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'FOREWORD

This report presents the results of the work performed by Northrop Services,
Inc. and its subcontractors under contract NAS8-26268. Technical coordination
&és provided by Messré. J. A. Forﬁey and J. D. Warmbrod of the Aerothermodynamics
Branch, Aerophysics Division, Aero-Astrodynamics Laboratory, George C. Marshall

Space Flight Center.
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ABSTRACT

The collection and analysis of aerodynamic heating data obtained from shock
impingement experimental investigations have been completed. The défa were
catggorized into four interferencé areas; fin leading edge, wing/fuselage fin/
plate corners, and space shuttle coﬁfigura;ions. The effects of shock iﬁpinge—
ment were found to increase the héatingArates 10-40 times the undisturbed values.

A test program was completed at NASA/Langley Researcﬁ Center ﬁo inveétigate
the magnitudeé and surface patterns of the mated shock interference flowfield.

A 0.0065 scale thin-skin model of the MDAC 256-20 space shuttle booster mated
with a Stycast model of the MDAC Internal tank orbiter was tested in the 20-inch
M=6 tunnel, the 31l-inch M=10 tunnel, and‘the 48-inch Unitary Plan Tunnel. The
gap region of the ascent_configurétion was the principél area of interest where
both thermocouple.and phase—chénge paint data were_obtained. The results of a

‘brief study of possible errors in data reduction methods were summarized.

Results are presehted of a study of the pressure and heat transfer distri-
butions on the leeward surface of a 75—degfee sweep slab delta wing. Mach
numbers of 15 and 20 at Reynolds numbers per meter of 1.8 x 107 and 8.7 x 106,
respectively, were investigated. The maximum angle-of-attack was 25 degrees
using nitrogen as the test gas. Based on the experimental results, the domlnant
"flowfleld characteristics for the leeward surface flowfield over a blunt delta

wing were postulated.

The effects df surface roughness>on boundary layer transition and aero-
- dynamic heating were iﬁvestigated‘ A comprehensive literature survey was
completed. A finite difference computer program of the Spalding-Patankar
boﬁndary layer method Qas modified to treat the flow over a sinusoidal wall.
The application indicated that a paramétric study was feasible using the

computer program,

A review of the base thermal environment of the Saturn S-II stage was
compiled as a section of a design handbook to be used in shuttle studies.,'The
model and flight tests were studied, summarized, and compared with prediction
methods. ' iii - -
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~Section |
INTRODUCTION

‘Northrop and its subcontractors have been actively participating in the
preliminary design studies of the Space Shuttle vehicles. Preliminary design
of hypersonic aircraft and lifting spacecraft is accomplished fhr0ugh an
evaluation of each design cqmpoﬁent and augmented by evaluating the influence
of evefy other component in the system. The flight>envirbnment, partiéularly
the thermal-envifonment, must carefully be analyzed if the design parameters.
are to be put in the proper perspective. In order to establish reliable shuttle
design heating methods germane to optimizing the thermal protection system,
Northrop has systematically analyzed potential aerodynamic heatihg'probiéms that
may be encountered during the flight of the Space Shuttle. This repoft summarizes

the results of these aerothermodynamic studies.

The primary objective in performing these aerothermodynamic studies was to
analyze the ascent and shbck—impingement flowfield test data which was collected
and categorized during an intensified literature search. The results of this
sﬁudy would yield useful flowfield properties, particularly the location and
'éeverity of shock impingement areas, which should proyide design specifications
-for a thin-skin model of the Shuttle booster and a phése—change coating model
of the Shuttle orbiter. During the test data analysis, the correlation techniques
developed dufing'the literature survey will be éppliéd to ﬂhe shuttle wind tunnel

data.

The literature surVey yielded experimental data on simple geometric com=-
binatipns, such as finé, wedges; cylinders, and flat plateé, and on shuttle
_orbiter and boos;er configurations. These data showed that with shock impinge-
ment, the heating rates can be 30-40 times the undisturbed value. The data wefe
correlated for each model geometry as a function of Mach number, Reynolds number,
shock strength, sweep angle, etc. This study was performed by Dr. F. Hung and

reported in Section II.

In Section III, REMTECH, Inc. summarizes the experimental test program

performed at Langléy Research Center using an MDAC Space Shuttle launch

1-1
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configuration. The purpose of these tests were to obtain both thermocouple'
and phase—change paint data on the ascent configuration The gap region
between the orbiter and booster was of primary -concern during this shock

impingement test program.

