as radlation from the glazes. Since the
heat flux from the window to the cold plate was greater for the air environ-
ment, the steady-state glaze temperatures were lower than those measured in
the vacuum teste. At elevated temperatures radiation becomes the predomi-
nant mode of heat transfer resulting in smaller differences between the air
and vacuum cases.

The effects of increased number of glazes on the temperatures of and
heat transfer through a window system heated by radiation are presented in
Table VIII. These values were calculated with the subject computer program
for windows having from one to five uncoated l/8-in. Vycor glazes. As ex-
pected, an increase in the number of glazes increases the resistance to
heat transfer, resulting in a higher outermost surface temperature and lower
innermost surface temperature of the window system, and s lower heat flux
through the window to the cabin.

As stated above, window temperatures and heat fluxes were predicted
Tor various types of missions in order to check ocut the subroutines employed
in computing the flight heating conditions. Figure 23 is a plot of the
thermsl performance of a double-pane window during a hyperscnic skip-glide
re-entry. The flight path employed in this calculation is that presented
in Figure 30 which is for a re-entry vehicle with a wing load of W/S = 25P8F
and an initial velcelty of 26,000 ft/sec at 400,000 ft. (Figure 4 of Ref. 1)}.
The window configuration for this case consisted of a 1/4-in. fused silica
outer pane and a l/8-in. VYCOR inner pane.

Window temperatures and cabin heat flux predicted for a porticn of a
supersonic transport flight are presented in Figure 2Z1. The flight path
is described in Figure 32 and is typical of a New York tc Paris flight plan.
In this case the window configuration analyzed contained two ccated panes.
The outer pane was a 1/4-in. fused silica glaze with an ultraviolet-infrared
(UV-IR) reflecting coating on its emergent side. A 1/8-in. VYCOR glaze with
a gold infrared reflecting coating on its incident surface and a high effi-
ciency antireflection (HFA)} coating on its emergent side was employed as the
inner window pane. '
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Fipgure 33 presents the thermsl anelysis of a window of a spacecraft
in a 200-nautical-mile circular corblt. The window configuration used in
the orbital flight was identical to the one described sbove for the super-
sonic transport case. Techniques utilized by the computer program sub-
routines to compute radiative and convective heating to the windows for the
hypersonic, supersonic, and crbital flights described above are discussed
in Appendix D.

In addition to the cases in which the radiative and aerodynamic heat-
ing were computed by the program, the thermal response was predicted for
a window subjected to a time-dependent convective heating rate as defined
by input data. The input convective heat transfer rate st the window loca-
tion was assumed to be 0.02 times the staghation point heat rate plotted 1in
Figure 34. TFigure 35 presents the window temperatures snd the heat flux to
the cabin for a portion of flight for which the thermal environment 1s de-
fined in Figure 34. A window configuration consisting of a l/é-in. fused
silica outer glaze and a 1/8-in. VYCOR inner glaze was used in this case.
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SECTICN Vv

CONCLUSTIONS

A computer program was developed for predicting the temperatures dis-
tribution and heat transfer through aerospace window systems subjected to
the thermal environments of hypersonic cruise, re-entry, supersonic and
orbital flight. The program analysis has been experimentally wvalidated for
single and dcuble pane windows having coated and uncoated surfaces. The
subject computer program willl be a valuable tool in the design of aerospace
window systems when material temperature limits, thermal gradients, and
cebin heating must be considered.

In addition to the experimentsl tests used to validate the computer
program analysis, heat tests were conducted to provide empirical data on
realistic window glare components. These data can be used by the designer
as a preliminary guide in selecting combinations of coated and uncoated
glazes for window systems when thermal considerations are required.

A constant value of surface emittance is used by the program when com-
puting the absorption and emission of radiation in the spectral region to
which the glazes are considered opaque. When computing the temperatures of
glares coated with dielectric films (HEA and UV-IR coatings) a surface emit-
tance equal to that of the uncoated glaze was used, resulting in good agree-
ment with the measured temperatures. Comparison of measured and computed
temperatures for the gold-coated specimens indicated that the emittance of
the gold-coated surfaces is temperature-dependent. For example, To obtain
good agreement between measured and computed steady-state temperatures (810°F)
for the gold-coated glaze specimen of Table III, a value of 0.6 was used for
the surface emittance. For the gold-coated specimen of Table VII (T = 553°F),
an emittance value of 0.4 was required. To satisfactorily compute transient
temperatures of gold-coated windows, the ftemperature-dependent emittance
(and possibly reflectance and transmittance) of the costings should be deter-
mined; and the program logic should be changed to use the temperature-
dependent emittance, reflectance, and transmittance of thin-film coatings.

Computer time is relatively long for the subject program, especially
for multiple glaze calculations, since each element in each glaze absorbs
radiant energy from each element in each glaze. An example of the ccmputa-
tion time is that reguired for the calculstion of temperatures for the double
glaze window configurstions presented in Figures 31 and 35. The computation
times for these two runs were 35 min. and 95 min., respectively. Simplifi-
cation of the analysls could result in a decrease in computation time. TFor
example, if polarization effects were neglected, the complexlity of the auxil-
iary functions of the heat balance equations would be reduced.
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As discussed in Section II, Subsection H of this report, truncaticn
errors are minimized by comparing the temperature field computed for a time-
step of At to that computed using two At/2 time-steps. If the tempera-
ture fields do not sgree, the input time-step is halved and the procedure
is repeated until agreement is cbiained. Even if agreement is obtained,
the program is required to compute the temperature field at least three
times for each time-step accepted. Computation time could be significantly
reduced 1if a procedure were employed which required the tempersture field
to be computed only once each time-step. This could be accomplished by
gllowing the computer program to define an acceptable, upcoming time-step
using some stability and/or accuracy criteria possibly based on the tran-
sient heating conditions. The present procedure employed by the program
coculd be retained and used by option.
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APPENDIX A

EQUATIONS FOR COMPUTING RADIATICN WITHIN WINDOW GLAZES
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ROMENCLATURE

Units

Symbols Internaticnal

sl g

- surface absorptance

number of media in window
system

convection coefficient (Watt/cm2—°c)
number of absorbing element
intensity (Watt/cmz-ster-@)
number of emitting element
volume emissive power (Watt/cmS—ster-u)
thermal conductivity (Watt/cm °c)
thickness of glaze (cm. )
medium number of glaze

containing emitting

element
index of refraction
medium number cf glaze

containing absorbing

element
function defined in text

rate of heat flux (Watt/cm®)

rate of energy per unit (Watt/cms)
volume

set equal to 1 for in-
ternal glaze elements
and to % for edge
elements

71

U.S. Customary

(Btu/sec-ft°-°R)
(Btu/sec-ftg—ster-p)
(Btu/sec—fte—ster-u)

(Btu/sec-ft-°R)

(£t.)

(Btu/sec—fte)

(Btu/sec-£t°)



Units

Symbols International U.5. Customary
t - time (sec.) (sec.)

T - absolute temperature (°K) (°R)

W - rediant flux ' (Watt/cm?) (Btu/sec-ft7)

X - distance of the absorb- (em. ) (ft.)

ing element, i , from
the glaze upper surface

¥y - distance of the emitting
element, j , from the

glaze upper surface

Z - total number of thin-film
coatings in window system

Greek Symbols

@ - angle between the direc- (redians) (radians)
tion of the besm and
the normal to the glaze

slab
' . ~1 -1
¥ - glaze absorption coef- (em> ™) {(f£.7)
Ticient
€ - emittance
A - wavelength (microns) (microns)
v - function defined in text
4 - surface reflectance
¢ - Stefan-Boltzmann (Watt/cm2-°K4) (Btu/sec—ft2-°R4)
constant
T - surface transmittance

¢ - function defined in text
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Units
Symbols International U.8. Customary

X - Tunction defined in text

pc - volumetric specific heat (Watt sec/cm:‘S °C) (Btu/ft5-°R)

Subscripts
3 - denotes wavelength dependence
A - denotes radiation absorbed by

glaze finite element

E - denotes radiation emitted by
glare finite element

i - denotes absorbing glaze finite
element

J - denotes emitting glaze finite
element

o - denotes initial conditions

X - denotes location at distance
X Trom the glaze upper
surface

N - denotes medium number of glaze

containing the absorbing
element, i

M - denotes medium number of glaze
containing emitting element,
J

T - denotes top or upper glaze
surface

B - denotes bottom or lower glaze
surface

il - denotes parallel component of
polarized beam
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Subscrigts

1

o

denotes perpendicular
component of polarized beam

denotes beam striking upper
surface of a glaze

denotes beam striking lower
surface of & glaze

denotes critical angle or -
cabin temperature

denotes radiastion absorbed
by a given glaze finite
element from the remaining
elements within the window
system

denotes radiaticn absorbed by
a given finite element from
the emitting thin-film coat-
ings in the window system

gdenotes radiafiion absorbed by
a given finite element from

an external radiant source

denotes emitting glaze thin-
film coating

denctes external heat source
surface

denotes innermost glaze of the
window system
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INTROIUCTION

Ag discusgsed in Section II of this report, heat is transferred
within semitransparent materials by the combined mechanism of conduction
and radiation. Thus to predlet the thermal response of heated windows,
the analysis must account for the emission, abscrption, attenuatlon, and
reflection of radiant energy as well as the conduction heat transfer
within the glazes. This Appendix presents and discusses the equations
employed by the subject computer program ln describing the radiation heat
transfer within the glaze materials of a multiple glaze window system.

