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Preface

Thé success of the Space Shuttle Transportation System
will have a great deal of influence on this nation's policy
and attitude toward space. Since the U.S. Air Force has been
given charge of military operations of the Space Shuttle,
opportunities in terms of operations and support for this
versatile system are increasing in the military. I am
personally very interested in being a part of this new mission
of the Air Force. Because of my great personal interest and
desire to learn more of the Shuttle's capabilities, I wel-
comed any opportunity to involve my thesis work in a related
subject, with an adviser well informed on Space Shuttle
operations., I was extremely fortunate when Capt James K.
Hodge was assigned to the faculty here at AFIT. With him
came the chance to learn much more of the 3pace Shuttle
system and of flight into and from the space environment,

" The completion of this project would not have been
possible without the guidance, support, and tolerance of a
number of people. The effort I put forth would have been
futile without the constant guidance and supervision of Capt
Hodge, who, as my adviser, steered me through many obstacles
"and delays, and led me to the results found here. In addi-
tion, Dr. wWilbur Hankey was very helpful in directing me to
~ Tesources and in raising questions that could only be posed
through experience. I want to also thank Dr. James litchcock

for being available to me at all times and providing addition~
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al methods to me. Dr. Joe Shang and Mr. George Havener also
deserve thanks for the computer program used in this investi-
gation: Ilastly, I want to especially thank my wife Lisette
for patience and support as I fretted my way through this

project, and for her help in preparing this report.

Peter T. Cappelano
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Abstract

Wi§d tunnel test runs were conducted on Space shuttle
orbiter insulating articles. The data from one HRSI run was
processed by a heat estimation program, revealing a large
discrepancy in magnitude of tne heat transfer coefficient over
the HRSI tile when compared to that yielded by flat plate
theory and thin skin results. An initial suggestion for the
cause of this discrevancy was the nonisothermal wall effect.
This effect was the subject of this investigation. The
boundary layer heat transfer coefficient was evaluated using
a nunerical boundary layer vrogram, supplemented by wall tem-
perature supervosition analysis. The program was shown to
give results consistent with Eckert high syeed, flat plate
theory for the isothermal wall., A comparison ol Sutherland's
Lav and a lov temperature viscosity calculation showed little
difference for the high speed flow. Theory based on reference
temperature supported this result. The program was modified
for wall temperature step over the insulating article to model
heat transfer coefficient dependence on wall temperature vari-
ation. The step size was varied by doubling and quadrupling
the initial step size, and by doubling the initial wall tem-
verature, The magnitude of the heat transfer coefficient de-
creased, and response slowed, with increasing step size. The
step location was also varied. Analysis by wall temperature
superposition yielded results similar to program results with

the initial wall temverature step. The nonisothermal wall

xii




effect appears to account for most of the discrepancy in the

original wind tunnel test results.
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HEAT TRANSF R/BOUNDARY IAYER

INVESTIGATION OF HEATING DISCREFANCIES
"IN VIND TUNNEL TESTING OF ORBITER INSULATING i
ARTICLES

I. Introduction

Background

The successful introduction of the Space Shuttle system
into service marks the beginning of a new era in the utiliza-
tion of the space environment. A manned vehicle capable of
entry into space and controlled, gliding reentry with the
additional qualitv of reusability is a great step toward in-
creased affordability and reliability in terms of space trans-
portation. DRepeated use translates directly into reduced cost

to travel into space. Controlled, gliding reentry means greater

versatility in selection of landing sites and reentry points.
These two qualities separate the Space Transportation System
(sTs) from previous modes of space travel., These qualities
also vlace greater emphasis on the capability of the Orbiter
Thermal Protection ‘System (TPS) in the reentry heating en-
vironment (RPef 1:2). Reusability requires that the TPS be
able to sustain reentry heating repeatedly. Gliding entry
requires that the TP3 be able to sustain reentry heating
through a variety of maneuvers and attitudes. Consequently,

the capability of the Thermal Protection System must be thor-

oughly understood through testing and evaluation,
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The Air Force Flight Test Center (AFFPTC) has been con-
ducting this evaluation through aerothermodynamic performance
simulation, and collection and reduction of in-flight thermo-
couple data from the Reusable Surface Insulation (RSI) on the
Orbiter., The data reduction was accomplished using a computer
code to extract aerodynamic heat rate and TPS parameters from
transient flight test maneuvers. This program is referred to
as HZAT ESTimation or HEATZIST. In addition to data from ac-
tual Shuttle flights, thermocouple measurenents from Mach 14
vwind tunnel tests with TPS articles were obtained and re-

duced (nef 1:2),

Problem Statement

The wind tunnel testing was conducted by the Air Force
Uright Aeronautical Iaboratories (AFPJAL) in a circular cross-
section, Mach 14 wind tunnel. Tests were made using three
different tyve articles: a thin skin stainless steel plate,

2 High-temperature Reusable Surface Insulation tile (FR3I),

and a Flexible Reusable Surface Insulation tile (FSI)e. The
test articles were flush mounted on a test plate with a wedge-
shaped leading edge. Thermocouprle measurements were taken at
several streanvise locations for each article, 2s indicated

in Pigs 1, 2, and 3. A total of 59 test runs were catalogued.
mung 1-26 were conducted with an ImSI tile. During these runs,
the deflection angle of the test plate was varied. This served
two purposes, ™Mirst, the angle could be made large to induce

faster heating resnonse and subsequently lowered in order to

achieve heating equilibrium on the test article. MThis would




reveal a limiting temperature for given conditions. Second,
variation of the deflection angle could simulate flight
maneuvers and give some indication of transient heating re-
sponse. The actual segquences used are given in Table I. 1In
addition, Runs 27-45 were conducted with an FRSI test article
and Runs 46-59 were conducted with a thin skin article. The
sequences for these are given in Tables TI and III, respec-
tively. As indicated in some cases, a shock generator was
used to simulate shock interaction. Also, in the HRSI and
TRSI test runs, a water cooled plate parallel to the test
articles was used to maintain a somevhat reliable radiation
sink temperature (Ref 1:8).

7ind tunnel data for test run 4, with an HRSI testv arti-
cle, was input to the analysis prrogram, HEATEST, to extract
heat transfer data. The sequence of variation of the deflec-
tion angle for this run and the associated temperature-time
history are given in Fig 4. The plate was injected at
& = 14 degrees and held for approximately ten seconds, allow-
ing rapid temperature response. The deflection angle was then
lovered to o(= 35 degrees and the temperature appeared to
level out, indicating that thermal equilibrium was achieved
at this deflection angle. Finally, the plate was returned to
OC = 14 degrees and the temperature climbed for the remainder
of the run. The test indicated that equilibrium was achieved
at o= 3 degrees .,

The data analysis accorinlished using ¥ZAT3ST is given in

Fig 5. 1In this figure, the indicated results reduced through




H3ZAT:ST differ markedly from Eckert flat plate theory and
thin skin recults. At the deflection angle o= 3 degrees , :
theory indicates that the exrected value of the heating ratio
should be h/href = 1.7 + ™The HEATIST data indicates the
value to be h/hre s =095 . Additionally, an equilibrium
heat rate calculation assuming a radiation sink temrerature
of T =0R agrees with the Y3ATIST value., The sane cal=-
culation assuming a sink temperature of T = 533 R gives a
value of h/h. . lower than that derived from HEATEST (Ref 1:9).
Fron this data, the reliability of the wind tunnel tests
is questioned. A discrevancy is seen between HROI data re-
sults and nckert theory. Thin skin test data seem to agree
with theory, indicating an effect only in the HRSI case.
Therefore, the primary causes indicated are those differences
betveen thin skin and HNSI materials, The "RST material has
thermal properties quite different from the thin skin stain-

less steel. Due to extremely low conductivity, the ENSI tile

surface temperature should increase much more rapidly than the
stainless steel., At a given angle and time, the IRSI tile
should be much hotter than the stainless steel surface up-
stream., The result is a2 discontinuity in temperature from

the steel plate to the HR3I tile, This is the nonisothermal
vall problem, Additionally, the HRSI tile achieves equili-
brium because it has hi_h emigsivity. The‘stainless steel
does not. A valid estimate of the radiation sink temperature

is essenti2l to the accuracy of the equilibrium heating cal-

culation. Although a parallel plate of known temperature is
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used as a sink, the tunnel wall temperature is unknown and

must be considered as a sink for radiation, based on view :
factor: Additional causes of error that must be considered :
include inaccuracy in data reduction, inaccuracy in thermo-
couple data, and variation in the boundary layer and surface

heating ahead of the test articles where no data was taken,

Objectives and Avvnroach

In order to make the wind tunnel test data valid and usa-
ble, it must be corrected to account for the possible inac-
curacies cited. The greatest effects expected are those due
to the nonisothermal wall problem, and those caused by mis-
understood radiation effects. ithout knowledge of the tunnel
wall temverature, the radiation cannot be accurately estimated.
This v»recludes pursuing a thorough investigation of thermal

radiation and, by equilibrium analysis, derivation of heating

data on the test article. By necessity, the focus of this

investigation will be the nonisothermal wall effect, and the

resultant change in heating attiributed to it. Tarough this

investigation, the nortion of the discrepancy due to the non-
isothermal wall alone may be determined, Additionally, at-
tributing the discrepancy cited to causes unique to the wind
tunnel should render greater validity to theoretical estima-

tion of HRSI heating. Knowing the effect of the nonisother-

mal wall would allow for some estimation of the combined ef-

fects of the other sources cited. Iinally, the effects of

the nonisothermal wall condition can be related to numerous
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applications, including the Space Shuttle Orbiter. Several
applications will be discussed,