The leeward surface flowfield of a delta wing model in 31mulated reentry
tlow is.reoorted in Section IV. Thls experimental program ‘was performed by
W. D. Launing at the von Karman Iﬁstitute's Longshot facility in Belgium The
objective of this experlmental program was to obtain heat transfer and pressure
data as. a functlon of angle—of—attack and Mach number. The leeward surface is
of particular 1mportance in minimizing the thermal protectlon system because
it is subJected to high heating rates. These high temperatures are the result
of vortical flowfield interactions. This vortex phenomenou is nor.well under—

stood  and the experimental data obtalned in this study will contribute to a

- better understandlng of the problem.

' The surface of the Shuttle_may be rough due to the joints of the refurbished
thermal protection system. Cousequently, the effects of roughneés on the aero-
dynamic environment must be known. Auburn University, underrthe'project leader—
ship of Dr. K. Pell, repdrts.on the effects of.roughnese'on compressible flows
in Section V. This task included the collection of’ experlmental data from the
open literature and the appllcatlon of Spaldlng—Patankar boundary layer methods
for predicting the effects of roughness on boundary layer tramsition and heat

transfer.

A review of the Saturn S-II base thermal environment which summarizes the
base Heating exﬁeriences'is presented in Section VI. REMTECH, Inc;,eompiled '
this eummary.which will become. a portion of a handbook to bé used as a design
guide on the Space Shuttle. This review includes a'general description of the
stage and the J-2 englne characterlstlcs, the model test program results, [light

data, and a Lomparlson of model and flight resulte

. The modifications to the‘NASA/Lewis compressible laminar and turbulent
boundary layer computer pfbgramlare~described in Section VII by W. W. Youugblood.
Northrop determined the program's usefulness in the overall definition of the

NASA Space Shuttle thermal environment. The program is capable of analyziag

1-2
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both laminar and turbulent boundary layeré in arbitrary pressure gradients. Two

sample problems were calculated by the computer program and compared to experi-

mental data.

. Section VIII summarizes the accomplishments of this projecf and makes

recomméndations for future work to be initiated in the area of interference

heating.

1-3 -
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SHOCK INTERFERENCE HEATING

The design of space shuttle systems for:operation at supersonic and hyper-
“sonic speeds requires the understanding of aerodynamic heating generated
through shock wave interfering flow fields in order to determine an optimﬁm

thermal protection system.

For a typical shuttle configuration, such as shown in Figure 2-1, a bow
shock generating from the booster nose impinges on and interacts with the bow
shock on the wing or canard area (A). 'Near the wing or canard root, the wing or

canard bow shock will also interact with the boundary layer on the fuselage/wihg

junction as shown in area (B) in Figure 2-1. For mated configuration, the

booster and the orbiter bow shock waves also interact with each other in area (C).

-_Bbth experimental and analytical stﬁdies indicate that the shock wéve inter-
ference results in severe heating on the shuttle surfaces. . Test data show that’
:with shock impingement, the heating rates can be as high as 30-40 times the values
with no shock.impingement. An exémple of the severe heating due to shock inter-
ference was given by the NASA X-15 test flights. During one flight, the ventral
_fin, which supported .a ram-jet test model, was burned completely through in
several placesbwhere shock impingement occurred. This indicates that reliable
methods have to be‘developed to estimate or minimize the shock interfering

- heating rates involved in the shuttle flights.

2.¥ SHOCK IMPINGEMENT TO WING OR CANARD LEADING EDGES

For the shock/shock 1nteract10n on a wing 1ead1ng edge, the flowfleld in
.the shock interference region has been analyzed by Edney (ref. 1). Dependlng
~ on the wing sweepfangle, the shock/shock interaction on the wing will result in
' bne of the follbwing interactions whicﬁ acting on the wing surface and caﬁsing
' high heating rates: _ »

e Supersonic jet impingement (for low sweep angle)

e Shock wave/boundary layer interaction (for intermedlate sweep angle)

o No shock 1mp1ngement (for hlgh sweep angle).
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The supersonic jet impinging on the w1ng surface causes very high and
localized heating rates. The shock wave/boundary layer interaction also causes
‘high heating rates which depend on the state of the boundary layer (laminar or
turbulent), the strength of the shock wave and the flow'separation in the
»interference'region. For the highly swept wing, no shock wave impinges on the
wing surface and consequently no highly localized heating. For this case, the
heatlng rates can be calculated u51ng the swept-cylinder technique (ref. 2)

based on local flow conditions.