THERMAL ANATYSIS

The analytical model used in the analysis was established by
assuming each window glaze to be composed of eleven finite slices or ele-
ments (Filgure 1). The thermal response of each element of the window
glazes is defined by the heat balance egquation:

DT, _ ) 3T
pc 'é"t—l' = %[QA}\(J-) + Q-E}\(l)] + k N 21
X

where the radiation absorbed and emitted by the element at positlion x
within the glaze is represented by Qny (1) and Qm, (1) , respectively.

As a result of the spectral dependence of the glaze properties that govern
internal radiation, QAA and QEK are computed for and summed over a
finite number of wavelength bands within the spectral region for which the
glazes are considered to be transparent and/or semitransparent. Term
QAA(i) is further complicated in that it represents the absorption of
radiant energy emitted from each element and surface coating of each glaze
in the window system as well as that from the surroundings. Partlal re-
flection at the glaze surfaces results in multiple reflections of radiation
beams between and within the glazes of the window system (Figure 2 and A-1).
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PREVIOUSLY DEVELOPED ANALYTTICAL RELATIONSHIPS

The theory employed in the thermal analysis is that developed by
Gardon (References 3, 4, and 5) and as used by Lis, Barile, and Engholm
(Reference 1) in developing a computer program for predicting temperatures
of & single glaze window. Using the theory and analytical terms developed
in References 1 through 5, the above single glaze program analysis was ex-
tensively modified and expanded to include the thermal analysis of multiple
glaze windows. This theory has as its basis the Bouger-Lambert law and a
volumetric emissive power derived by Gardon. The analytical terms devel-
oped by Gardon and Lis referred to in this discussion are:

l. The percent of radlant intensity of a beam entering a glaze
that 1s absorbed by a given element within the glaze, when considering both
the primary beams and its rultiple reflections;

2. The percent of radiant intensity of a beam emitted by one
element of a given glaze that is absorbed by another element within the
same glaze, when consldering both the primary beam and its multiple re-
flections; and

3. The percent of radiant intensity of a beam traveling within

a glaze that is transmitted by a surface of the glaze, when considering
both the primary beam and its multiple reflections.

Absorption of Radiation Enterling a Glaze

A beam of radiation striking & glaze surface is partially re-
flected and partially transmitted. As the beam enters the glaze, its
angle of travel is altered according to Snell's law:

ny sin Ap =M g8in ay

which relates the angle of refraction, ) to the angle of ineidence, A
the glaze index of refraction, o o, and the index of refraction, ny , of
the incldent medlum. As the beam travels through the glaze, its intensity
attenuation is described by the Bouger-Lambert law:

-vX sec
e Y o

=1
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which relates the attenmuation of radiation intensity to an absorption co-
efficient, v , and to the distance, x sec @ , traveled by the beam. The
ameunt of the radiant intensity absorbed by an element at location x 1=
equated to the attenuation of the heam ag it passes through the element:

AIX = IX - Ixe-'Y AX sec o = Ix(l - e-Y .':\.X sec 0.’)

When the beam reaches the second glaze surface it 1s partially transmitted
through the surface and partially reflected back into the glaze., This in-
ternally reflected radiation is treated as multiple reflections of energy
which is partially reflected each time it reaches the surfaces and is par-
tially absorbed each time it traverses the glaze. Thus, an elemental slice
in the glaze abscrbs energy from the multiple reflections of a beam as well
as directly from a beam entering the glaze. The percent of radlant in-
tensity abscorbed from this beam and its multiple reflections is defined by
the analytical expression:

Xy = (}_E-Ys AX sec a+%J

8 M
>< VX sec e-Ey L sec g { pBL
Tm - -2y L sec «
14 = Ll-pg pg e
7L
- T p
>< (pTLe YX sec o e+yx sec a) + Bil

T _ -2y L sec «
TL 1P Pgy ©

N (pTIIe-Yx sec o . _tyX sec a)

This expression is for beams entering the upper surface of the glaze. The
value for s is % and the coating absorptance a is 1-p=-T when the
glaze finite element under consideration iz a surface element, l.e., ele-
ments 1 and 11. TFor glaze elements 2 through 10, &8 is 1 and & is set
to zero. When beams are entering the lower surface of the glaze, the per-
cent of intensity absorbed by a given element at location x is defined

by
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) 1.e"YS sec o
* BN S Ax

4 o~ v(Imx)sec « +'e_2Y L sec o { Py
‘ T . -2%¥ L sec ¢
14 Bl 1 Pm Py, ©
51
>< (pB e-y(L-x)sec o, e+y(L-x)sec d) " ThI| P,
i

T -2¥ I sec o
Bl L-pqy Py

X (pBIIe-Y(L-X)Sec o, e+y(L—x)sec o)

In the develcpment of these expressions 1t was assumed that the radiation
is polarized pérallel and perpendicularly to the plane of incidence. Both
the parallel and perpendicular components are accounted for in the above
analytical terms.

Absorption of Radiation Emitted Within a Glaze

The percent of radiant intensity,of the beams emitted by one
element of a given glaze, that is absorbed by another element within the
same glaze 1is defined as:

% . l_e-ys Ax sec o
8 Ax

~y|x-v|sec o -yYX sSec o -v(2L-x)sec o, -
X[e ¥|x-yl + (Bpe yx sec & PLe v(2L-x)sec Je Yy sec «

N (Ibe-y(L—x)sec a . Plee-Y(L+x)Sec Q)e-y(L-y)sec a}

where
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P, = L Pry . Py ]
2 _ -2y L sec o _ -2y L sec w
LL=Pp Py, © L-Ppy, Pgy ©
p, =1 ’pL . PIl }
e -2Y¥ L sec o -2v L sec o
L L=Pp Pp) © 1=Pq Pg| &
and
o - ;{ Pr)PB) . Pry; PRI
1z 2 -2y L sec o -2y L sec «
1Py Pp® 1Py Pgy ©

The percent of radiant intensity of a beam emitted by a thin-
film coating, that iz absorbed by a given element within the same glaze
is computed as:

% - l_e—ys Ax sec a+a
1 s Ax

% Le—yx sec o (Pge-y(L-x)sec @, Pme—y(Lﬂ:)sec @y Y L sec oz]

when the emitting coating is on the upper surface of the glaze. If the
coating 1s on the lower surface the percent of intensity absorbed by the
given element is:

% _(l-e"‘YS AX sec Q'+a)
n =
8 Ax

-y(I-x)sec o N (Ple"\"x sec o Py e”

™ [e v(2L~x)sec @)~y L sec oz]
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Transmission of Radiation at Glaze Surface

The percent of radiant intensity of a beam and its multiple re-
flecticns that is transmitied by a given glaze surface is described by the
following terms depending on the direction of travel of the primary beam
and the particular surface being considered. For example, the percent of
the radiant intenslity, of & beam striking the upper glaze surface, that
is transmitted at the bottom glaze surface is expressed &as:

-¥ L sec o -y L sec o
Tg Pp © o Bl Py ©
-2Y I gec o
Py PpL® 1P| Py ©

va_ = X
LT 1 -2y L sec o

For beams striking the lower surface, the percent transmitted at the bottom
surface ig defined by the relaticnship:

"BL N "Bl
-2y L sec & -2y L sec o

v¢B =

o j-=

1P P e L=Paqyy Py ©

The percent of intensity transmitted at the top glaze surface of a beam

striking the upper surface and of a beam striking the lower surface is
expressed as:

Ypp = i Ty N T
2 -2y L sec @ -2Y¥ L, sec o
2P P ® L=Pqy Ppy) ©
and
~v L gec -
vyp = & | JPBLE ! ¢ Tpy Py et S @
2 w2y I sec o ~2v L sec o
1 -
PriPp® L=y Py ©
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MULTIPLE GLAZE ANALYSIS

InAordﬁr to demogstrate how the above analytical relaticnships
for ¥, v , 2, Pl , and Py, are utilized in the analysis, the following
example is employed. For this example, the window system depicted in
Figure A-l is considered. The energy absorbed by an element in the third
glaze will be determined considering the scurce of radiation to be an ele-
ment in the first glaze.