Analysis of the nonisothermal wall effect will require
understanding of the boundary layer development, and the ef-
fects of heating on boundary layer growth, This analysis
will best be accomrlished through boundary layer solution
techniques. The three methods of solution considered here are:
(1) boundary layer similarity, (2) solution of the boundary
layer equations by finite~difference technique in a boundary
layer program, and (3) wall temnerature supervosition analysis.
The similarity solution of the boundary layer was found to
be invalid, as discussed in Appendix A. The results of the
boundary layer nrogram and wall temperature superposition

method are vresented subsequently. The boundary layer nro-

gram is discussed in Avppendix B.
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II. Theory

qckertlglat Plate Theory

Heét transfer over a flat plate can be calculated simply
by Eckert theory based on several assumptions., It is assumed
that the flow medium is an ideal, single component gas, with
no dissociation. The flow over the plate is assumed to have
locally uniform velocity and direction. The boundary layer
is assumed thin enough that pressure is transmitted without
change to the surface. 3Jurface temperature is assumed con-
stant. Also, the fluid is assumed to have constant proper-
ties, indevendent of temperature and pressure. The following

dimensionless quantities are defined as

Nu, = h_'x (1)
Kk

Sty = h, (2)
Pecpue

where hxis the heat transfer coefficient, k is conductivity,
‘p is density of the fluid, cp is the snecific heat at con-
stant pressure, and u, is the velocity of the fluid at the
edge of the boundary layer. Nuy is the local Nusselt Number
and stx is the local Stanton Number. For laminar flow over
the plate, the following relations define the temperature
recovery factor r, the Nusselt Number, and the Stanton Num-

ber:

r =J/7r (3)




Nu, = 0.332 Pr’nei (4)
. Nu :
] st. = S = 0.332 (5)
x Pr Rex PriRe;- *

vhere Pr is Prandtl Number and Rex is local Reynolds Number
defined by

_ Pelte®

6
x Me )

Re
Note thatM is fluid viscosity and the subscript e denotes
boundary layer edge conditions.

For real gases at high velocity and temperature, the
properties do vary with temverature. They may be assumed
independent of nressure as long as excessively high pressure
and dissociation are avoided., Under these circumstiznces,
and as long as cp can be assumed constant, the preceding
relations describing heat transfer can still be used with
good accuracy when the fluid properties are calculated at a

reference temnerature T*, defined as
* .
T =T, + O.S(Tw = Tg) + 0.22(T, - Te) (7

by 3ckert (Ref 2:10-13). o 1
The above equations may be used to solve for the heat '

transfer coefficient. Prom the jusselt NHunber,
h_ = 0,332 PriRe’k/x (8)

Using the definition of Prandtl Number as

8




Pr = cpM/k (9)

the heat transfer coefficient can be reduced to the expres-

sion,

¥

h = 0,332 o I’eueﬁ‘e] (10)
Pry| x J

Based on Bq (2), definition of Stanton Number, the same rela-

tion for heat transfer coefficient is derived. THowever,

other definitions of Stanton Number are given in various

sources, including

st = x (11) |
Pcpuw H
and
st, = __"x (12) :
Lo plleo

In all cases, the subscript infinity, ®, refers to freestreanm

conditions. Based on these varied definitions of Stanton Num-

ber, using ideal gas coclculations of fluid properties, several

definitions of heat transfer coefficient result, Fron the

" "”‘““x ®

Stanton Number of nq (2),

4 _ c wu)®
! hy = 0.332 g [Pexe"‘el (10)

Using Bq (11) to define Stanton Number,

& h

X

¥
0.332 ©p Ve‘ﬁ*‘e] (13)
Pfih u.x ]

i 9
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Defining Stanton Number as in Rq (12),

. 2 1 :
- h, = 0.332 °p {ﬂvz“-'/‘er (14) :

Eqs (10), (1'3), and (14) may be rewritten for the high speed
case by substituting for loecal densi‘l:yl)e and viscositthith
values p* and/L* calculated according to the reference tem-

perature, T*, defined by Eckert as in Eq (7). The resulting

equations are

* *|+
h, = 0.332 _°p fP UM (15)
Pr”1 X
h 0,332 © P*“%ft% (16)
x = 0332 oglf—
) 2 2. %15
h, = 0,332 °p_[Puu°°" i (17)
Prq’l.f’*“ex .

respectively. 1In addition, Hayes and Neumann (Ref 3:2) in-
troduce the empirical calculation of the ratio of heat trans-

fer coefficients as

%
P
hief ={§° (18)

The above equations will subsequently be used to evaluate

reference conditions.

Method of Superposition

The method of wall temperature superposition can be used

to develop heat transfer solutions for boundary layer flow

10




over a plate with arbitrarily varying surface temperature due
to the linearity of the boundary layer energy equation, ac-
cording to Kays (Ref 4:218-219). Assuming constant velocity
flow of a constant property fluid over a flat plate, with

laminar flow only, the heat transfer coefficient is given as
[}
K 3 A

h(§,x) = 0.33%2 z PI%ReX {1 -(3;ﬂ (19)

where ﬁ is defined as the unheated plate length., Defining

G(Q,X,Y) as

To -7
e(s,x,y) = —— (20)

o~ Tw

where To is the plate surface temperature, Tep is the stream
temderature beyond the boundary layer, and T is local tem=-
perature, a solution to the boundary layer energy equation

with arbitrary surface temperature distribution is given by
v - 1= X[ -9<g,x.y)](§%9)d§
+iZl:_"1. [' - ok x9)] AT, 4 (21)
The heat flux from the wall surface is
i =k (%%)yzo (22)

Substituting for the differential with Eq (25) yields

dTO

ap = k{[oxey(g,x,O)(d_g.)ds

1




k
26,8 x,008, g (23)

For the isothermal wall case, with wall temperature unequal

to freestream temperature,

a3 = x8,(8,%,0) (T, - Tu) (24)

By convective heat transfer,
qg = h(To - Tw) (25)

Solving for the heat flux in terms of heat transfer coefficient

and conductivity yields

6, (8,%,0) = B(Ex) (26)
Substituting 3q (26) into Bq (23) gives the heat flux due to .

an arbiirary wall temperature distribution as

X aT k

where the heat transfer coefficient is defined by Eg (23)
(Ref 5:218-219). The local heat transfer coefficient is de=-

rived directly from ag as

h, = _ % (28)
(To - Te)

This method may be adapted for the hypersonic velocity con-

ditions by using the reference temverature defined by Eq (7)

to calculate the fluid properties, and by substituting the

recovery temperature T, for the freestream temperaturc.

12




Low Temperature Viscosity

The standard relationship used to calculate viscosity

is that given by Sutherlandt's Law:

-8 3k
2,27x10 T lb-sec
M = T 198.6 Tt* (29)

According to Piore (Ref 5), this mey not be valid for hyper-
sonic wind tunnel applications. In hypersonic tunnels, the
freestream temperature generally falls in a2 range between

T =30R and T = 200 R , devending upon the ambient tem-
perature of the gas and the design lMach number., As a result,
the freesiream temperature is outside the demonstrated range
of applicability of Sutherland's Iow. As an alternztive cal-

culation, the wviscosity can be defined as

-8 %
_ 2.32x%10 T lb-sec (30)
M 1+( 220) wE
%109/ T

This relationship provides good correlation to exverimental
data for low tennerature flow. In addition, calculations of
viscosity for temperatures above T = 300 R by this low

temperature relationship corresrond well with viscoszity cal-

culations by Sutherland's Law (Ref 6).