Methods to estimate the shock interfering heating rates can be analyticai
or experimental or the combination of both. An anaiytical approach is necessary
. in order to have a better insight of the basic physical problems involved in the
shock wave interference. However, it is also'realized that an analytical
approach is very limited due to the complexity of the problem. This indicates.
'that-existing experimental data have to be used in order to have a reliable
interference heating estimation. In this study, a literature search on existing
experimental data have been made. Sixteen references (refs. 3 through 18) .
dealing with wing leading edges and 12 references (refs. 6, 7, 11 through 14,
. and 19 through 24) dealing with wing/fuselage and,canard/fuselage junctures have
.been compiled and analyzed. The test conditions of the compiled experimental
" data can be summarized as below:

° Model geometries: flat plate, cylinder, hemisphere, fin with hemi-
cylindrical leading edge, corner, etc.

e Mach number range: 2.7 to 19 , o

° Reynolds number (per foot) range: 3.0 x 104 to 4.8 x i07

-e.  Shock generator deflection angle: 0 to 60 degrees

o -Wing sweep angle:. 0 to 75 degrees.

A summary of the existing leading edge shock interference’heating test

data is given in Appendix A-1.

The analytical approach was also made to predict the 1nterference heating
© on the leading edges. For typical shuttle conflgurations as shown in Figures

2-2, 2-3, and 2-4, a bow shock generating from the shuttle nose impinges on and
-interacts with the bow shock on the wings. As discussed earlier, depending.on

the wing'sweep'angle; the shock/shock interaction results. in one of the following'

" 2-3
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méchénisms which act on the ‘wing surface and cause high heating rates:

) Supersonic jet impingement on wing surface (for stralght wing or wing
with low sweep angle - Figure 2-2)

e Shock 1mp1ngement on wing boundary layer (for intermediate sweep angle
~ Figure 2-3)

e No jet or shock impingement - high heating rate due to change of flow—
field (for high sweep anglev— Figure 2-4).

The three heating mechaﬁisms_listed,above create completel& different
heating rates on the wing lgading edgés. For the cases of wings'with high or -
intermediate sweép_angles, analytical methods have been develoéed to predicf
the inﬁerferenée.heating rates. Results were compared with existing test data
with good agreement. For the case of straight‘wing or-wings with a small sweep
angle, the complex flowfield makes it more difficult to develop an analytical
prediction method. Details of each of the heating prediction methods are

VdiscusSed below.

2.1 Wangs With Hngh Sweep Angle
The flowfleld in the shock 1nterference reglon.can be bolved by u51ng a -

shock polar diagram as shown in Figure 2-4 which indicates that the interaction -
between the wing shock and the nose shock does not reault in Jet or shock 1mp1nge—
'ﬁ_ment on the wing surface. Consequently, the swept cylinqeL heating methods '
d@véloped by Beckwith and Gallagher (ref. 2) can be used to calculate the Beating
:fates on the wing leading edges. It should be noted that the flow conditicns &

" after the nose shoék (condition (1) in Figure 2~4) should Le used as free~streaw.

- conditions for the swept-cylinder heating calculation.

Although 16 references dealing with wing leading edge interference heating
‘Héve been compiled, only four provide useful test data on highly swept wings
:”(refs,AS, 9, lO,'énd 16). These data were compared with the p:édicted values.
 wFigure 2-5 shows a typical comparison which indicates that the predicted values -

‘match fairly well with the test data.

It should be noted that two-dimensional wedges were used as shock generators

“in all the collected references as shown in Figure 2-5.

2-7
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'2.1.2 Wings With Intermediate Sweep Angle

As shomn in Figure 2-3, the:shock/shock interaction on wing_withbintermediate
"sweep angle results in a shock wave (QR) impinging on the wing leading edge and
interacting'with the wing boundafy layer. The magnitude of heating rates due to
shock/boundary-layer interaction depends on the impinging shock strength and the
state of the boundary 1ayer; Shock impingement may cause boundary lajer separa-
tion. Transition may also occur if the boundary layer was originally laminar.
Both transition and separation can cause high heating rates.

It is realized that an analytical approach to pfedict shock/boundary-layer
ihtefaction‘heating is Very'limited due to the complexity of the problem. How-
ever, based on the test results for both laminar and turbulent flows, empirieal’
equations“haVe been derived .by Sayano (ref. 3), Sayano and Bausch (ref. 4),

Levin and Fabish (ref. 25); Neumann.(ref..6), and Gulbran, et al. (ref. 7) to
correlate the peak heating rates with the pressure ratios.across the impinging
ehock waves. The correlation equation in-refexence 4 was ueed'in this study as
ehomn iﬁ‘Figure 2-6. Thus the peak heat transfer coefficient can easilyvbe |
calculated once the pressure ratio across the impinging shock (P /P ) is obtalned_

from the shock polar. dlagram as shown in Figure 2-3.