Radiation beams of an intensity I, are emitted at an angle oy
by the element in glaze 1 of Filgure A-l. The intensity of the beam strik-
ing the upper surface of glaze 1 is:

and the intensity of this beam and its multiple reflections that are
transmitted through the bottom of medium 1 is IlvTBl . Intensity, I» ,

of a beam striking the lower surface of medium 1 is:

-v(L-y)sec o

Ié = Ioe

and the intensity of this heam and its multiple reflectlons that are trans-
mitted through the bottom of medium 1 is Iév$Bl o As the heams enter

medium 2, their angle of travel is altered according to Snell's law:
ny sin o = np sin ap

which relates the angle of refraction, @ , to the angle of incidence, o,
and to the indices of refraction, ny and Ny - Intensity, 13 , of the
radiation entering medium 2 is then defined as:

‘ﬂg ces Ct'2

2

Is = [IlvTBl + IEerBl] m
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If medium 2 is semltransparent, the beams of iIntensity, Iz , are athten-
uated in travel and reach the lower surface of medium 2 with an Intensity
of

-Yolpn sec Op
e

I = Iz

The portion of I, that is transmitted into medium 3 (the
second glaze) is expressed as:

2
nz cos Qg

2
ns cos o,

IS = (14:\)4’:82)

Continuirg with the transmission of intensity at the media Interfaces and
the attenuation of intensity between the interfaces, the following rela-
tionghips are established:

'YSLS sec ag
e

s = 15
2
n, cos o
Iy = (IleB3) = =
nS cos C!S
“Yti-Lé: sed 04
I8 = ITe
Il2 cos 0’5
19 = (IS\)J'Bé) -—-2--_
n4 cos 0’4

The energy absorbed by the element in glaze 3 (medium 5) from the beam of
intensity, I , entering the glaze's upper surface is expressed as LgXms »
In addition, the energy which passes through glaze 3 and 1s reflected back
from the upper surface of glaze 4 1s also considered. This energy may be
significant if the lower surface of glaze 3 exhibits a high transmittance
and the upper surface of glaze 4 1s hilghly reflective to infrared radia-
tion. Following the beam through medium 5,
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-YSIS sec ag

I = Ige
2
n- Cos8
- 6 6
Iy = (IloVLBS) -
n5 cos 05
'Y6L6 sec ag
I1p = Ipqe
o
Neg COS o
_ 5 5
Iz = (Tovyq) —
:(16 [sfe}:] 0'6

The energy absorbed by the element in glaze 3 fram the beam entering the
glaze's lower surface is expressed as I12Xgs « Adding this to the energy
absorbed from the beams entering the upper surface of glaze 3 glves:

ALy = Igkps + I13%ps

This, then, represents the increment of the beam intensity emitted by the

element in glaze 1 that is absorbed by the element 1n glaze 5. Uslng the

above relationships to define Il through 115 , The eguation for AI in
terms of I, is derived as follows: '

Y~ {L =y Jsec o -Y.y, Sec « 2 cos a
I. = I (e 1LY 1y +e 1 1y } = 2
2 = o LBy L R
ny cos ay
_YEIQ sec oy n% cos g
Ig = Ize v — e
g 3 } o
ng cos @y
~v.L, sec g ng COS & -y, L, sec o n% CoS o
xe B9 3 v, 4 4 Ve 4 v, 2
B ng cos @z By ni cos a,
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IQ = IO lel + e v B
nl cos Ct’l
4 -ykLk Bec
>< -IT (e Vin)
k=2
-v_L. sec g ns cos a, =Ygl Sec o ns cos «
_ 570 5 6 5] 676 6 S 5
I15 = Ige vaB e vlTﬁ >
ns coSs as ns cas Q'e
-y =¥y (Ly 3y Jsec o . ~Y1¥, sec ay ) ng cos es
= So\® ViBp T € ViBy/ =
n] cos @)
4
=Y sec «& -yY-L. sec o -y¥.L. sec o
< RTL (e Vil Ky ) e S8 5 uype 66 5 vy

Substituting the above expressions for Ig and Ipz into the equation
for AI and factoring out common terms gives

2
-y (L =yq Jsec @ -Y1¥y Sec @y ns cos o
AI}\Q = IO (e v$Bl + e 7 vTBl) S 5
nl co8 ﬂ.’l
4
'YkLk sec o 'VSLS sec og "YSLS sec og
X TT (e V#Bk)[¥T5+e VyBs © VyTeXBS
k=g
or

AIRa = I8
where the symbol, £ , represents the expression in the brackets, { } .
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Since the radiation from the emitting element is considered per-
fectly diffuse, the total radiant energy gained by the absorbing element
is obtained by Integrating the contribution of the incoming beams over a
hemispherical surface above the absorbing element.

en oo
Qpy, = jﬁ j\ I.§ sin ag dyg dB
0 0

ac
5
an j1 I,E sin og dog
0

Also, since the absorption coefficients of the media are wavelength de-
pendent, &Iy 1s computed for and sumed over finite wavelength bands

within the spectral region for which the glazes are considered to be semi~
transparent. '

Q’R = 2 Zj‘o Iog sin Q‘S dﬂ’s
3

The integration limit, Xeg represents the criticel angle beyond which no
energy ils refracted into glaze 5.

This critical angle 1ls computed as:

-1 Eﬁ
ng

¥ = 81n

Using the approach described in this example, relationships were developed
defining the radiant energy absorbed by a given finite element when con-
sidering the radiation from a source external to the window system, from
each of the remaining elements in the window system, and from any emitting

glaze ceatings in the window system. These relationships are presented in
the follewing sections.
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RADIATION ABSOEBED BY A FINITE GLAZE ELFMENT

The total radiant energy, within a given spectral band to which
the window is considered semitransparent, that is absorbed by a given ele-
ment is represented as QAA(i) in the element's heat balance eguation.
Sources of radiant energy include each element in each glaze, the thin-
film coatings on the surfaces of the glazes, and an external radiating
medium or heater. Considering these sources, the energy absorbed by a
given element, 1 , is computed as:

Qpy (1) = Qp, (1) + Qg (1) + Qy, (1)

The equations for Qg (1), Qpy (1), and Qmy (1) are presented in the
following subsections.

Glaze Elements as Radiation Sources

The radiant intensity emitted by & glaze element is defined by
Gardon's volumetric emissive power as:

jl = yhnEWBk/ﬂ

which relates the intensity emitted per unit volume to the glaze absorption
coefficient, the glaze index of refraction, and the hemispherical emissive
power of a blackbody radiator, WBA « Hemispherical emissive power is com-
puted as:

_ 4
WBA = P:,\CIT‘j

where T. 1is the temperature of the emitting element and Pk is the per-
cent of energy emitted within a finite wavelength band.

The energy absorbed by an element as emitted from the other ele-
ments in the window system is computed from the eguation
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11{a+1)/2

o 2
QR)\(:L) = Zl 2W(ijnjw]3}\/ﬂ)¢hij Ay
J:
ar
11 x G 5
(1) = 2 Zl Yy 323V b1 Ay
J:

where 1 refers to the absorbing element, J refers to the emitting ele-
ments, and G 1s the rumber of media in the window system. The auxiliary
function ¢Ri defines the percent of energy emitted by the beams of an
enitting element, J , that is absorbed by the absorbing element, i . This
auxiliary function is computed from one of three equstions depending on the
relative positions of elements 1 and

1. When the emitting element is in a glaze which is located
above the glaze containing the absorbing element,

Ye ~y(L-y)sec o -yy sec o
Py = (e wg t € V?B)M
0

nN-1
-y L sec o -~y L sec o
X T (e Vyp)y [ﬁTN # (7 vyply

k=M+1
2
>< (e—Y L sec o v ) Dy Cos o .
VT el XN "y sin oy dwN
ny cos oy

where the subscript, M , refers to the medium containing the emitting ele-
ment, 1 , and the subscript, N , refers to the medium containing the ab-
sorbing element, 1 . The window glazes are represented by medis 1, 3, 5,
etc. (Figure A-1) with 11 elements in each glaze. Thus, the number, i ,
of the absorbing element ranges from:

i=1 to i=11(G+1)/2
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Similarly the number, J , of the emitting element ranges from:
=1 to §=11(g+1)/2

2. When the glaZe containing the emitting element 1s below the
glaze containing the absorbing element, i.e., when M > N

p i oo (W see @ e-y(L-y)sec @,
ALy " 1T YTMm

M=-1
TI— (e-Y L gec o N ) + (e-y I, sec « v )
X tT/ | XaN TN

k=N+1
X(-YLseca ) n%cosaf ) e
© VbBiN-L XTm | o SR On [%n
I].M COS QM

3. When the emitting and absorbing elements are within the same
glare, i.e., when M =N

&
cr
_ "Y(L'ZY)SECO! -Yy sec -y L secy
ﬁhij"J; [(e Vip T © “tB)N(e Yyl XBN

-Y(L-y)sec a -yy sec & -y L sec o
+ (e Vir T @ viply (e Vep)y_1 Xow
m/2
@ i + 1? sin
+ Py f sin oy doy N oAy
%er