13
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I1II. Test Dats

As:indicated in the Introduction, a number of wind tunnel
tests ;ere conducted using thin skin stainless steel, HRSI,
and FRSI test articles. Prom these, three runs for HRNSI and
thin skin materials were chosen to yield data at varied de=-
flection angles. In each case, data was extracted for de-
flection angles of A= 3, 10, and 14 degrees . The selec-
tion of the runs used for each case was based on injection at
high deflection angle to promote rapid temperature response,
and on length of run at the desired deflection angle. For
ARSI material, experimental runs chosen were run 4 for
A = 3 degrees , run 20 for o= 10 degrees , and run 19 for
= 14 degrees ., TFor thin skin stainless steel, selected
runs were run 58 for o = 3 degrees , run 57 for o{= 10 de-
grees , and run 46 for o= 14 degcrees . In addition, data
for FRSI material runs was taken from runs 29 and 33 for
o = 3 degrees. The test sequence for the HRSI cases is given
in T2ble I, for the FRSI cases in Table II, and for the thin
skin stainless steel cases in Table III. For the HRSI runs,
a time history of the temperature reading on thermocouple
T/C No. 5 is given in ®ig 6, with location given in Fig 1.
For the FRSI runs, the temperature history is given in Fig 7
for thermocouple T/C No. 4, with location given in Fig 2. Tor
the thin skin runs, the temperature history for thermocouple
P/C No. 4 is given inTPig 8, with location given in Fig 3.

The thermocouples were chosen to give temverature history

14
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data at the material surface. PFig 6 reveals that the HRSI

test article levels out at a temperature of T = 705 R for :
a deflection angle of (= 3 degrees before the angle is :
raised to O(= 14 degrees , in run 4, Similar indications

are gained from run 20, where T = T60 R for of = 10 degrees ,
and from run 19, where T = 810 R for o= 14 degreeé. .

From these, it would anpear that thermal equilibrium is a-
chieved in each case. This equilibrium voint gives the mexi-

num wall tempercoture achieved at the thermocounle location

useds A similer eguilibrium point is seen in the time history
data for FRSI material in run 33, Pig 7. This case shows

thermal equilibrium for ™3I material at a deflection angle

of =3 degrees tobe T =T00R . Por run 29, it appears
that equilibrium is approached more graduzlly and is not a-
chieved before the test run is ended. As a result, FRSI sur-

face heating data were taken from run 3% for comparison.

At the thermal equilibrium points for the HRTI and TSI
materials, data readings were extracted for all thermocounle
locations., It was found that the ¥25I thermocouvle T/C No. 6
wzs not functioning during any of the runs made, as it main-
tzined a constant temperature reading. The location of this
thermocouple is given in Fig 1. As a result, only one surface
data point was available for HR3I heating results. For FRSI
material, run 33 was used to extract a curface temperature
distribution at a deflection angle of (= 3 degrees . The
tenmperature readings for each location nre given in Pig 9.

Fron thic data, the F2ST surface tem»werature is revealed to




-

vary by only a few degrees above and below a constant of
T =690 R . This is a strong indication of constant tem-
perature over the insulating material. Since the thermal v
design properties of the HRSI material are similar to those
of the FnSI material, the surface temnerature of the HRSI
material will be assumed constant streamwise, at the value
given by HN3I thermocouple T/C No. 5 for each deflection
angle,
mThe thermocourle data for the thin skin temperature dis-
tribution a2t each deflection angle were taken from runs 58,
57, and 46, as indiczated e~rlier. A tenmperature time history
for the thin skin article is given in Fig 8 for these runs,
It is seen here that the surface temverature increases
throughout the test runs for the thin skin cases. 3Since no
equilibrium was achieved, the surface temperature distribution .
data were arbitrarily taken at the point of maximum value,

near the end of each run. The distribution for deflections

of o{=3, 10, and 14 degrees are given in 7Figs 9, 10, and
11, respectively. For each case, the thin skin stainless
steel surface temnerature gradually decreases with streamwise
location, This decline is a very small percentage of the '
surfnoce tenperature itself, so the thin skin surface is as-

sumed isothermal at a median wall temperature. Since no data

was available for the wedge surface temperature ahead of the

test article location, the initial wall temperature was as-

signed the thin skin value for the given deflection angle,

and was assumed constant.

16
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It should be noted that severael underlying assumptions
made here did not allow duplication of the test conditions in
the numerical calculation, The HRSI thermocouple actually
lies beneath the radiative coating on the surface, and may
not reflect the actual surface temperature. The coating sur-
face temverature may be somewhat higher. The higher deflec-
tion angle readings for the HRSI may not be at equilibrium
but may be only aporoaching that condition. A higher tempera-
ture at equilibrium would then be expected. Since the wedge
surface temperature is unknown, it may not be at the tempera-
ture of the thin skin plate. 1Indeed, the wedge is a much
larger heat sink than the thin skin plate in terms of volume.,
As suchk, its surface temnerature should not rise as quickly
as the thin skin surface temperature, but should probably
remain close to the initial ambient temperature of the wedge.
A possible indication of this temperature difference between
the thin skin and wedge stainless steel surfaces is seen in
the heat transfer coefficient data ~iven by Hayes (Ref 8) and
disvlayed in PFig 12. HNote that this data reveals that the
heat transfer coefficient actually rises to a maximum at the
location x = 9 in , and then declines. PFor an isothermal
wall, the distribution of local heat transfer coefficient
should decrease gradually along this entire length, as indi-
cated in Pig 14, with no rise like thrt seen in the test data.
A3 a result, some wall temperasture discontinuity may be pres-
ent, lNote, hovever, that this rise in the heat transfer co-

efficient may also be caused by bowing of the heated thin skin

17
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plate as a result of expansion. Higher heating would be seen

on the forward part of the plate, with somewhat lower heating
on the “aft section for this case as well. Also, constant -
temperature on the wedge ashead of the test article location

wvas assumed, but could not be verified. Pinally, the thin

skin readings were taken at their m2axXimum values, which may

not correszond to the same time coordinate as the IIRSI equili-~
brium readings. The indication of these differences is that

the initial wall temperature should probably be lower than

the thin skin values assumed, the final wall tembderature may

be somewhat higher, and the step size is most likely larger

than that taken from the test data.

18




IV. Reference Conditions

Reference Calculation
In studying the variation of heating on the HRSI, FRSI,

and thin skin test articles due to deflection angle and wall
temperature variation, boundary layer characteristics become

very important. The heat transfer to the surface depends on

the thermal transport properties of the boundary layer. The
convective heat flux is defined as the proluct of the tempera-
ture potential and the heat transfer coefficient. The tem-
perature potential is the difference between the wall tempera-
ture and the freestream temperature for low speed flow, or
between the wall temperzture and recovery temperzture for high
speed flow. As such, the tenmperacture poctential is independent
of boundary layer vroverties, As a re-ult, boundary layer 0.
heat transport devendence on wall temperature variation must

be reflected in the heat transfer coefficient distribution.

In ord~r to erh nce the comvnarison of results, 2nd elimi-

nate location depenience of the heat transfer coefficient in

the comparison, a reference distribution at zero deflection é
was required. The reference value at location x/L = 0.575

is of particular significance since HRSI data are given for

this location. This value was calculated by the varied defini- i
tions of heat transfer coefficient according to Zckert flat - i
plate and high speed flat plate theory. At a deflection angle
1 of zero degrees, the boundary layer edge values and freestream

values of density, velocity, and viscosity are identical, 2and




PP

Eqs (10), (13), and (14) yield the same results. The reference
heat transfer coefficient calculated by Rckert flat plate
theory 1s h__p = 1.12 x10™* Btu/rt?sR , based on the wind
tunnel freestrezm operating conditions. Prandtl Number is

assumed constant at Pr 0.72 , and the specific heat is

assumed constant at cp = 6006 ftz/szR « These values will
be assumed constant in all subsequent calculations. According
to Bckert high speed flat plate theory, the fluid properties
are determined according to the reference temperature defined
in 2q (7). At zero dezree deflection, Egs (15), (16), and
(17) yield the same result for heat transfer coefficient,

h, .= 1.16 x10~% stu/rtls—r .

ref
As indic~ted in the Theory section, Sutherland's Viscoszity
Lavw nay not be valid ot low freestream temperatures. An al-
ternate form siven by Zq (30) can be used to estimate a refer-
ence heat tronsfer coefficient., The variation between this
relationchiy and that ziven by Sutherland's Iaw is negligible
above 2 temnerature of T = 300 R , as seen in Fig 13. Be-
low T = 300 R , there is significant divergence, with the
low temverature cnlculation yielding viscosity values greater
than those given by “utherland's Law at the same ten;erature,
As a result, vhen aprlied to 2q (10), the low temperature cal-
culation reveals a new reference value of href = 1.29 x10-4
Btu/ftzs-R . ‘Jhen aprlied to Eq (15), however, the reference
calculation is unchanged because the fluid proverties core

determined at the reference temperature, 7 =670R . As a

result, the low temperzture viscosity problem is only consi-

20
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derable when using the basic flat plate theory.