The predicted heating values were compared with existing test data with
fairly good agreement. A typical eomparison is shown in Figure 2-7 with test

data from reference 16.

2.'..3 Sfrdighf Wing (or Wing with Small Sweep Angle)

Interference heating prediction on straight.wings is more difficult due to
both the complex flowfield and the poor and scarce test data amailable at the
present time. It is realized that the thin supersonic jet creates Qery sharp
heat transfer peak at the imbingement point. This indicates that heat transfer
‘measurements along the wing leading edges might have missed these peaks since
in almost all the tests the thermocouple spac1ngs were quite large. More

rellable measurements are needed before any data correlation can be derived..

©.2,2  ANALYSIS OF GAP REGION
During the preliminary design of Space Shutple’lauﬁch configuration, it

became apparent that the effects -of shock-impingement‘would be a primary

2-9
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consideration in the design of the thermal protection systems for both the
orbiter and booster. It is a well known fact that high‘heating-ratés occur

in the vicinity of the "point'" where a shock wave impinges. The magnitude of
the heating rates is closely related,to‘the'strength and impingement angle of
the shock wave. .The gap interference region between ﬁhe orbiter and booster

is furﬁher complicateo by the reflection of the shocks between the two vehicles.
This study descrlbed in reference 26 was initiated to determlne the location
and strength of the impinging shocks in the gap region in the mated ascent

configuration.

An analytical solution of the gap flowfield was undertaken. Due to the
ektreme'compléxity of the shock interaction phenomena, the study was limited to
the plane of symmetry wh1ch permitted a quasi-two-dimensional flow analysis.

The governing equations of motion were formulated and subjected to various -
technlques in an attempt to analytically solve the flowfield. No successful
solntion'was obtained, but the governing equations were develooed which are

'thought suitable for a method of characteristic solution.

An alternate approéch based on the data was the concepf of obtaining the
shock étrength and number of shock reflections from schlieren photographs. A
computer program was developed and compared favorably to experimental data.
Reference 26 is included in.Appendix A-2 which describes the analytical formula-
tion of the gap flowfield and a 1isting of the computer program to calculatq the

flowfield properties based on experimental input values.

- 2.3 INTERFERENCE AT FIN/PLATE CORNERS
Interference heating data for simple geometry fin-flat plate models (Figure
2-8) tested in wind tunnels were compiled (refs. 6, 7, 11 through 14, and 19 7
through 24) and analyzed in order to predict interference heating on the space
 shuttle booster fuselage due to the pressure of booster wings or canards. The
swept shock wave generating from the wing or canard interacts with tne fuselage
-boundary layer and causes boundary layer separation and/or transition which in

turn causes high heating rates on the fuselage surface.

o 2-11
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The thefmocouple measured heating‘data,'presented as the ratio of inter-
ference heat transfer coefficients'to theAundisturbed values hi/hu’ have been
correlated with the following flow conditions and model configurations (Figure
2-8): ' |

o Fin deflection angle, §

e Fin eweep angle, A

e Flat plate angle-of-attack, a

e Fin leading edge diameter, D

e Fin cant angle, ¢

; Free~stream Mach number Mm

. Free~stream Reynolds number, RN'-
e Boundary layer state
e Fin location on flat plate, L
. vThermocouple location on flat plate X

e Boundary layer thickness, t.

The correlations defived:in this etudy-are applicable to the booster
fuselage interference heating prediction in the nresence'of wings and canards.
Details of this study are given in Northrop Technical Report TR-794 921A which
‘1s 1ncluded as Appendlx A—3

2.4 ;SHOCKINTERFERENCEHEAT"K;TOSPACESHUTTLECONHGURAHONS
‘ Both the MDC and the GDC Phase B Space Shuttle Model test data were
collected and analyzed in this study. All of the existing thermocouple and

phase change paint data were used in the shock interference heating analysis.

2 4.} MDC Phase B Booster Model Test

By using the phase change coatlng test data of reference 27, the shock
interference effects were derived and presented as the ratios of ;he shock-
interference heat transfer coefficients to the undisturbed values, hi/hu' The
shock interference heating involved in the shuttle flight is shown in Figure
: 2—9. The areas at the booster (BLl) canard/fuselage juncture and between the
hooster (B1) and the nlbltol 1) fuselages were cousidered in this study.

Detalled study results are piven in Appendix A-4.

1n this study, a portion of the movie films taken during fhe MDC Phase B

shuttle heating tests (ref. 27) were borrowed from Martin Marietta Corporation
2-13 ‘
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Figure 2-9. MDC SPACE SHUTTLE SHOCK INTERFERENCE
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. for further aﬁalysis. It is believed that a better estimate of peak interferénce

heat values was obtained from this review.