Glaze Coatings as Radiation Sources

The intensity of radiation beams from an emitting glaze thin-film
coating 1ls computed as:
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where
~ 4
Wg, = BT

The energy absorbed by an element as emitted from the thin-film ceoatings
in the windeow system is computed as:

Qpy (1) = f;l e (Wgy /)y 1p

where 1 refers to the absorbing element, £ refers to the emltting thin-
film coatings, and =z 1is the number of emitting coatings in the wilndow
gystem. The equation employed in computing the auxiliary functilon, ¢lif »
depends on the relative location of element 1 and ceoating £ :

l. When M < N and the coating 1s on the lower surface of glaze
M, ‘ :

¢ N-1
=v L gec o =y L sec o
Prif =fo es kﬁl (e Viply [XTN + (e Sy

-y L sec o o

X (e v¢T)N+l XBN] ny cos oy sin o doyg

If the coating is on the upper surface of glaze M , the above integrand
is multiplied by: '

~y L sec o
(e le)M
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2. When M> N and the coating is on the upper surface of
glaze M , '

¥ M-1 v L L
_ - sec o -y L sec «
Praz f ep 1T (e Vi [XBN + (e Vi)

0 T a1 N

2

-y L sec o .
e v7B)N-l XTN] n; cos ap sin ot doy

X |

If the coating 1s on the lower surface of glaze M , the above integrand
is multiplied by:

-y L sec o
(e fT)M

2. When M = N and the coating is on the upper surface of the
glaze,

n/2 .
- -v L sec o A
Prir = _/; {ef [(e Veplyy X * Pl] sin ay }‘*’N

If the coating is on the lower surface of the glaze,

n/2 -¥ L sec o A
ﬁ?\.if = j;) {ef [(e vLT)I\Hl gy ¥ Pg] sin Q‘N} daryg

Radiation Source External to Window

The intensity of radiation beams from an emitting source outslde
the window system 1s computed as:

W
BA

= B, me— CO8 &
T = n =
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where

_ 4
Wpy = PyoTy

Energy emitted by the external source that is absorbed by a glven finite
element in the window system is computed as:

Qu(1) = 2n (E%LD Prin

where 1 refers to the absorbing element and h refers to the external
source. The auxiliary function, By}, 1s caleuwlated as follows:

e f-d Y L sec @ v L sec o
Prin =f0 {eh T J_Tl (e ViBh ["TN * (e V4ly

e-Y I sec o

2
X ( %T)I\‘Hl X }nN cos oy sin ay } Aoty

RADIATICN EMITTED BY A FINITE GLAZE ELEMENT

As indicated by the heat balance eguations, the thermal response
of a finite glaze element, 1 , is partially dependent on the radiation,
QEl(i) , emitted by the element. ZRadlation lmtensity emitted per unit
volume 1s defined by a volumetric emissive power derived by Gardon as:

A 2
Jl = Yln Wél/ﬂ

which relates the intensity, j , to the glaze absorption coefficient, ¥y ,
the glaze Index of refraction, n , and the hemispherical emisslve power,
Wg) » of a blackbody radiator, The hemispherical emissive power is com-
puted &as:
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where B, i1s the percent of energy emitted within a finite wavelength band
of the spectral region in which the glaze is considered to be semitrans-
parent.

When considering radiation emitted from the elements, J , in com- -
puting QAh(i) » 1t was assumed that the radiatlon was emitted from the mid-
point (nodal point) of the elements. Thus, some of the energy is sttenuated
(or absorbed) as it travels from the midpoint to the edge of the emitting
element. As a result of this attemuation, the intensity of radiation
leaving the edge of the element was defined as:

-y, 4%/2 sec o
e

I=1,

In order not to violate the second law of themmodynamics, the same consid-
eration 1s given to the intensity leaving an element when computing
Qpy (1) .

The intensity leaving element, i , 1s defined as:

-vy 4x/2 sec o
IK = j;\e A

where Ja is the volumetric emissive power lumped at the elements nodal
point. To obtain the heat radiated from the element, the intensity, I, , is
integrated over the surrcunding spherical area as follows:

en pm/e
Qg (1) = P—f j e ! 1x/2 sec @ 4 g
¢ dJo

Substituting the analytical definition for volumetric emissive power, Jy 2
into the above integrand and performing the integration over © gives:

Yy A%/2 sec o
e

n/2
Qpy (1) = 4y, 5%, f dov
0
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HEAT FLUX TO THE CABIN

The heat flux to the cabin 1s a result of radiation from and
through the window glazes and of convection from the innermost window sur-
face. Thls cabln flux is expressed analytically as:

Ge = W(T-T,) + [(L-p1)B + (1-pp)(1-Pp)] o5 - oTf + 3 qy(c)
A

Convection heat transfer from the window is computed from the
term in which the difference between the window's lower surface tempera-
ture, Ty , and the cabin temperature, T, , 1s multiplied by the heat trans-
fer coefficient, h « The heat transfer coefflicient 1s assumed to be that
resulting from free convection.

The net hegt transfer from the window surface to the cabin by
radlation, to which the glazes are considered to be opaque, is computed
by the terms:

[(1pp)Py, + (1-pR)(1-PR) | oF - oTg

The symbols Pr and Pp represent the percent of energy emltted at wave-
lengths from zero to the left cuteff point and from zero to the right cut-
off point, respectlvely, of the spectral reglon in which the glaze 1s con-
sidered to be semitransparent. For example, fused sllica 1s considered to
be semitransparent over the wavelength region from A = 0.4 to

A= 4,844 . Thus, the left and right cutoff points for fused silica are
at 0.4 and 4.8 u , respectively. Symbols pp and pr are the mean hemi-
spherical reflectivitlies of the glaze to radiation in the spectral regions
to the left and to the. right of the semitransparent region.

Radiative flux through the window is represented by the term,
Qk(c) » This flux is computed for and summed over finite wavelength bands
of the spectral region in which the glaze is considered to be semitrans-
parent. Contribution of radlative flux to the cablin that is represented
by q;{c) includes:
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1. Radiation»from each finite element in each window glaze;

2. Radiation from coatings on the glaze surfaces; and

3. PRadiatlion from an external medium or hesater.
Considering the above sources of radiation, the flux through the window 1s
expressed as: '

ql(c) = th(c) + q'F)L(c) + q‘H}L(c)

The tems on the right side of the equal sign are analytically defined in
the feollowing subsections.

Radiation from Glaze Elements to the Cabin

The radiative flux emitted by the finite elements, j , of the
window glazes that travel through the window and into the cabin is com-
puted as:

11(g+1)/2
- < 2
QB;\(C) = £ EY?\jnJWB}\jSﬁ?\jCAY
J=1
where
4

The auxiliary function, ¢ch , is computed from the equation:

oo |
¢ch = JZ (e~Y(I-¥)sec v g+ oYy sec @y )

B'M
-y L gec o ng cos c'!CT
X AT (e 1)y = sin oy pdor,
k=M+1 ny COS aM
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where M refers te the medium number of the glaze contalning the emitting
element, and G refers to the medium number of the inmermost glaze.

Radistion from Glaze Coatings to the Cabln

Cabin heating, resulting from the radiation emitted by the glaze
coatings, is computed from the equation:

Z

apy(e) = Zl 2WgarPare
e

where

4
Wpr = BpoTy

If the emltting coating is on the iower surface of a glaze, the auxillary
function, $yp. 1s defined as:

G

%er -y L sec o
frec = JC € kTJ;l O le)k ng cos ay sin ot doy

vhere £ refers to the emitting coating and M refers to the medium num-
ber of the glaze containing the coating. If the cqating is on the upper
surface of medium M , the integrand in the above equation is multiplied
by:

-y L sec
(e Y o @ le)M

Rediation from an External Source to the Cabin

The radlation flux emitted by an external source that travels
through the glaze and into the cabin is computed from the equation:
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agp(e) = Wpypfane
where
Tpan = PACTy
The auxiliary function, fyy. , is defined as:

G

¢ N %er TT ( =Y L sec o ) o .
e = . TTl o e le . nG cos o sin oy daG

where o 1ls the transmittance at the upper surface of the outermost
glaze,
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APPENDIX B

EQUATIONS USED TO COMPUTE TRANSMITTANCE AND REFLECTANCE
OF COATED AND UNCOATED GLAZE SURFACES
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NOMENCLATURE

Symbols

i - Index of refraction for film layer

n - Real part of the refractive index

1 - Complex or Imaginary part of refractive index

k « Bxtinetion ccefficient of the film layer

Y - Admittance (ratio of electric and magnetic field intensities)
# - Function defined by Eq. (3)

A = Vacuum wavelength

2 ~ True geometric f£ilm thickness

P - Reflectance

& = Resal part of admittance Y

b - Imaginary part of admittance Y

T - Transmittance

§ = Function defined by Eq. (6a)

8: = Angle of incidence in incidence medium

$
'

Angle of refraction in successive layers defined by Eq. (8)

Subgeripts
J = Refers to film layer under consideration

Refers to medium of incidence {j=o)

o]
]

P =~ Refers to the innermost film layer (Jj=p)

ptl - Refers to medium of emergence

Il - Parallel component of polarized radiation

1 - Perpendicular component of polarized radiation
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INTRODUCTION

The heat belance eguatiocn for the internal as well as the edge finlte
elemente of each glaze contains auxilisry functions (see Appendix A) which
include values of surface reflectance, transmittance, and absorptance.
These surface opticel properties can be calculated by the subject computer
program for both coated and uncosted glaze surfaces. If transmittance and
reflectance data are available they can be Included in the input data
rather then be computed by the program.