The. boundary loyer solution by numerical technique is ac-
complished by the boundary layer progranm referenced in Appen-
dix B. Reading the freestream conditions of Mach Number M,
tenverature Te, Prandtl Humber Pr (as assumed earlier), and
srecific heat ratio ¥ (assumed as ¥= 1.4 in all cases),
the program yields the local Stanton RKumber Stx from which the
local heat transfer coefficient is derived. The reference
value given by this method is h_ , = 9.5 %1072 Btu/ft°s-R
for 2 wall tenverature of Ty = 580 R , and href = 9,55
x10-5 Btu/ftzs-n for a woll temperature of T = 560 R .

A review of the »nrosren calculztion revealed that the recovery
factor wus not accounted for in estimating the temperzture
potential. 1In hyoersonic calculations, this recovery factor

r is generally assumed as r = 0.9 . According to Holman
(Ref 8:213) as well as others, for loaminar flow, T =.I§; .
Assuning Pr = 0,72 , then r = 0.85 . Recalculation of the
vrogram value of reference heat transfer coefficient by each

of these yields h_ . = 1.21 %10~% Btu/ft’°s-R for r = 0.85 ,

ref
and h_ o= 1.11 x10”* Btu/2t%s-R for r = 0.9 . The latter
of these is consistent with the theoretical values. All re-
maining estimntions -ill be based on a reference of href =
1.1 x10~% Btu/ft%s-R as it is consistent with theory znd with
the original test reference. Additionally, a recovery factor
of r =0.9 will be used in all subsequent calculations,

both numerical and snalytical, This is consistent with the

original data reduction also.

21




A e e A e S e’

An important consideration of the varying surface tem-

perature, or nonisothermal wall effect, is the streamwise

t

variation of heat transfer coefficient beyond the temperature -
step. The distance downstream over which this effect is felt
must be well defined in order to accurately evaluate heat
transfer beyond the wall temperature discontinuity. The
variation of the heat transfer coefficient for an isothermal
wall is then needed for comparison. According to Eckert high
speed theory, Bgq (15), this variation is shown in Fig 14.

As indicated, the heat trensfer coefficient cecreases hyper-
bolically from the leading edge and levels out downstrean,

A comparison is given in Pig 15 between heat transfer coeffi-
cient coleculations according to Zckert high speed theory and
the boundary layer vrogram for both Sutherland and lov tem-
nerature viscosity. As shown, the variation of heat transfer
coefficient is consistent with that indicated in Pig 14.

Note that thece values correstond to the isothermal wall case

2t zero deflection.

Isothermal '/all C=lculations

In the refcrence calculations above, the various flat
vlate theory rclations collansed to one expression, as did
the high speed theory equations, since the boundary layer edge
values match the freestream values with no deflection of the
rlate. At 2 given deflection, however, an oblique shock occurs
at the leading edge of the plnte and the boundary layer edge
conditions are no longer the freestream proverties. The proper-

ties at the boundary layer edge are derived from the oblique
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shock relations based on freestream conditions. Using these
values, the various relations-derived for flat »late theory,
=as (16), (13), and (14), are revealed to diverge drastically.
similarly, the results gained from the definitions of REas (15)-
(17) for high speed flow bear some disagreement. Using the
boundary layer edge conditions, the boundary layer program
reveazled isothermal wall results which »roved to be very con-
sistent with the Zckert high speed calculnation of =23 (15).
Due to this correlation between theory and the numerical solu-
tion, Eq (15) has been found to be the correct exnression of
the Eckert theory, with the definition of Stanton Number given
in Bq (2). The corresvoniing lov speed expression is that
given by Eq (10). The results of Zgs (13) and (14) for low
speed flow, and of Zgs (16) and (17) for high speed flow were
found to be uncccentable when compared to the numerical solu-
tione The correspondence beiween theory and numeriecal solu-
tion is given in @ig 16, Also of note are the exactress of
the anproximation given by 3o (18) and the divergence between
the low speed and high speed theoretical solutions at increas-
ing deflection angles. Again, the numerical solution verifies
the high speed thecry in anplication to this problem. The
corresronéence between theory and numerical analysis lends
further sup-ort to the correction of the program for a recovery
factor of r = 0.9 .

The boundary layer program was modified as indicated in
Avpendix B to solve the exact eguations using the low tenmpera-

ture viscosity colculation of Eq (30)e Using the boundary
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layer edge conditions, the program calculations revealed that

the heat transfer coefficient for the isothermzl wall and low =

]

temperature viscozity ¢id not diverge significantly from the .
Sutherland's Iawv calculations but agreed very closely. Cal-
culation with Eg (15), BEckert high sveed theory, agreed pre-
cisely with the boundary layer progran for this cocse also.

Pig 17 reveals the close correlation between theory and nu-
merical solution once again. Note the divergence between

high speed and lov speed theory for increasing angle of de-
flection. A comparison of program datz between Figs 16 and

17 reveals the close correlation for the two different vis-
cosity calculations. This further supports the high speed
theory based on Tckert's reference temperature. The high speed
theory ond the boundary layer isothermal wall calculations

will be the basic of commaorison for the nonisotherm=l wall .

boundary l=yer calcul~tions,




Ve Numerical Results

Nonisothermal Wall .

Using the boundary layer program modified for a wall tem=-
verature step, as indicated in Appendix B, the numerical sol=~
ution of the boundary layer equations can be derived for a con-
! stant temperature wall with a step change. This condition is
the same as that assumed from the wind tunnel test data, The
initial temperature of the wall is that gained from the thin
skin test data at each deflection angle. TFor a deflection
angle of (= 3 degrees , a thin skin wall temperature of

T 600 R was extracted., Similarly, for K= 10 dezrees ,

w

Ty 620 R , and for &= 14 dczrees , Ty = 640 R . These
readings are also the basis of the isothermal wall calcula-
tions in the boundary layer rrogram, as revealed in the pre-
vious section. As given earlier, the wall temperature over
the HRSI material (assumed constant) is the new wall temvera-

ture after the step increase. Por the deflection O(= 3 de-

T00 R o

grees , the wall temperature after the step is Tw2

Sinilarly, for (= 10 degrees , T., = 760 R and for o=
w2

. 14 degrees , T , = 810R . Again, the ratio of heat trans-
fer coeificient to the ref-rence value is calculated for a
streamrise location of x/L = 0.575. .

Based on the given initial and final wall tenveratures
< ?

A e e e ceme o L

the derived valuez of the ratio h/href for the ste» change

in wall temperature are given in Pig 18. The isothermal case,

based on thin skin wall temperature at each angle of deflec-
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tion, is given for comparison. Note that the nonisothermal
wall result shows an increasing divergence from the isothermal
case with increasing deflection angle. At a defiection of
o= 3 degrees , the nonisothermal case diverges from the iso-
thermal by twelve vercent while the divergence is nearly
twenty percent at an angle of O(= 14 degrees . Also given
for comparison are the SATZST data results based on HRSI
temnerature data, and an equilibrium calculation based on
HRSI temperature at a deflection angle of XK= 3 degrees .
In this figure it is seen that the nonisothermal effects ac-
count for only about one-fourth of the discrevancy between the
HEATRST data and the isothermal wall case at a deflection
angle of K= 3 degrees . However, at OC= 14 degrees ,
the HAZATIST result is identical to the nonisothermal case.

Por each angle of deflection studied, the variation of
heat transfer coefficient with streamwise location is derived.

As seen in Pigs 19, 20, and 21, for =3, 10, and 14 de-

grees , respectively, the isothermal 4ata shows the same trends

as indicated by the reference case in Pig 15. For each de-
flection angle, the streamwise location of the wall tempera-
ture step is x/L = 0.467L where I is the plate length and

is given to be I

1.25 ft . According to the boundary
layer program, the step increase in temperature creates a
discontinuity in the heat transfer coefficient, after which
it rises sharply, levels out quickly, and gradually decreases
toward the trailing edge of the plate , as shown. After the

discontinuity then, the heat transfer coefficient a;proaches
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the condition of the isothermal case, but sees a discrete
decrease in magnitude. The same is seen for ali three de=-
flection angles discussed. Note that the drop in heat trans-
fer coefficient is sharper with increasing angle of deflection,
and recovery toward the isothcrmal case is slovwer. Iastly,
the magnitude of the difference between isothermal and non-
isothermal cases is increasing with greater deflection angle,
from about six percent of the isothermal value at the trailing
edge at O(= 3 degrees to nine percent at o{= 14 degrees .
As indicated earlier, the change in results due to the
low temperature viscosity relationship is very small since
the case considered is 2t very hirh sneed and thus has a high
reference temnerature. This is verified once again in calcu-
lating the nonisotherm2l wall case. Considering the values
shown in Pig 22, there is very little difference between the
isothermal values here ~nd those shown in Fig 21. The same
is true for the nonisothermal wall values for the ratio of
of heat transfer coefficients, The same trends are shown as
angle of deflection increases, with the divergence growing
between isothermal and nonisothermal cases., Consezuenvly,
it has been shown through graphical results of the isothermal
and nonisothermal wall calculations, and through the variation
of heat transfer coefficient with location, that the low tem-
verature viscosity c~lculation has shown no difference in the
trends of behavior with location, deflection angle, or step
presence, and very little difference in the maognitude of

heat transfer coefficient ratio in any of these cases.
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Step gize Variation
In reducing the test data, several considerations indi-

cate that the step size and wall temperatures assumed may not

be accurate. The effect of a lover wedge temperature, coupled

with a higher 1RSI surface equilibrium temperature, would
cause a significant increase in step size, with associated-
boundary layer effects. A larger step size should certainly
have an effect on the magnitude and recovery distance of the

heat transfer coefficient. Thus, understanding the effects

of a larger step would be beneficial in assessing the validity

of conclusions drawn from other results, In addition, in-
creasing the stev size makes the test results more versatile,
and more broadly anplicable to a range of considerations,