As indicated in reference 27, for most of the runs, the eighth movie frame
(time =vb;8'sec for the 10 frames/seﬁ movie taken during the tests) was used
by Martin Marie;ta to deduée the first isotherm (qr constant h/hr=l' line).
Examination of the films shows that in most shock interference regions the paint
phase change occurs before 0.8 sec. This indicates that some of the peak inter-
ference hgating data which are available in the movie films were not deduced and

not presented in reference 27.

In‘the present study, the h/hr¥1' versus timé éurves for'typical runs were
generated as shown in Figure 2-10 and peak heating values in the interference
regionslwere deduced as shown in Figures 2-11 and 2-12 which indicate that the
,peak heating vélues are 3 to &4 times higher than the peak valués reported in

reference 2].

It should be noted that'heating data accuracy decreases when phase éhangev
. occurs too early in a test (i.e., when‘time is less than 0.4 sec). This is due
to the disturbance creéﬁed when the model is pushed into the wind tunnel and -
also due to the difficulty involved in detefmining the initial time (time = 0).
It is suggested that paints with higher phase change temperatufe should be used
in future paint tests in order to have better interference heating data. Also,
all movie films taken during the paint tests should be reexamined in order to

provide more realistic peak interference heating data.

MDC Phase B baseline (Bl) booster interference heating during ascent and
-reentry flights has been‘analyzed qualitativeiy based on paint test data contained
in reference 27. Typically, the test conditions were as listed below.

e Free-stream Mach number, M_ = 6 and 8 -
N 2 0.5 x 106, 1 x 10 and 5 x 106/ft

' Booster angle—of—attack, o =A—5, 0, 15, 30, 45 andA60 degrees

e Free-stream Reynolds number, R 6

° Booster model scale : 0.00325

2-15
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RUN NO. 74 (Ref. 27).

a =0°
Mo = 10.28
Ry = 513,000/FT

O FROM REFERENCE 27

O FROM THIS STUDY
14 '

10

hIMPINGEMENT/hUNDISTURBED
()]
[—

T4
’ s

—1"

0 . 2 .3 .4 .5
BODY LOCATION, X/L

Figure 2-11. BOOSTER UPPER SURFACE CENTERLINE INTERFERENCE HEATING DUE TO THE
: PRESENCE OF ORBITER '
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As just discussed, the interference heating data in’ reference 27 can be
analyzed only in a qualltative manner since peak interference heating data are
not avallable at the present time. Study of both schlleren photographs, and
the test data 1nd1cates that, depending on the angle—of—attack the booster will

: experlence 1nterference heating in nine regions during ascent and reentry flights
as shown in Figure 2-13:
e Area (A)h— Fuselage heating due to canard ehock
e Area (B) - Fuselage heating due to wing shock
.® Area (C) - Wing heating due to canard or fuselage shock

oA Area (D) - Wing tip_heating dnegto fin shock

e Area (E) - Fin‘root heating due to wing shock

® dArea (F) - Fin heating due to canard shock

e Area (GS - Fin outboard ‘surface heating due to w1ng tip flow separatlon

. .Area.(H) - Canard heating due to.fuselage.nose shock

e Area (I) - Fuselage heating due to orbiter fuselage.

The results of this study can be used as a.guideline to locate possible
interference heating areas on the booster. Appendix A-5 addresses itself to

the details of this study.

2.4.2 GDC:Booster v

Shock interference heating on the General Dynamies, Phase B, Delta Wing
‘Booster has been-analyzed'and correlated with Mach number and angle~of-attack.
This study is based on ‘the thermocouple and paint test results contained in
references 28 - 33 which cover:a‘wide range of Mach number, Reynolds‘number,
and angle-of-attack. Mated orbiter-booster modelsvwere used_to-study the
interference heating on the booster fuselage due to.orbiterfgenerated shock

waves during ascent flight.

It should be noted that even though a large amount of heating data has
been taken during the tests, the shock interference heating data avallable at
the present time are someﬁhat 1imited. F¥or the case of thermocouple measure-—
ments, the‘thermocouple spacings on the booster models were not close enongh
to measdre.the.loeaiized peak heating values. For the>paint tests, the quality

'.of the measurements was affected by the difficulty involved in photographing
dthe paint phase change history at some booster surface areas. In other tests

2-19
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the paints employed had extremely low phase change temperatufes. As a con-
sequence, some test data were lost since the movie films showed phase change
on the very first frame. The preceding considerations deem it probable'that
some interference heating peaks were missed in both the paint and the thermo-

couple measurements.