COMPUTED UNCOATED GLAZE SURFACE OPTICAL PROFPERTIES

When predicting temperatures of uncoated glazes, the reflectivity of
the surfaces is computed from Fresnel's equations as follows (Ref. 2):

— 2

n cos oW - ’\l-ng sin2 o
RL =

———
necos o + ﬁQI-nE sin2 o

for redistion polarlzed perpendlcularly to the plane of incidence, and

2
'x]T. COoB &¥ = f\ 'l-ne aain2 o

L "B a2 o
= COE ¢ + pdl ne gin® o

Py =

The velues of tranemittence for uncosted glazes are computed as:

TL = l-eL
end
o=

For unpolarized radiation, i.e., for radlation beams prior to the first
reflection, the effective transmittance 1s glven by:
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COMPUTED COATED GLAZE SURFACE OFTICAL PROFPERTTES

In many instances the windows of aerospace vehicles employ thin-film
coatings designed to provide certain desirable optical features. For
example, various coatings have been developed to reflect ultraviolet radi-
ation, to reflect infrared radiation, and to reduce glaze surface reflec-
tion in the visual region of the spectrum. For coated glazes, the computer
program Incorporates a subroutine to compute the reflectance and transe
mittance of glaze surfaces having single or multiple layer, dielectric
and/or metallic thin-film coatings. The tecmmique employed in the computa-
tion is that developed by Berning (Ref. 5) in which the reflectance is
determined as the final step in a recursion process which calculates the
adnittance of each layer of the thin-film coating beginning with the
innermost layer and ending with the incident media. The computation pro-
cedure and equations are presented below.

The index of refraction for each film layer is denoted as
nj = ny - iky (1)
which is complex when the film under consideration is absorptive. For

nonahsorptive films the refractive index is equal to njy -

The reflectance 1s obtained by the successive solution of the equa-
tion which calculates film admittance, Y3

Yj cos éj + iﬂj sin éj

2
cos 33 + 1 sin 84/n; (2)

Y'j_l = aj_l + ibj-l =

where

@j = (EW/l)njzj . (3)
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Fquation (2) is solved successively for each thin-film layer of the coat-
ing beginning with the innermost film until ¥, is evaluated. The calcula-
tions are started by using a value of admittance for the innermost fiim
layer computed from the formula

Y@ = ﬂp+1 = Oppl - ikp+1 . (4)

The real and imaginary parts (a, and by ) of the admittance Y, are
then evaluated and used in the calculation of the reflectance, p , as
follows:

p = [l - {4 noao/[(no+ao)2 + bi}}} . (5)

The transmittance is calculated from the formula

Y
T = (1"9) -ﬂ— ¢.j (6)
J=1

whersa

2
'Lb'J = aj/l:a.j_l |COS @j + le sin QJ/T]JI :I . (6&)

For & nonabsorbing coating, i.e., M3 = njy , the function ¢ is unity and
= 1-p .

The above equations are for radiant energy of normel incidence. For
oblique incldence, the same equations are gpplicable if effective values
of ﬂj and @J are used., Upon reflection, radiation becomes polarized
and is considered as having parallel pblarized and perpendicular polarized
components. For perpendicular polarization, the effective refractive index
for any angle of incidence is given by

(8,) _

" nj cos iy (1)

103



where

( 2 B2)l/ 2 12 ( o o\? 1/2 (
oy + + o o + B ) - 8)
cos ey = J J J -1 d J
2 2
and
| 2
o : 2, .2 2 2
aj =1 + [no sin 99//(nj + kjj] (kj - nj>
2
2 2
By = -2 njkj[%o gin 90//tﬁj + kjjl
For parallel polarization the effective index is given by
(85) _
'I]J.” = T]j/cos oy (9)

The effective thickness function is the same for both states of polariza-
tion and is gilven by

8
@g O) = @j cos ®y (10)

The absorptance of the coating 1s evaluated as l-p-v .
INPUT GLAZE SURFACE OPTICAL PROPERTIES

A read-in subroutine was also included in the computer program so
that the transmittance and reflectance of a given thin-film coating can
be included in the input data rather than be computed by the thin-film
subroutine if these data are available. When the transmittance and
reflectance dats for coated surfaces are input, the absorptance of the
coating is computed as l-7-p .

The data are input in an array or table which gives the average values
of transmittance and reflectance versus incident angle for each of the
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finite wavelength bands within the spectral region in which the glaze is
considered to be semitransparent. Tables B-I through B~IX present trans-
mittance data used in predicting the temperatures of the coated glaze
specimens employed in the experimental heat transfer tests. Coatings
used in the experimental tests included:

1. An ultraviolet-infrared (UV-IR) reflecting coating;
2. A high efficiency antireflection (HFA) coating; and
3. A gold coating for infrared reflection.

These coatings were deposited on the glaze test specimens by Optical

Coating ILaboratory, Inc. {OCLI). The transmittance of the glaze surfaces
with UV-IR and with HEA coatings was obtained from data supplied by OCLI.
These data were the spectral transmission of UV-IR and HEA coated microscope
slides recorded for incident angles of 0, 20, 40 and 60 degrees., Zero
transmission was assumed for the limiting incident angle, 90 degrees. The
average coated surface transmittance, for each of the finite wavelength
bands considered in the semitransparent analyslis, was determined as follows:

-¥AL sec «
Tm = TeTg®

or
To = g
o =
- e-YL sec o
g
woere 1 = transmission of coated microscope slide

Tg = transmittance of uncoated surface

T. = trensmittance of the coated surface
¥ = glaze absorption coefficient

L = microscope thickness

o = angle of refractiocn
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Average values of the above wvariables were used for each wavelength band
considered, Trensmittance versus incident angle for the gold coating was
based on transmittance at zero angle of incidence and the shape of the HEA
and UV-IR "transmittance versus incident angle" curves, It was assumed
that the absorptance of these thin-film coatings was negligibtle. Thus,
the rellectance was evaluated at 1-v, . When inputting surface trans-
mittance and reflectance rather than computing these values, polarization
effects are neglected. Transmittance and reflectance of the HEA, UV-IR,
and gold multiple-layer, thin-film coatings were not computed with the
subroutine discussed in the above gection because the Film data required
for these calculations were considered by OCLI to be proprietary.

TABLE B-I

TRANSMTTTANCE OF UV-IR COATING ON VYCOR GLAZE

Wavelength Incident Angle
Band 0° 20° 40° 60°
1 0.86 0.86 0.86 0.78
2 0.90 0.90 0.20 0.8L
3 0.76 0.76 0.76 Q.67
4 0.75 0.75 0.75 0.61
5 0.84 0.84 0.84 0.77

TABLE B-I1

TRANSMITTANCE OF UV~IR COATING ON FUSED STLICA GLAZE

Wavelength Incident Angle
Band 0° 20° 40° Egi
1 0.55 0.50 0.55 0.47
2 0.86 0.89 0.88 0.717
3 0.72 0.72 0.73 0.685
4 0.74 0.74 0.78 0.7
5 0.84 0.85 0.88 0.78
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TABLE B-III

TRANSMITTANCE OF UV-TR COATING ON ATUMINOSTLICATE GLAZE

Wavelength Incident Angle
Band 0° 20° 40° 60°
1 0.48 0.45 0.56 0.46
2 0.86 0.89 0.20 0.75
3 0.71 0.74 0.73 0.65
4 0.74 0.74 0.77 0.66
5 0.85 0.85 0.87 0.76

TABLE B-IV

TRANSMITTANCE OF HEA COATING ON VYCOR GLAZE

Wavelength Incident Angle
Band 0° 20° 40° 60°
1 0.84 0.84 0.86 0.86
2 0.85 0.86 0.88 0.80
3 0.85 0.85 .88 0.88
4 0.86 0.865 0.89 0.885
5 0.86 0.86 0.839 0.89