To investigate the effect of increasing the step size,
the step used previously in each deflection angle case was
incremented. The heat transfer coefficient variation was de-
rived for a step of twice the original step, four times the
original step, and twice the initial wall temperature. This
was accomplished for each deflection angle. The results for
a deflection angle of (= 3 degrees are plotted in rig 23,
for o( = 10 degrees in PFig 24, and for K = 14 degrees 1in
Pig 25. Tor the case of deflection angle (= 5> degrees ,
the heat transfer coefficient sees a sharp discontinuity for
all cases. This discontinuity grows with step size. For
smaller steps, the heat transfer coefficient rises sharply,

peaks, 2nd decreases gradually toward the trailing edge.

For inereasing step size, the minimum value is no longer seen
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immediately, but comes more gradually as heat transfer coef-

ficient falls more slowly, then recovers more slowly. For

the step size of four times the original step size, a peak is
not reached until x/L = 0.8 . TFor still larger steps, the
pezk may not be reached. Generally, reaction of heat trans-
fer coefficient is slower for increasing step size, while
mininum value is smaller and magnitude downstream is smaller,
? This is also seen to be true for the same increments of step
size at deflections of = 10 and 14 degrees . In addition,
note that reaction and recovery are slowing, and magnitude
decreasing as the deflection =ngle increases, as noted earlier
i and em»rasized with this data.

The size o the step can ~2lso be changed by lowering the
initiel wall tenverature. This is consistent with the lower
tenmerature expected on the stainless steel wedge, as men-

tioned vpreviously. Indeed, “rom expverience, the wedge tem-
? ? =)

perature may remain very close to its initial tennerature.

7or the deflection angle o= 3 degrees , the surface tenm-
perature initially is T_, = 540 R , and 2t ol = 14 degrees ,

the surface temperature is 7T =550R . Using these ini-

- — A

wi
}: tial wall temneratures, with the H.:SI final temperature for
{ the appropriate deflection angle, yields the streamwise dis-

tribution of heat transfer coefficient for O{ = 3 and 14 de~

grees in PFigs 26 and 27, resnectively. The hent tronsfer

3 coefficient ratio for each deflection angle is shown in Fig
f’ 18. These values reveal thnt at a deflection nngle of

& = 3 degrees , the nonisothermal wall accounts for about
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forty percent of the discrepancy, while at a deflection of
X = 14 degrees , about sixty percent is accounted for, as
seen in Fig 18. These results require some gualification.
The initial wall temperature used here is the lowest vzalue
vossible, before the wedge is subjected to any heat transfer.
This should be reasonable for the low angle case, but is
aquestionnble in the higher =angle case, where hesting is sig-
nificantly higher, Therefore, the reliability of the lower
angle case is probably better. Comparing these values of the
heat transfer coefficient ratio with rig 28, the wnll tenm-
perature step may have to be double that assumed here to ac-
count for the entire discreprncy. ‘/hile the ¥nSI surface
temnerature may be higher than that indicated by th»n test
data, it should be doubtful that it will be twice that in-
dicated.

The variation of the ratio of heat transfer coefficients

with increasing step size and angle of deflection is revealed

in Pig 28, The isothermal wall ca2se is given for comparison
and all velues are shown for a loca%ion of x/L = 0,575 .
As shown, there is no real pattern with increasing step size

except that the magnitude is decreasing. Note, however, that

the erffect of recovery locntion is important., At deflection

of O =3 decrees , all but the lorgest step cre frirly well

recovered by x/L = 0.575 . Only the magnitude of the largest

step is very small. At an angle of L= 10 degrees , the
step of four times the original step is at its minimum value

at this x location, while the largest step is s5till approach-
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ing minimum., The other smaller steps are well recovered.
Finally, at = 14 degrees, neither of the two larger steps
has reached a minimum, while the two smaller steps are re-
covering at x/L = 0.575 . This serves to emphasize the de-
lay in recovery for increasing step size and increasing de-
flection angle, as well as the decrease in heat transfer co-

efficient for increasing step size,

Step Location Variation

As an additional consideration, the effect of varying the
step location has been investigated. The results are shown
in Pig 29. This set of calculations was coniucted using a
constant temverature step 7yith a constant initial wall tem-
perature and fixed deflection angle., The conditions chosen
vere at a deflection angle of = 3 dejrees , with the ini-
tial wall temperature of Ty = 600 R , and 2 final wall
temperature of Ty2 = TOOR . Step locations were taken as
x/L = 0.1, 0.25, 0.47, 0.6, and 0.8 . For the thermocouple
location x/IL = 0.575 , only those step locations upstream
would affect the heat transfer coefficient seen. However,
from the results it is seen that recovery is somewhat slower
as the step is moved downstream, Additionally, the drop in
heat transfer coefficient is larger with increasing x loca-
tion. Pinally, the magnitude of the deviation from the iso-
thermal case scems to increase downsitream, although it doesntt
become very laorge with the given step size. The overall ef-
fect is to increuse recovery distance and deviation with in-

creasing downstream step loe~tion,
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VI. Results of Superposition Analysis

In an effort to verify the boundary layer program resulis
analytically and at the same time identify the trends in var-
iation of heat transfer coefficient with arbitrary wall tem-
perature variations, a secondary means of estimating the non-
isothermal effect was desired. An analytical method of esti-
mating the heat transfer coefficient with the nonisothermal
wall which was presented in the section on Theory is the super-
position technique., This method was applied to the cases of
deflection angle O = 3, 10, and 14 degrees , with the cor-
responding initial and final wall temperatures. As used in
hypersonic theory calculations, the fluid properties were de-
rived from the reference temperature for each case, and the
recovery tenmperature was uscd in the temperature potential
in place of the freestream temperature.

The results of this estination method are given in Figs
30, 31, and 32, for the deflection angles of &= 3, 10, and
14 degrees , respectively. The data suggests several con-
clusions. The change in heat transfer coefficient from the
isothermal distribution increases with deflection angle.
Also, the superposition estimation does demonstrate great dis-
continuity effects. A sharp drop and recovery are shown in
each case, increasing in magnitude with deflection angle.
This effect is similar to that demonstrated by the numerical
solution.

The results yielded by the numerical and analytical
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methods are compared in Fig 335. The methods of numerical
solution and superposition are compared to the isothermal wall
case calculated by the boundary layer program and Ickert high
speed theory. The values shown represent the ratio of heat
transfer coefficient at the streamwise location =x/L = 0.575
for varying deflection angle. As seen, the numerical solu-
tion yielded the greatest divergence from the isothermal wall
calculations. This divergence ranges from a value of 12 to

19 percent of the isothermal value. By compvarison, the range
of divergence shown for the suverposition method is between

6 and 13 percent. The result is that the anzlytical results
given by wall temperature superposition reveal consistent
trends in the heat transfer coefficient change due to the wall
temperature discontinuity, at varied deflection angles. How=-
ever, the m~gnitude of this effect is consistently smaller ac-
cording to superpositiorn t..-n that indicated by numerical
solution. The values derived from each method do form a small
range of values in which the nonisothermal wall effect may

be expected to fall, with the limits of this range formed by
the superposition estimation at the uvper limit and the nu-

merical solution at the lower limit.
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VII. gConclusions and Recommendations

gonclusions
Experimental pData. The test data revealed several uncer-

tainties that left the actual step size unknown. At a deflec-
tion angle of O(= 3 degrees , the HRSI test article reached
equilibrium., At O(= 10 and 14 degrees , this condition was
not achieved. The HRSI temperature used for these cases was
lover than that required for equilibrium. The thermocouple

itself was not at the surface but beneath the radiative coat-

ing. The associated temperature reading may have been lover
than the actual surface temperature. The constant surface
temperature assumption for the HRSI article aprears valid.
The stainless steel wedge surface temperature was not neces-

sarily equal to the appropriate thin skin plate surface tem-

perature, This is strongly indicated by the heat sink argu-
ment and by the thin skin heat transfer coefficient data cited.
Constant temperature on the wedge was assumed but could not

be verified, The conclusions from this data is that initial

wall temperature should be lower than the thin skin data used.