In this study, the interference heating data are presented in the form of
hi/hﬁ’ the ratio of interference heat_transfer coefficient to the undisturbed
value. The effects of Mach number and booster angle-of-attack on hi/hu were
also analyzed and correlated. The Reynolds_number effect could not be deter-
mined quantitatively duevto the quality and limited amount of data. The |
different interference heating areaéAon the boostef (during ascent and reentry

flights) are shown in Figure 2-14 and study details are given in Appendix A-6.

It should be noted that improved correlatlons can be developed when more

and better heating data become available.
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Section Il1

SHUTTLE ASCENT AND SHOCK IMPINGEMENT AERODYNAMIC HEATING TESTS o

At the conclusion of the literature survey described in Section II, an
experimental program was planned to investigate interference Heating to a mated
configuration of the space shuttle vehicle. .The plan was to compare and apply
the daﬁa and correlations obtained from the literature survey ‘in the analysis
of the test data. But due to wind tunnel scheduling delays, the experimental
program was delayed>several times preventing either the inclusion or analysis
of the test data in this report. At this time the data are being published in
a SADSAC (System for Analysis of Static Aerothermodynamic Criteria) report and

REMTECH, Inc. will perform an analysis of the data.

The test program was planned and conducted for ascent heating tests on a
0.0065 scale thin skin model of the MDAC 256-20 space shuttle booster mated with
a Stycast model of the MDAC Internal Tank Orbiter. The booster model was
provided by'NASA/MSFC.and Northrop purchased three orbiter models from Lockheed
Missiles and Space Company/Huntsville Research and Engineering Center. Reference
34 reports on the test work and the report is included as Appendix B. The report
includes a review of the test faciliﬁy characteristics and test data reduction
methods, the model design and fabrication procedures, the test pléns, and on-site

observations made during the testing.

The tests were performed in three facilities at NASA-Langley Research
Center: the 20-inch M=6 tunnel, the 31-inch M=10 tunnel, and the 48-inch Unitafy
Plan Tunnel. Both thermocouple and phase change paint data were obtained in
addition to schlieren photographs and some oil-flow results. The generai

performance of the models and the test programs were satisfactory and successful.
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Section IV
DELTA WING LEEWARD SURFACE FLOWFIELD

Identification and interpretation of ﬁhe significant flowfield characteris~
tics of complex configurations such as the Space Shuttle are eﬁtremely difficult
without quantitative knowledge of the phenomena. With adequaﬁe experimental
data a realistic assessment of the phenomenon can be obtained which can result
in either an empirical or énalytical formulation of the problem. But unfortunately,
there is a dearth of experimental data on the leeward surface flowfield properties

inhibiting a quantitative description of the flowfield phenomena.

The need for experimental data on leeward surface flowfield properties,

- especially for conditions a;proximating hypersonic flight, was obvious and »
Northropvresponded accordingly. An experimental programAwas originated to obtain
hypersoﬁic flowfield'properfies on the léeward surface of a blunt delta wing.
This test ‘program was compléted at the von Karman Institute's piston-driven wind
tunnel at nominal Mach numbers of 15 and 20 at Reynolds numbers per meter of

1.8 x lO7 and 8.7 x'lO6 respectively.

The experimental program is thoroughly discussed in reference 35 and is
included as Appendix C. The results of the investigation revealed the location
and magnitude of the maximum pressure force and heat transfer rates. The effects
of Mach number and angle-of-attack were assessed. The similiarities .and
differencés between sharp and blunt leading-edge delta wings were discussed.

The most important result of this study was a qualified interpretation of the
principal aspects of the lee-side flowfield. This déscription should prove
invaluable by providing a basic understanding of the flowfield phenomena during

‘the. formulation of an analytical description of the flowfield.
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Section V

EFFECTS OF ROUGHNESS ON COMPRESSIBLE FLOWS

Surface roughness on the Space Shuttle will probably result from the
surface discontinuities which result from assembling and fabrication of the
surface panels of the vehiéles. Preliminary designs suggest that the Shuttle
Orbiter will have a refurbishable ablative therﬁal protection éystem. The
ability to predict inflight aerodynamic heating for minimizing the weight of
the thermal protection system is dependent upon knowing the properties of the
flowfield and the nature of the boundary layer. The boundary layer state,
which may be laminar, transitional, or turbulent, depends on the flowfield

properties but to a higher degree of sénsitivity on the body surface condition.