TABLE B-V

TRANSMITTANCE OF HEA COATING ON FUSED SILICA GLAZE

Wavelength Incident Angle
Band 0° 20° 40° £0°
1 0.87 0.86 0.87 0.865
2 0.85 0.85 0,88 0.865
3 0.85 0.85 0.89 0.865
4 0.85 0.84 0.20 0.87
5 0.88 0.87 0.20 0.88

107



TABLE B-YI

TRANSMITTANCE OF HEA COATING ON ALUMINOSILICATE GLAZE

Wavelength Incident Angle
Band 0° 20° 40° 60°
1 '0.865 0486 0.875 0.87
2 0.85 0.85 0.87 0.865
3 0.84 0.84 0.88 0.865
4 0.85 0.85 0490 0.865
5 0.88 0.86 0.89 0.875

TABLE B-VII

TRANSMITTANCE OF GOLD COATTNG ON VYCOR GLAZE

Wavelength Incident Angle
Band 0° 20° 40° 80°
1 0.25 0.25 0.25 0.25
2 0.075 0.075 0,075 0.070
3 0,08 0.08 0.06 0.058
4 0.055 0.055 0.055 0.05
5 0.045 0,045 0.045 0.04

TABLE B-VIIT

TRANSMTTTANCE OF GOLD COATING ON FUSED SILICA GLAZE

Wavelength Incident Angle
Band 0° 20° 40° 680°
1 0.30 0.30 0.30 0.30
2 0,075 0.075 0.075 0,07
3 0.06 0.08 0.06 0.055
4 0.05 0.05 0.05 0,045
5 0.045 0.045 0.045 0,04
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TABLE B-IX

TRANSMITTANCE OF GOLD COATTING ON ALUMINOSILICATE GLAZE

Wavelength Inecident Angle
Band 0° 20° 40° 62°

0.25 0.28 0.25 0.25
¢.075° 0.075 0.075 Q.07
0.065 0.065 0.085 0.080
0.050 0.050 0.050 0.045
0.045 0.045 0.045 0.04

G o> B PO
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APPENDIX C

THERMOPHYSICAL AND OPTICAL PROPERTTIES
OF GLAZE MATERTALS
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The materisl properties employed in the analysis are tabulated in
Tables C-I through C-V for fused silica, Vycor (96% silica), aluminosili-
cate, borosilicate, and soda lime glazes. These properties are stored as
block data in the computer program. This allows temperatures tec be com-
puted for a window system containing any combination of the shove five
glaze materials without inputting glaze material property data.

Properties which are considered as temperature-dependent are:

L. TIndex of refracticn, h ;

2. Thermal conductivity, k ;

3. Heat capacltance, pc ; and

4, Absorption coefficlent, ¥ .
The sbsorption coeffilelent is also spectrally dependent. Average values
of Y are presented for five finite wavelength bands within the spectral
region {from 0.4 to 4.8 u) in which the glazes are considered to be semi-
transparent.

The values of index of refraction, thermal conductivity and heat
capacitance were obtained from Ref. 6 for the glaze materials used in the
ealeculations. Spectral values of absorption coefficlent were determined
by Finch (Appendix A of Bef. 7) based on transmittance of glaze specimens

of known thicknesses and taklng into account the reflectance of the
specimen surfaces.
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TABLE C-T

MATERTAL - FUSED SILICA

Temperature Refractive Conductivity pc
(°x) Index (watts/cm °K) {watt sec/cm® °¥)
0 1.45 0.011 1.218
200 1.45 0.011 1,216
400 1.45 0.0155 1.952
600 1.45 0.01805 2,292
800 1.45 0.02034 2.468
1,000 1.45 0.02207 2.587
1,200 1.45 0.02207 2.587
1,400 1.45 0.02207 2.587
1,700 1.45 0.02207 2.587
2,000 1.45 0.02207 2.587

Absorption Coefficients (em™2)
Temperature ) from 0.4 ) from 2.2 ) from 2.81 ) from 2.9 ) from 3.5

(°K) to 2.2 p to 2.61 W to 2.9 u to 3.5 W to 4.8 |

0] 0.06 0.50 17.0 0.15 11,5

300 0.06 0.30 17.0 0.15 11.5

600 0.06 0.50 17.0 0.15 11.5

900 0.06 Q.50 17.0 0.15 11.5

1,200 0.06 0.50 17.0 0.15 11.5

1,500 0.086 0.50 17.0 0.15 11.5

1,800 0.06 0.50 17.0 0.15 11.5

2,000 0.06 0.50 17.0 0.15 11.5
Fmissivity at wavelength below 0.4  is 0.92.
Emissivity at wavelength above 4.8 p is 0.922.
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TABLE C-IT

MATERTAL - VYCOR (96 PERCENT STLICA)

Temperature Refractive Conductivity pc
(°k) Index (watts/am °K) (watt sec/cm® °K)
0 1.45 0.0133 1.34
200 1.45 0.0133 1.34
400 1.45 0.0162 1.946
600 1.45 0.01763 2.26
800 1.45 0.0185 2.49
1,000 1.45 0,0193 2.67
1,200 1.45 0.0193 2.67
1,400 1.45 0.0193 2.67
1,700 1.45 0.0193 2.87
2,000 1.45 0,0193 2.67
Absorption Coefficients (em™t)

Temperature ) from 0.4 » from 2.2 ) from 2.61 % from 2.9 A from 3.5
(°K) to 2.2 u to 2,81 p to 2.9 W to 3.5 H to 4.8 p
0 0.03 0.43 17.0 1.35 19.8
300 0.03 0.43 17.0 1.35 19.8
600 0.03 0.43 17.0 1.35 19.8
900 0.03 0.43 17.0 1.35 19.8
1,200 0.03 0.43 17.0 1.35 19.8
1,500 0.03 0.43 17.0 1.35 19.8
1,800 0.03 0.43 17.0 1.35 12.8
2,000 Q.03 Q.43 17.0 1.35 19.8

Emisgivity at wavelength below

Missivity at wavelength sbove

0.4 p is 0.914,
4.8 p is 0.914.



MATERTAL - ALUMINCSILICATE

TARLE C~-TIIT

Temperature Refractive Conductivity c
(°x) Tndex (watts/cm °K) (watt sec/cmd °K)
0 1.54 0.01185 1.607
200 1.54 0.01185 1.607
400 1.54 0.01449 2.284
600 1.54 0.01469 2.677
800 1.54 0.01470 2,962
1,000 1.54 0.01471 3.192
1,200 1.54 0.01471 3.192
1,400 1.54 0.01471 2.192
1,700 1.54 0.01471 3.192
2,000 1.54 0.01471 3,192
Absorption Coefficients (em™1)
Temperature A from 0.4 » from 2.2 A Trom 2.61 » from 2.9 » from 3.5
(°K)} ta 2.2 to 2.61 to 2.9 to 3.5 W to 4.8 p
0 0.107 0.3 6.0 5.0 14.0
300 0.107 0.3 6.0 5.0 14.0
£00 0.107 0.3 6.0 5.0 14£.0
900 0,107 0.3 6.0 5.0 1£.0
1,200 0.107 0.3 6.0 5.0 14.0
1,500 0,107 0.3 6.0 5.0 14.0
1,800 0.107 0.3 6.0 3.0 14.0
2,000 0.107 0.3 6.0 5.0 14.0
Fmigsivity at wavelength below 0.4 g is 0.907.
Emissivity at wavelength above 4.8 g is 0.915.
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TABLE C-IV

MATERIAL - BOROSILICATE

Temperature Refractive Conductivity Pe
(°x) Tndex (watts/cm °K) (watt sec/cm® °K)
0 1.47 0.01021 1.448
200 1.47 0.01021 1.448
£00 1.47 0.01269 1.989
600 1.47 . 0.01481 2,427
800 1.47 . 0.01756 2.800
1,000 1.47 0.02427 3,024
1,200 1.47 0,02427 3.024
1,400 1,47 0.02427 3.024
1,700 1.47 0.02427 3.024
2,000 1.47 0,02427 3,024
Absorption Coefficients (em™1)
Temperature A from 0.4 ) from 2.2 ) from 2.6 ) from 2.9 ) from 3.5
(°K) to 2.2 L to 2.81 W to 2.9 B to 3.5 W tec 4.8 K
0 0.03 0.03 5.0 4.0 28.0
300 0.03 0.03 5.0 4.0 £8.0
600 0.03 0.03 5.0 4.0 28.0
900 0.03 0,03 5.0 4.0 28.0
1,200 0.03 0.03 5.0 4.0 28.0
1,500 0.03 0.03 5.0 4.0 28.0
1,800 0.03 0.03 5.0 4.0 28.0
2,000 0.03 0.03 5.0 4.0 28.0
Emissivity at wavelength below 0.4 p is $.915.
Brnisgivity at wavelength above 4.8 @ is 0.92].
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TABLE C-V