.t

HR3I equilibrium surface temperature should be higher, espe-
cially for the higher deflection angle cases. The overall
step was significantly larger than that assumed from thin
skin and HRSI test data,

Reference Conditions. In calculating the reference value
of the heat transfer coefficient, Eckert high speed flat plate

theory proved to be consistent with the boundary layer pro-
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gram., Evaluation of program results considering recovery
temperature showed precise correlation between numerical and
analytical reference solutions, assuming a recovery factor of
r = 0.9 . This was consistent with the original data reduc-
tion as well. ILow speed theory diverged drastically at high
deflection angles and was proven inavpropriate. In high speed
theory based on Eckert's reference temperature, low tempera-
ture viscosity shows no divergence. High speed theory is
valid according to test conditions and correlation with numer-
ical results. The numerical solution and Eckert theory yield
the isothermal wall solution used for comparison.

Numerical Results. Numerical czleculation for the noniso-

therm2l wall showed a divergence from the isothermal case ac-
counting for 28 percent of the discrepancy cited at a deflec-
tion angle of o = 3 degrees . Originally, this calcuvlation
also accounted for 100 percent of the discrepancy at o= 14
degrees . However, according to the study accomplished by
Woo (Ref 9), the experimental data consistently yielded a
ratio of heat transfer coefficient to reference of h/href =
2¢4 . with this discrepancy value, the nonisothermal wall
accounted for 41 percent of the deviation. The step size

in the above coses was derived directly from the thin skin
and HRSI test datn. The step size was varied to model pos-
sible wall temperature conditions. The final wall temnerature
was varied by doubling and quadrupling the initial step size

and by doubling the initial wall temperature for all deflec-~

tion angles considered. The result of increasing magnitude
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of the step is a significant decrease in heat transfer coef-
ficient, and increase in the downstream distance affected by
the wall temperature discontinuity.

The initial wall temperature was varied to model the lower
surface temperature expected on the stainless steel wedge.,
The initial wall temverature assumed the value of the initial
thin skin temperature, with the final wall temperature taken
from the appropriate HRSI data. These runs were expected to
best correlate the actual wall temperature discontinuity in
the wind tunnel tests. The result showed the nonisothermal
wall effect accounted for 40 percent of the discrepancy at
O = 3 degrees , and 60 percent at o= 14 degrees . Ac-
cordingly, the wall temperature step would have to be twice
its ex»nected value to account for the entire discrepancye.

The location of the step was varied to investigate the
effect of flow Jdevelopment on the heat transfer coefficient,
The divergence of the heat transfer coefficient from the iso-
thermal cace srew with increasing distance downstream., Re-
s~onse 2ls0 seemecd slover for the aft step locations.

The results of the numerical calculations are valid as
long as tlie boundary layer assunptions are valid., Howvever, in
the area of the wall temverature discontinuity, the boundary
layer solution is not valid due to axial Zdiffusion and three
dimensionzl elfects. 1In the area of the discontinuity, the
nunerical results are questioned. Avay fronm this disconti-
nuity, the boundary layer solution should be reliable. The

effect of diffusion near the discontinuity may be 2 delay in
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recovery of the heat transfer coefficient to a point further
dovnstream., In addition, three dimensional effects at the
surface around the discontinuity may keep the tile surface
tenperature closer to the original wall temperature. The ef-
fective step mey be delayed such that the location of the

thermocouple may be in the region of steep heat transfer co-

efficient recovery. The combined effects of these character-
istics would be a significantly lower heat transfer coefficient
reading at the thermocouple location, possibly still account-
ing for the entire discreoocncy,.

Analytical Results. Analytical solution of the boundary

layer with the nonisotherma2l wzll condition was accomplished
by wall temperature suverposition. The superposition method

revealed similar effects of the nonisothermal wall to those

shown by the numerical solution., However, some mognitude .
discrepancy was shown between the numerical and analytical

methods. Agein, the analytical methods assume bound-ry layer

conditions ond may not be volid near the w2ll temverature dis-

continuity,.

Discussion of Results. The results of this study with

respect fo the original problem nosed are summarizecd. The
nonisothermal wall effect does account for much of the .:x=-
perimental datz discrenancy, with as much as half of the dis-
crepancy accounted for. Since exact surface temperature dis-
tribution is unknown on the HR3I tile, the wall temverature

step is still not comnletely 7efined. The lowest possible

temper2ture on the stainless steel wedge is the thin skin
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initial temperature. The wedge surface is exvected to have
been very close to this temperature throughout the run. The
step size was probably very close to that used in the initial
vall temperature variation calculations. This result showed
the nonisothermal wall accounting for roughly hzlf of the
original discren=ancy. The HRSI temperature may have been
somewhat higher on the surface than the data indicated. The
vossible delay in heat troncfer coefficient response due to
axi2l aiffusion and due to three dimensional effects at the
surface may be an additionzl effect not a2ccounted for. Since
the thermocouvle location is near the wall temmerature step
location, the tem—erature reading may have been in the region
of the hent transfer coefficient recovery. A much lower value
of this cocfficient could result. ‘jowever, the final conclu-
sion of these findings is that only one-half of the discrep-
ancy moy actuzlly be attributed to the nonisothermnl effeet,
pending further investigation. The remaining porition may be
due to the diifusion effect, three dimensional effects, in-
accuracy in thermocounle danta, fluctuations in boundary layer
and surface heating zhead of the tile, and/or innccuracy in
data reduction. “'hile the radiation heat transfer was also
cited 25 a pocsible cause earlier, the IMSI tenperature should
not vary greatly from the thermocouple data. As a result,
radiation analysis should cerve to verify the test data, at
best,

Apnclicnti-ns. The results of this study m~y be av-lied

beyoni the scope of the orisinal problem. The effect of the
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nonisothermal wall is present in a number of applications,
particularly in high speed flow., On any high speed vehicle,
discontinuity in surface matericl results in temperature dis-
continuity. This is especially true of the Space Jhuttle
Orbiter. Several locations are marked by a change in surface
material on this vehicle. At the nosecap, the surface is
insulated with Reusable Carbon-Carbon (RCC) material, fullowed
by H29I surface insulation. The Carbon-Carbon acts 2s a heat
sink wvhile the EN3I is an insul~tor. As such, the initio
tenperature should be lover than the HRSI surface temperature,
and a2 vall temnerature step is present. The data presented
here qualitively describes the fluctuation of heating due to
this diszcontinuity, depending on the relative magnitude of the
RCC and T 3I surface temperatures., Similar surface moterial
changes occur at other loc=tion:s, The lower surface »oints

of attachment to the Ixternal Tenk (3T) are marked by an HR3I,
RCC, stuinless steel, RCC, H13I senuence of materials, The
heating characteristics near thece points should reflect a
conpounde? nonisothermal w2ll effect. On the 0’3 pod, 2 Low-
tennerature Reus~ble Surface Insulator (IRSI) to #SI material
change occurs, Again, a2 wall temperature step occurs, with
the acsocioted effects. Of course, the flow is further con~
vlicated by chonging boundary layer edge conditions over the
vehicle, but the demonstrated nonisothermal wall effect will
greatly influence the surface heating at many loc~tions on

+ne vehicle,
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recommendations

As discussed above, numerous questions remain unanswered.,
The temperature distribution is unknown on the surface of the
stainless steel wedge. In order to completely define the
wall temperature and investigate the full effects, the sur-
foce temverature ahead of the test article locztion should be
investigated. This may be accomplished through experimental
tests at 21l deflections using thermocouple measurements, or
through a thorough analytical model of the moteriel conduc-
tive and radictive properties based on flow conditions. The
result of this investigation would be better knowledge of
the temperature distribution and subsequent effects of the
wall temperature variation on heating. The HRSI surfaoce tem=-
perature should 21so be verified, since the test thermocouple
data was taken beneath the radiative coating. In addition,
knowledge of the surface temperature of the HRZI tile near
the surface nmaterial change would indicate the location of
the effective step and help to further mocdel the heat transfer
coeflicient variation. Agnin, thermocounle test datz could
be used,

The wall temperature of the wind tunnel during the experi-
mental runs wvould hnve served to validate the TR3I surfaoce
tenper-ture distribution. Jithout knowledge of the tunnel
wall temperature, eguilibrium heating could not be fully de-
termined., This prevented lnowledge of H"ST surface temera-
fure, esmecially 2t the hisher deflection angles. This should

be investigated by experimental observation.
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The boundary layer assumptions were considered invalid at
the discontinuity. As a result, the results near the discon-
tinuity may not be reliable. A complete Navier-Stokes solu-
tion of the boundary layer should be accomplished to determine
the limits of validity of the boundary lazyer solution, to
verify the nuncrical results at all locations, and to investi-
gate further the comvlete nonisothermal wall effect.