No simple theory exists for predicting the effects of surface roughness
on boundary layer transition and heat transfer. The Reynolds.number at which
transition occurs on a hydfaulically smooth surface is already a controversal
parameter without introducing the effects of roughness. The parameters affect-
ing boundary layer transition on a rough surface are the shape, distribution,
and height of the roughness as well as free-stream velocity, turbulence, and

heat transfer. After transition the heat transfer rates are usually increased
by increasing the height of the roughness. The complexity of these problems

was such that they merited further study.

This study was subcontracted to Auburn University and Appendix D contains
the final report (ref. 36). The effects'éf roughness on compressible flows was
restricted to the case of two-dimensional roughness created by sinusoidal walls.
A literature survey was compiled which revealed that little experimental data were
available, especially at low supersonic Mach numbers. No practical correlation
was available which was not excessively restrictive. In an attempt to develop
a useful éorrelatidn, a vefsion of a Spalding—Pétankar boundary layer comﬁuter
program was modified and applied to the problem. The results were compared to
the data found in the literature survey which indicated that the Spalding-
Patankar ﬁethod was amendable for predicting the effects of roughness. These

recommendations are outlined in Appendix D.

5-1
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Section VI | |
BASE HEATING REVIEW

A review of previous base thermal environment prediction techniques is
being prepared for MSFC to serve as background informafion for future predié—
tions on the Space Shuttle. Because of past experience of REMTECH personnel
with the Saturn S-II thermal environment‘prediction, a request was made to
summarize the S-II prediction experience as a part of the space shuttle thermal
environment studies. Appendix E presents the results of this review (ref. 37)
in a format which was requested to facilitate inclusion of the work iﬁ the

owerall review document.

The S-II review was prepared by reviewing and summarizing the S-1II
configuration and engine characteristics and the base prediction methods. The
model and flight tests were studied and summarized, and the predicted environ-
ment and flight data were evaluated in an attempt to present a comparison of
the results which could be used in evaluating the effectiveness of the predic-
tion techniques. Additional work undér this contract in support of aerodynamic

heating experiments is reported in REMTECH Report RTR 003-1.
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‘Section VI

MODIFICATIONS TO THE NASA/LEWIS COMPRESSIBLE LAMINAR
AND TURBULENT BOUNDARY LAYER COMPUTER PROGRAM

This computer program was originated by the NASA/Lewis Research Center to
study some real boundary—léyer effects under known conditions of pressure
gradient in the prediction of turbomachinery performance. The program designated
BLAYER is capable of anaiyzing two-dimensional laminar and turbulent boundary
layers with arbitfary pressure gradients. Laminar separation and reattachment
and boundary layer transition can be predicted. These boundary layer characteris-
tics are typical of many aerodynamic problems and Northrop placed the program '
-into operation with the inténtions of applYing it to Space Shuttle vehicles. Aé;
the debugging process progressed, it was necessary to make several modifications
‘and changés as found in reférence 38 which is conveniently included in Appendix
F. Some of the modificétiohs were the result of extending the program to be
applicable to-high supersonic or hypersonicvfldws. Two of the most important
changes were the boundary layer transition criteria and the addition of‘an .
axisymmétric option. The application of the axisymmetric version fér use in
conjunction with'the methodology for axisymmetric analogy to three-dimensional:
flow was the primary motive for modifying the program. The program was tested
on several configurations; NACA airfoil, cooled flat plate, cone-cylinder-flare
body, and a cone. The results were compared to experimental data and the compari-
sons were favorable, but it was concluded that the program must be exhaustively
tested over all Mach number ranges before the applicability of the program can be
established. A list of recommended check-out procedufeé to further assess the

capability of the BLAYER program is found in Appendix F.
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Section VIl
CONCLUSIONS AND RECOMMENDATIONS

The primary objectiﬁe in performing this study was to collect and analyze-
aerodynamic heating data'applicable to the space shuttle launch configuration.
In particular, the location and severity of shock impingement areas. This
bobjective has been accomplished quite successfully by obtaining experimental 4
data from a literature survey and from an experimental test program. In addition,
several phenomenological aspects associated with the flight of the shuttle were
investigated. Included in these aspects were the effect of surface roughness
with regard to the operational environment of the shuttle, the leeward surface
flowfield of a'vehicle in simulated reenfry flow;,the application of existing
computer programs to analyae shuﬁtle environments, and the compilation of a
section of a base heating handbook to be used in design studies. Based on the
combined results of the entire contract work, the following conclusions. were
" made: '

‘@ - The effects of shock implngement may result in heat transfer increases
of 10-40 times the undisturbed values.

e Available experimental data on shock impingement ‘effects do not exactly
51mulate proposed shuttle fllght conditions.

® No analytical technique is presently available that can accurately
predict the effects of shock impingement to- shuttle-type vehicles.