MATERTAL - SODA LIME

Temperature Refractive Conductivity pe
(°K) Index (watts/cm °K) (watt see/cm” °K)
0 1.51 0.0113 2.51
200 1.51 0.0113 2,501
400 1.51 0.0113 2.51
600 1.5L 0.0138 2,51
860 1.51 0.0163 2.51
1,000 1.51 0.0188 2.51
1,200 1.51 0.0188 2.51
1,400 1.51 0.0188 2.51
1,700 1.51 0.0188 2.51
2,000 1.51 0.0188 2.51
Absorption Coefficilents {cm )

Temperature A from 0.4 i from 2,2 ) from 2.61 ) from 2,8 ) from 3.5
(°K)} to 2.2 p to 2.61 W to 2.9 W to 3.5 p to 4.8 L
0] 0.4 0.48 1.8 4.5 8.0
300 0.4 0.48 1.8 4.5 8.0
600 0.4 0.48 1.8 4.5 8.0
900 0.4 0.48 1.8 4.5 8.0
1,200 0.4 0.48 1.8 4.5 8.0
1,500 0.4 0.48 1.8 4.5 8.0
1,800 0.4 0.48 1.8 4.5 8.0
2,000 0.4 0.48 1.8 4,5 8.0

Emissivity at wavelength below 0.4 B is 0.91.
Emissivity at wavelength above 4.8 u is 0.91.
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APPENDIX D

CORRELATIONS USED TO PREDICT IN-FLIGHT HEATING
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- INTROIUCTION

Various methods of computing the heat transfer to the window are used
by the program, depending on the mission under consideration. Missions for
which the window heating can be computed by the program include hypersonic
flight, re-entry, supersonic flight, or orbital flight. The analytical
methods employed are based on accepted correlations for predicting aero-
dynamic (convective) heating, radiative heating from a shock layer, and
radiative heating from the sun. These correlations as used by Lis, Barile,
and Engholm for the single glaze window program of Reference 1 are also
employed in the subject multiple glaze program. A description of equations
used has been reproduced from Reference 1 for this Appendix.

A convective heatlng rate versus time can also be included in the input
data. This allows the convective heat flux computed by any desirable method
to be used in the program. A constant radiaetive heating rate can be de-
scribed by Input data if so desired by inputting a heat source temperature
and emittance and an appropriate configuration factor. This option was used
when computing glaze temperatures for comparison to those measured in the
experimental heat transfer tests.

HYPERSCONIC FLIGHT AND RE-ENTRY

For hypersonic flight and re-entry, the convective input to the window
is expressed as a percentage of the stagnation point heat transfer rate.
The stagnation point convective heating is computed using the correlation of
Kemp and Riddell (Ref. 8) as written below:

" 11.88 v \7%° fuald g
q_Hyp = i W(l,ooo) 1- H Ewatts/cm] (1)

N stag

where
Ry = nose radius (ft.)
p = free stream density (lb/fts)
V = free stream velocity (fps)

H = enthalpy
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The percentage or ratio of convective heat transfer rate at the window to
that at the stagnation point is generally determined by heat flux data
obtained during wind tunnel tests using a model of the actual vehicle being
designed,.

Above a eritical altitude (defined by input data), the convective

heating rate for hypersonic flight is based upon stagnation point heszt
transfer in free molecular flow and may be expressed as (Ref. 8):

g = 2.271 x 1075 pv° (watt/en®) (

M
~—

where the density, p , 1s taken as free stream density (1b/ft5) and the
velocity, V , is taken as free stream velocity (lO3 fps). The critical
altitude above which free molecular flow is considered is based on

M osip

Re

where M is the mach nmumber and Re is the Reynolds number. Tn this flow
regime, the alr ig highly rarefied and consequently intermolecular collisions
are ingignificant compared to molecule-surface ¢ollisions. The molecular
mean free path is of the same order of magnitude or larger than the length
of the aerospace vehicle {(Ref. 17).

Radiative heating of the window during hypersonlc flight and re-entry
is congidered to be from the hot alr in a normal shock layer of a thickness
equal to the stend-off distance at the stagnation point. For high speed
flight, the shock layer thickness, 6% , is satisfactorily approximated by

ERN

oF = 3(K-1) (3)

where RN is the nose radius and K 1& the ratio of normal shock to free
stream density {Ref. 18).

Graybody emissivities for shock heated alr per unit thickness at den-
gities and temperatures behind the normal shock are obtained from curve
fits of the data of Kivel and Bailey (Ref. 9). These curves have been fitted
by a logarithmic polynomial exXpansion of the form:
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2 3 4
log e /6% = a5 + a) log T + a, log T+ az log” T +a log T (4)

where

e /o*

S
r
|

log

H
]

4 lezst-squares analysis was used to determine the constants a....a, .

logarithm fto the base 10

absolute temperature (°K)

grayvody emissivity per unit thickness (cm'l)

= constants detsrmined from the polynomial fit

resulting values for the constants are shown in Tables D-I and D-IT.
may be noted, one set of constants is applicable in the range 1,000 < T

< 8,000°K, and the second set of constants is applicable in the range

8,000 £ T < 18,000°K. To determine intermediate values, double logarithmic

The
As

interpolation is performed between temperature and density values on both
gides of the values required.

TAELE D-I

COEFFICTENT FOR THE LEAST-SQUARES FIT

LOW TEMEERATURE ;

1,000 < T < 8,000°K

Dengity ratio

o/o ¥ g

1076 -6.925307
1070 -3.7398826
10~4 -16.4635100
1073 -64.254100
1072 -21.059832
107t -75.888910
10Y 49.092640
10% 104.74205

¥ p, is alr density

2
-2
5

34,

7
43
-4z

=79

91

.8251600
4643677
. 3745600

832836

. 3043178
. 790508
. 9480562

. 7680151

at sea level.
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-2.5936484

0.19645656

-0.78233130 0.29189689

-1.8453232
~3.9048150

~1.3141154
-5,1229970
7.1221220

11.775116

0.28489560
~1.1711824

0.14599285
-1.4008835
1.1686329

2.3571684

~C.

-0.

24

0.063094280
{.000000000
0.
0
0
9

000000000

.22468464

. 000000000
.27386482

28152723

48591030



TABLE D-IT

COEFFICIENTS FOR THE LEAST-SGUARES FIT
HIGH TEMPERATURE: 8,000 < T < 18,000 °K

Densgity ratio

*

oo % 5 2 %
lO_6 -42,329078 3.3773731 0.58418980 1.1454587
10—5 -56.086180 -4.0042870 2.6224950 2.0830205
10_4 -60.699710 -4,5744890 2.9574360 2.3487883
lO—S -87 ,580695 7.8681740 0.49151000 2.9433819
10"2 -38.483046 -3.1711910 1.56807300 1.4969915
10_l =-11.1572082 -0,34727720 -0.23287300 0,32303328
1OO 0,1892374 ~-1.3357925 -0.31752664 -0.05693168
lOl 4.7243840 -1.8747281 =0.14927570 -0.,19923154

* p_ is the density at sea level.

The effective emigsivity, e
by scaling the emisgivity,

EE— =1 -¢&"¢

e —_
& oT

4
u

where

graybody hot gas emissivity

i

0. 23198607
~0.43381861
~0.48580387
-0.56388439
-0.28388548
-0.024583496
0.051322102
0.069056794

, of the shock heated air ig obtained
€ , according to the exponentlal (Ref. 19):

(5)

g

q, = radiative flux

g = 3tefan Boltzmann's constant

TH = hot gas absolute temperature behind the normal shock

emissivity defined by equations (3) and (4).

m
i
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Equation (5) yields an effective emissivity of the shock heated air

accurate to within 20% of the exact soluticn as presented in Reference £0.
The basic assumptions leading to BEq. (5) are that the radiating layer

is planar {normal shock) of thickness &% which is divided into infinitesi-
mal glabs having an sbgorptivity per unit thickress equal to thelr emissivity
per unit thickness. The results given are then integrated over the width of
the slab. Values of Ty and €g are used in the element heat balance
equations when determining the radiation absorbed by the elements during a
hypersonic flight or re-entry.

SUPERSCNIC FLIGHT

For supersonic flight, the aerodynamic heating is computed from the
heat transfer correlations of a flat plate at zero angle of attack (Ref. 10}.
The correlations are based on free stream conditions and are written as:

Ny = 0.016 N0+ 14 (6)
Re
and
- 0.2 [ -0.,34 \
—— 0.961 Ny o8 (
i T
a
where
By
N,. = Stanton Number =
3t panV
N, = Reynolds Nurber = VL
ke v
Ny = Mach number
Ty & T, = surface and ambient temperatures, respectively
h & h; = the local and incompressible heat transfer coefficients,

respectively
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py = free stream density

Cp = gpecific heat at constant free stream pressure
V = free stream velocity

L = distance from the leading edge

v = kinematiec viscosity at free stream conditions

Once the local heat transfer coefficient is determined, the convective heat
transfer rate is computed by (Ref. 10):

Qaqy = B(T -TS) (8)

where

2
Ta(l + 0,178 NMa)

o

(the adiabatic wall temperature for a
turbulent boundary layer)

No radiative heating is used for the supersonic case because the gaseous
radigtion is considered negligible. Since the emisgivity of air is rela-
tively low, gaseous radiation does not become significent until extreme air
temperatures are reached such as those in the shock layer of hypersonic
flight and re-entry.