Possible errors cited include thermocouple inaccuracy,
data reduction inaccurcey, and conduction in the tile. The
reliability of thermocouvle data in high speed testing is
inherent to the accuracy and validity of test results in all
apnlications. Zrrors caused by mounting, location, and con-
duction should be investigated. Conduction in the tile ma-
terial is perhaps the most imnortant proverty of the insulator
since it deteruines the ca:~2bility to protect the Orbiter dur-
ing reentry. 411l conductive effects must be understood, par-
ticularly those due +to irresulzarities in the coating, in mount-
ing, ~nd in construction of the tile itself. Turther investi-
gation is neecel in this ~rea, The study of /oo ("ef 9) has
served to verify the accuracy of the danta reduction technigue,
Valid~tion of the technicue for known results nay further
verify its reli-bility.

Lastly, meny apilications of the nonisothermal wzll exist,
A parametric study of wall temperature variation effects on
heating should be conducted with the emphnsis on applications.
This "rould encompass a broad range of flow conditions, step

locations, step sizes, and temperature distributions. The
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result of this tyve of study would be enh2ncement of applica-
bility of results to vnoried conditions and to a broader range
of fields. The nonisothermnl wall effect on heating could

thus be better understood, recoznized, and predicted in future

applications,
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File
1

O w 0O 31 O v H W N

HRSI

Angle at
Injection

14 degrees
14 degrees
14 degrees
14 degrees
14 degrees
10 degrees
14 degrees

14 degrees

Fitch error,

14 degrees
10 degrees
14 degrees
14 depgrees
10 degrees
10 desrees
10 degrees
14 degrees
14 degrees
14 degrees
10 degrees
10 degreces
14 degrees

14 degrees

Table I

Tile Run Description

.hold
.hold
.hold
.hold
.hold
3 deg
.hold

+hold . .

Description

9deg « o« » hold . . 14 deg
9deg .« « « hold . . 14 deg
9 deg. . .no hold. . 14 deg
3 dege . o o.h0ld . . 14 deg
3 deg. + .no hold. . 14 deg
14 deg . » 3 deg . . 14 deg
3 deg . o ohold . . 14 deg
9 deg. o« .no hold. . 14 deg

file scratched,

.hold
3 deg
.hold
.hold
3 deg
+hold
3 deg
.hold
+hold
.hold
.hold
3 deg
.hold
«hold

9 degs « o ohold . . 14 deg
hold « + » +hold . . 10 deg
hold - + « .hold . . hold

%3 deg. o o 4h0ld . . 14 deg

14 deg., « . 3 deg . . 14 deg

shock generator . . hold
hold . shock generator . .
shock generator . . hold

3 dege o o h0ld . . 14 deg
hold ¢ « « ¢hold ¢« » +. .
hold ¢« ¢« ¢« 4hold &« &« « « &
hold ¢« o« ¢ ¢hold & ¢ o o &
9 deg. « » osh0ld . . 14 deg

9 dege o« ¢« o114 deg o & o &




Table II
+ FRSI Tile Run Descrivtion
Angle at
File Injection Description
27 14 degrees . o o hold . ., ., hold . . ., hold . . . o
28 10 degrees « » o hold « o+ o hold . » . hold . . . &
29 10 degrees « ¢« ¢« 3deg o+ . hold ¢« ¢« « hold & & « &
30 10 degrees « o o« hold . . . hold . ¢+ » hold &« &« « &
31 14 degrees . « » hold « . . 9deg . . hold . . 14 deg
32 14 degrees « o+ » hold o . , 9deg . . 14 deg « . o«
33 14 degrees . . o hold « « . 3deg o+ . hold . . 14 deg
34 14 degrees . , no hold . . 3deg . . 14 deg . hold
35 14 degrees . . no hold . . 3deg . o hold . . 11,6 deg
36 10 degrees « . . 3 deg ., . hold . shock generator . .
37 10 degrees . . + hold . . ., shock generator . . . .
| 38 14 degrees ., . . hold . . . shock generator . . . . )
39 14 degrees ., . » hold . ., » 3deg . . hold . . 14 deg
40 14 degrees , . o hold « . . 3 deg . no hold ., 14 deg
; 41 14 degrees o+ . o hold ¢« o o hold . o . hold . « o &
i 42 10 degrees « + o hold . , . shock generator . . . .
43 10 degrees « + o hold . . . shock generator . . «
44 10 degrees . . « hold . . . shock generator . . . .
45 14 degrees . . . hold . ., ., shock generator . . .
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Table IIX
Thin Skin Run Description
Angle at

File Injection Description

46 14 degrees o . . hold . . ., hold . . . hold . . .
47 14 degrees . . . hold . . shock generztor . . « .
48 14 degrees . . . hold « « o hold . ¢+ « hold . . &
49 14 degrees « . . hold . . shock generator . . . &
50 14 degrees . . . hold ., . shock generator . . . .
1 14 degrees . . » nold . . shock generator . . . .
52 14 degrees . . . hold . . shock generator . . . .
53 14 degrees o o . hold . ., shock generator . . . .
54 10 degrees . . . hold . . shock generator . . . .
55 10 degrees . . . hold . . shock generator . . . .
56 10 degrees . . « hold . . shock generator . . . . .
57 10 degrees o « o hold . . o hold . . . hold . . &
58 10 degrees + o o hold . . » 3deg . . hold . . &
59 10 degrees « « « 3 (g .+ o hold . shock generator
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PFig

19
20
21
23
24
25
26
27
29
30
31
32

Table IV

Conditions for Commutational and Analytical Cases

(%
(deg)

3
10
14

3
1C

14

—
S W

-
I © IR € I O

Tw1

600
620
640
670
620
640
540
550
600
600
620
640

Tw2 2xAT

700
760
810
700 800
760 900
810 980
700
810
700
700
760
810
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4x aT

1000 -

1180
1320

2XTw1

1200
1240
1280
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Figure 4. 'Wind Tunnel Thermocouple Data for Transient
Maneuver (Mach 14.25) (Ref 1)
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Figure 16. Comparison of Isothermal all Heat Transfer
coefficient Calculations (x/L = 0.575)
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4 ronisothermal Heat Transfer Coefficient
calculations (x/1L = 0.575)
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Appendix A

gimilarity Derivation and Applicability

Since much of the focus of this project was based on a
model of the boundary layer flow, the application of simi-
larity equations was a method worth consideration. No ref-
erence was found yielding the derivation of similarity equa-
tions for high speed flow with Prandtl Number unequal to unity.
Por future considerz2tion, this derivation is included here,
and will parallel the development used by Hankey (Ref 10).

Starting vith the two-dimensional boundary layer equa-

tions,
(pudy + (pvly = 0 (A-1)
puiy + PVuy = (ﬂpy)y + Péueuex (A-2)
PuBy + pVH, = /([Hy] i [(1-Pr)kTy]y (a-3)

and defining the streanm function’y such that Fu =NPy_ and

v = =¥, the boundary layer equations may be written as
P x y

'Yny —‘vly_x =0 (A"4)
Fx - y&uy = (ay)y + Péueuex (A-5)
Yy + g =[MHy + (i - Pr)kTy]y (A=6)

where Tg (A-4) is identically satisfied as long as the stream

function is continuous with resvwect to the indepenient vari-
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; ables x and y. If the stream function is assumed separable
H with respect to the transformed variables f and7”, it may be

written as

P = &(8) £ (4=T)

where g =y/2§ , 2nd the transformed variables § and 7] are

related to the indevendent variables x and y as
df = j(x)dx (A-8)
dn = h(x)pdy (A-9)

vith j = ppu, and h= ue/g « By the chain rule, differ-
entiation with respect to the variables x and y may now be

defined as

18+ B (A-10) ]

hp %7\ (A-11)

T

Making use of the above transformations and definitions, Eq

(A-5) is reduced to

hppum, (“I,\us -'Ysu,l) = hZF ('(fu,‘),\ + fzugl‘t“e, (A-12)

Defining ¢ ='$e-% allows further simplification to
e

9 hpu, (Faug - Yqun) = h2p(Cun)y + fe“g“e ‘ (A=13)