ORBITAL FLIGHT

The orbital heating conditions or thermal enviromment for the window
is programmed speclfically for a 200-nautical-mile circular orbit. Convec-
tive heating is based on the correlation for stagnation point heat transfer
in free molecular flow, which is discussed ahove for hypersonic flight above
the critical altitude. Based on this correlation, a cconstant convectlve
heating rate of 7.409 x 10-¢ watt/cm? is used for the 200-nautical-mile
circular orbit.
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The radiative heating from the sun is approximated by using a scolar
temperature of 6,000°K and an appropriate form factor.

The form factor is
evaluated as:

F = solar cznstant - 1.882 x 10-5 (9)
al

sun

where the solar constant is that sbove the earth's atmosphere (Ref. 21).
Since the solar radiation is collimated and the computer program analysis

assumes the externsl radiation to be diffuse, solar heating of a window is
only approximated.
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APPENDIX E

SUPERPOSTITION TESTS
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Introduction

The experimental procedures thet were used to verify the computer
progrém are based In part on the so-called superposition technigue. The
primery adventage of this "additive" approach iz that it required experi-
mental tests to be run for only the two sets of houndary conditions shown
in Figure E-1, all-air and all-vacuum, and eliminated the need for any of
the other possible test combinations illustrated in Figure E-2.

Superposition Terminclogy

Heat is transferred by three different mechanisms: conduction, con-
vection, and radiation. The ldea of syperposition implies that the total
heat transfer in a system can be determined by evaluating the hsat transfer
for each meode separately and then superimposing the results. This proce-
dure is generally followed in a thermal anslysis, but can equally be used
in experimental work.

Experimental. Analysis of Superposition

The superposition method, when used properly, hes always been found
to agree with observations. The method becomes particularly simple and
convenient in a system in which heat iz transferred by conduction and
radiation when the conducting medium is air or some other transparent gas.
In order to meet contractual cobligations, experiments were performed to
show that superposition for this case can be used with confidence.

Two plates were placed parallel to each other. The upper plate was
heated to & uniform temperature while the lower plate was maintained at a
substantially lower uniform temperature. The upper plate consisted of the
flat radial resistance heater thet was develeped, calibrated, and employed
in the previous MRI research for the Air Force Flight Dynamics Laborsatory
under Contract No. AF 33(657)-9138. The lower plate was a water~cooled
copper disk designed for use in both the superposition equipment and the
current version of the transparent boundary epparatus. The copper plate
was instrumented with Hy-Cal heat flux gauges.¥®

* A comparison of heat flux measurements teken with the Hy-Cal gauges with
those previously taken under similer conditions with the precision
water calorimeter developed by MRI indicated that the two types of in~
struments were in very close agreement for the applicable range of
heat fluxes.
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Flgure E-2 - Boundsary Conditions That Can Be Eliminated
By Application of Superposition Principle
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The apparatus was first operated in an evacuated chamber and the rate
of thermzl radiation was measured. Air was then introduced into the sys-
tem and the resulting thermal conduction between the plates was computed
from the measured temperature differences between the plates, the gap size,
and the known values of thermal conductivity of air. The thermal conduction
thus calculated was subtracted from the total heat flux measured by the
Hy-Cal gauges and the difference, thermal radiation, was compared to the
vacuun values. These tests and the subsequent conclusions are described
in detail below.

The heater was first placed 9/16 in. above the copper plate. A% this
distance the radiation configuration factor waes calculated by form factor
algebra to be 0.820. The heater was then operated in a vacuum at tempera-
tures ranging from 1500°R to 2300°R and values of impinging radiation were
measured. The resulting data are plotted in Figure E-3 and based on the
least mean square curve,'the effective emissivity was computed to be 0.8335.
The heater was then similarly operated at a gap distance of 8 in. Using
an effective emissivity of 0.933, the configuration factor, F , was com-
puted from the data plotted in Figure E-4. The average value of F was
calculated to be 0.151, which agrees very closely with the value deter-
mined by form factor algebra. The results of these calculations further
substantiate the high accuracy of the commercial heat flux gauges which
were essential not only in the superposition tests, but also in the sub-
sequent Phases I, IT, and III heat transfer tests.

Tests were next run at a 9/16 in. heater height with air present.
Thus, thermal conduction was superpositioned cnto the thermal radiation
mechanism. Since, under these conditions, the Rayleigh Number is ccnsid-
erably below the critical value of 1700, no convection currents are set up.
For this case, Figure E-D illustrates the superposition method applied to
heat transfer between two parallel plates. When air is present there are
twe transfer paths in parallel conduction and radistion. When the air is
removed (vacuum conditions) heat can only be transferred by radiation.
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b
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Figure E~0 -~ Schematic of Heat Flow Between Two Parailel Plates
for Rayleigh Wumber << 1700

The rate of heat conduction was determined from:

where k i the thermal conductivity of air taken at the mean gap tempera-
ture, x ds the gap distance, and Ty and T, are the heater and cold
plate temperature, respectively. The differences between the measured total
heat and the calculated conduction were then compared (see Figure E-6) with
raediation data based on the vacuum tests. It is apparent that throughout
the entire range cf temperatures, approximately 1.000°F to 1800°F, the
superposition of air had no measurable effect on the thermal radiation. In
tnese tests the amount of thermal conduction was significant but was con-
siderably less than the heat transfer by radiation; however, the relative
magnitudes were selected so as to be similar to those that were actually
encountered in the Fhases I, IT, and ITII heat transfer tests. That is, the
heater was operated at temperatures which were of prime interest for glaze,
and the 9/16 in. gap was chosen as it is & representative window spacing.

Conclusions

The experimentel tests proved conclusively that superposition is wvalid
and is applicable to this particular project. As shown from the experimental

133



8388 UocTqIsodisdng -~ o-7 aan3Tig

Aummlmi\D._.m_ f1945unu| DI JO B4DY)

L 0l 6 8 V4 9 ¢ 14 £ Z [ ,
T _ _ _ [ [ ! _ _ oLl
- —00Z "4
pajbuiwi[g A] o144 pUuy
uoLINPUSY) jowiay | yitm oing ity [
— Djo wnnaop () — 008’
— ~4 007 ‘1
2.
NIZg =% g soay ~ o051
ﬁ L J
* L J ,
1040311 7 0091
—002°(
—1008°1
! | i l

(do “®anypuadwa] iajnay)

134



data, the difference between the total heat rate measured in air and the
conduction rate calculated is equal to the radiation heat transfer through
the space between two plates measured when a vacuum existed. In order to
show that this agreement was independent of the rate of radiation as well
a8 the ratio of radiation to conduction, the tests were run over a wide
temperature range. In all cases, heat transfer by radiation alone could
be accurately computed from the experimental data taken under conditions
where radietion end conduction were occurring similtaneously. Thus, the
results show that the presence or absence of a transparent medium such as
air in the experimental setups which were employed in the current project
is of no consequence and can be properly accounted for by straightforward
and accepted heat ‘transfer procedures.

Having shown this for one gap between two plates at various tempera-
tures, it follows that in case there are more than two plates stacked
parallel to each other as in Phase III, the absence or presence of air be-
tween any two surfaces will not introduce a new factor which could invalidate
the superposition method of calculation. For example, if in the arrange-
ment shown in Pigure E-7, tests were first conducted with air between glass
surfaces 3 and 4 and then without air in this space, the only change in the
heat transfer through the gap below would be due %o a change in Tg and
the net rate of radiation. ©5ince, as shown by the experiments, the effect
on the rate of conduction due to & change in Ts can be calculated,
irrespective of the amount of thermal radiation, the presence or absence
of air in any other gep will not cause any problems in determining the de-
sired radiation heat transfer.
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Data Symbols

O Temperature of upper surface of outer glaze
AN Temperature of lower surface of outer glaze
@ Temperature of upper surface of inner glsze
A Temperature of lower surface of inner glaze
a Heat flux from and through the glazes fo the calorimeter

Glaze Coating Symbols

HEA High efficlency anti-reflection coating

UV-IR Ultravioclet-infrared reflecting coating

Note: The HEA and UV-IR coatings are multiple-layer, thin-film coatings
designed and applied to the glaze test speclmens by the Optical
Coating Laboratory, Inmc. (OCLI). The gold costing employed in
the test speclmens was also applied by OCLI and consists of
multiple layers of gold and dielectric materlals.
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