’ pividing through by h2 and reducing yields

vhos L UCI NS

(Cuny = £(¥niig = Yeun) - l;; g%ueg  (A-14)
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Letting f' = fn=1u/u, and s = (8/H,) -1 gives

u u
(ctm)* = g[gf' ,;f - f“‘*g] -t gz-;,fﬁ (a-15)

f
Purther,
u u u
Us _ oo 8 L pr, o e S8 _u (A=16)
u, ug € u, Uy ug ;z eg

giving the final form

u
(ct")' 4 gfvl‘ylg = g2 {1-:_’ (f'2 - %) + ng'f's (A-17)

gimilarly, the development of Zg (A-6) is found to yield
MC
- = —D -
Vi 'Y;{Hy [,u.uuy+ 5 Ty]y (a-18)
which, applying the transformation to variables‘s,ﬂb gives
A ¢
glef'y - %1 =_£_(uu +-‘ET) (A-19)
foevmg = ol <[ £t e B 2|

With the defirition “.r S, the total enthalpy H may be used

to transform the temperature T:

H = (8 + 1)H, (A-20)
2
P = L‘-'E'-E-@ (a-21)
P
Tw = %; (Hy - wuw) (a-22)

Differentiating the total enthalpy and velocity as

Hq\= HeS' (A-23)
H‘s = Hei(s + 1) + HeSs (A-24)
83
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un = uef" (A-25)
These values can be substituted into Eq (A-19) to give

ng'[Heg(S + 1) + Hesi] - gH S'Tg =

oot Pr
(f'f"u ==L + — B S') (A-26)
%
Again using the definition of C = jE;% and reallzing that
total enthalpy is constant, Eq (A-26) beconmes

2
(CS')‘ + PrgS'y! Pr[g f'Sg - 22 ( )(Cf'f"lJ(A—27)

Applying the similarity conditions that the value C is con-
stant and equal to unity and that the functions f and S are
independent of streamwise location, (i.e. S; =0 , 4§ =

£/g ), Eas (A-17) and (A-27) are further reduvced to

£ro0 4 £m = B(21% - 5 - 1) (A-28)
W2
" + Prest = (1 Pr)[ff;é; e](f-f"' + 2) (A=29)
e
Hgu H
where)6=g2 T, S—ei and f'z-% r:(f' -8S=-1) .
e

Note that these expressions agree with those given by Cohen
and Reshotko (Ref 11). These equations are valid so long as
the similerity conditions are met.

For the conditions of the wind tunnel tests run, the in-
sulating articles used were assumed to be at thermal ezuili-
brium between boundary layer heating and radiation. For radi-

ation

q =€qTy (A=30)




assuming zero sink temperature. The heating of the wall is

given as

- @ -
q = k5§\y=0 (A-31)

At the wall, velocity is zero and H=c¢ T or T = H/cp .

P
Substituting and eguating the above expressions yields
{-03 S - -m%—)“] (A-32)
p p Jy=0
Defining the function S as before and using the differentia-
ﬂ tion of Eqs (A-10) and (A-11), the equilibrium condition is

expressed as é
{s' s (s + 1)° (4-33)
= — + _ -
ku, e‘Tecp N=0 o

In this form, g is a function of the streamwise location de=-
noted by f. As a result, the function 3 is no longer inde-

vendent of f, as necessary by the similarity assumptionse.

T In this case similarity is no longer valid, and must be dis-

8 carded as a solution technique.

For those cases where similarity is valid, solution of the

- mtmna.

given equations may be accomplished z2ccording to the tech-

nique given by Nachtsheim and Swigert (Ref 12).
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Aprendix B

Numerical Comvutation

All numerical calculations were accomplished using the
boundary layer program alluded to earlier. Access to this
program was gained from lNr. George Havener. The program used
was identical to that found in Ref 13 given the folowing
modifications:

1) omit lines 200-220,
2; omit line 260,
3) substitute for line 420 with

READ (5,8002) G, PR, XMINF, REY, TA
omit lines 480-610,
omit lines 5120-5130,
omit lines 5260-5310,
substitute between lines 5250 and 5320 with

D3(1) = O.

8) substitute between lines 7480 and 7490 with

=3 OV
P

PTR = (TA + 112.)/(TA*TREP + 112.)

9; onit lines 7990 and 8020,
substitute between lines 7980 and 8030 with

EP(N) = IP(N)*(1.=EXP(-.412%((S~BTRX)/XLAN)**2.))
11) omit lines 11950-12450,
The program itself, called ITRACT, computes boundary layer
flow characteristics for laminar and/or turbulent boundary
layers, over flat plates or axisymmetric bodies. The com=-
putation was accomplished through transformation of the non-
linear parabolic boundary layer equations into a rectangular
grid, and subsequent solution of this system of equations

by linear finite differencing, using a three-point schene




with a tridiagonal mz2trix inversion routine., The solution

of the boundary layer was thus calculated at incremental
streamwise locations. A complete discussion of the technique
used in this boundary layer program is given by Beauregard
(Ref 13),

The characteristics input to the program itself included
the specific heat ratio r, Prandtl Number Pr, boundary layer
edge Mach Number Me’ edge temnerature Te’ edge Reynolds Number
based on total plate length Re2’ as well as wall temperature
to stagnation temperature ratio, flow transition location,
viscosity law selection parameter, and calculation parameters,
The specific heat ratio and Prandtl FNumber were assumed con-
stant for all ceoses at ¥= 1.4 and Pr = 0,72 . Boundary
layer edge pronerties of Mach Number, static temperature, and
Reynolds Number were input apnropriately for the case considered.
Wall temperature to stagnation temperature ratio was derived
from the wall temperature given by thin skin datea, assuming
a stagnation temperature of To = 2000 R for all cases.,
Sutherlandts Law for viscosity was used in all cases, except
as discussed in consideration of the aliernate low temperature
viscosity relationship. The flow transition location was
arbitrarily chosen as unity (end of the plate) since flow was
assuned to be laminar in all cases, This assumption was made
for several reasons., No indication of transition over the
test apparatus was found, and no location for transition
could be given. The freestream Reynolds Number was found

to be aprroximately one million, with the location of interest
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at approximately one half the plate length giving a Reynolds
Fumber locally of roughly one-=half million. In addition,
much care was taken in installing the test articles to pre-
vent a boundary layer trip. Since heating data for the test
runs made give relatively smooth, continuous heating, no
transition is incdicated., Iastly, experience with the wind
tunnel used indicates that turbulent flow is unlikely and |
difficult to attain at operational conditions,

output data included boundary layer velocity profile,
thickness, momentum thickness, displacement thickness, local
Reynolds Number, and local Stanton Number. ¥rom the local
gstanton Number, the local heat transfer coefficient was de-
rived.

In order to estimate the effect of the wall temperature o
step on the hent transfer coefficient, the program had to be
modified to accommodate a step change in the wall to stagna-

tion temperature ratio. This modification was accomplished

by inserting the following lines between lines 1480 and 1500

in the program listed in Ref 12:
IF (S. LT . 0.467) G0 TO 500 '
BO = 03500 4
7! = B0 * 710 1

500 DX2D3 = DX1D3

The value of the wall to stagnation temverature ratio, denoted

BO above, is based on the total wall temverature following

the step, given by the HRSI test data cited. This value

varies depending on the stagnation temperature and final wall

temverature desired.
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Estimation of boundary layer characteristics based on the
low temperature viscosity calculation required some a2dditional
modification of the program. The following changes account
for the alternate viscosity relationship:

1; omit line 880,

2 substitute the following lines between lines 870 and
890:
SU = 220./10.%%(9./TA)
TR = SU/TA

TREF = (G=1.)*XMINP%X2,
TC = TR/TRIF

3) substitute the following for lines 900 to 910:
EPS = (((144TR)*TREF**1.5)/((TREF+TR)*REY))**0.5
4) substitute for line 930 with
102 corTINu™

omit line 1630,
substitute for line 1670 with

(23N}
St e

676 XIUE = VISINF
7) omit line 1300.
Note that the modifications for the low temperature viscosity

calculation assume that this method is replacing the Juther-

land's Law calculation and replaces statements accordinglye.
The same viscosity calculation parameter is used in the in-
put data, Ieminar flow is also assumed, and additional changes
may be required for turbulent flow applications.

lastly, 2 check was made for numerical solution inac-
curacy due to increment size. This check was made for the
nonisothermal case of O = 3 degrees . The increment size,
originally set at Ax = 0,000%1 , was doubled to Ax = 0,0002 ,
and halved to Ax = 0,00005 to verify accuracy. The result
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for this check showed an error of five percent above the

value used both before the step and at the HRSI thermocouple
location for the increment Ax = 0.0002 , ‘When the increment
was halved, or ax = 0,00005 , an error of two percent be-
low the calculated value was found between this and the ori-
ginal case of Ax = 0.0001 , for both locations, before and
after the wall temperature step. It would appear that accu-
racy was still increasing with decreasing increment size at

the values used.
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