° No scaling techniques are available to apply ex1st1ng experimental
data to full-scale configurations.

e The ascent heating tests conducted at Langley Research Center were
satisfactory and successful.

o The leeward surface flowfield for blunt delta wings was not conical
for Mach numbers of 15 and 20 for angles-of-attack of 20 degrees and
less.

° The lee-side peak heating rate occurred off the centerllne and on the
Caft sectlon of the model for a given angle-of- -attack.

© Both the local pressure and Stanton numbers were largefjfor the blunt
delta wing than for the sharp leading-edge counterpart on the Leeward
surface. .

e Flat plate heat transfer prediction methods were not sultable for
predicting leeward surface properties.

¢ A modified Spalding-Patankar boundary layer method can be applied to
studylng the compressible flow over a sinusoidal wall. :

8-1
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The modified version of the computer program BLAYER can successfully
compute laminar and turbulent boundary layers on two-dimensional and
axisymmetric bodies.

The phase-change palnt technique to obtain heat transfer results requires
further study to establish a standardized, well-defined procedure.

More thermocouple instrumentation was required in the interference region
to accurately locate the peak heating rates. -

The method of model instaliation in the test program for the mated

configuration needs to be improved for both convenience and aljignment
accuracy.

More information is required in the gap region of the shuttle mated
configuration to merit improved or different flow visualization techni-
ques than used in the present test program.

More shock interference data are required before either an. enalYtlcal
or an empirical formulation .of the effects of shock 1mp1ngement can
be successful,

Recommendations for future studies based on the results of the°preéent'

’ 1nvest1gatlons are as follows:

Plan a model test program and perform test plan duties for conducting

wind tunnel tests to establish criteria for shock impingement scaling
_ factors. ’

Review the phase-change paint tecnnique and pian an experimental

-program to ascertain the accuracy of the method. This task should

also .include a material property study of the model material.

Plan and execute an experimental program to determine the effects of
wall roughness on boundary layer transition ‘and compressible flow
parameters.

Obtain experimental data in the gap region of a mated configuration
as a function of Mach number, Reynolds number, angle-of-attack, and
geometry for laminar and turbulent boundary layers.

‘Perform further leeward surface experimental studies to determine

geometry‘effects, boundary layer transistion criteria, Mach number

- and Reynolds. number effects, and establlsh a prediction technique for

the thermal env1ronment.
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SYMBOLS

= cylinder diameter
= heat transfer coefficient

= cylinder stagnation line heat transfer coefficient

s
L = distance from front of wedge to cylinder-wedge intersection
= distance aldng cylinder stagnation line from tip
M _ = free stream Mach number
Mm ' = wedge flow Mach number
R D = Reynolds number based on free stream flow and cylinder diameter
’
Rm D = Reynolds number based on wedge flow and cylinder diameter
, .
Te = local temperature external to boundary layer
To : = tunnel stagnation temperature
wall = cylinder wall temperature
& = angular distance around cylindef in chordwise plane measured from
' stagnation line o » ' '
A ' = gsweep angle based on free stream flow 8
A ' = gweep angle based on wedge flow
w .
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SUMMARY -

Local heat-transfer rates_and pressures have been measured on a cylinder
in -the interference flow region between the cylinder and a 12° half-angle wedge.
. The tests were conducted at a Mach number of 8 with the cyllnder at sweep angles
_ of 45° and 60° with respect to the free stream. Tests were also made with the
vbase of the cylinder attached to and then separated from the wedge in order to
-investigate possible flow-separation effects in the intersection region and to
investigate the shock impingement phenomena separately. Test configurations

are shown in Figures A-1 and A-2 and results are summarized as follows:

° Fignres A—3'through‘A-7‘suﬁmarize the effect of shock interaction on
cylinder stagnation line heat transfer with different Reynolds numbets.

e For both sweep angles, local heating is increased along the portion of
‘the cylinder subjected to the wedge flow, but the maximum increase can
be predicted for both laminar and turbulent boundary-layer flow"by
using local wedge flow conditions in the infinite swept cylinder
theories of NASA TR R—104. -

° Under the test conditions, no local increases in heating were measured
in the region of the wedge shock impingement for either laminar or
turbulent stagnation-line boundary-layer flow.

] As indicated in Figures A-3, A-4, and A-=5, the shock originating from
.the wedge could increase the cylinder stagnation line heat transfer
rate by a factor of 2 at the location of £/D between 1 and 2.

e When the cylinder and the wedge were seéparated, the separation dis-
tance was 0.63 inch which was larger than the local wedge boundary-
layer velocity thickness. Therefore the wedge boundary should not
affect the flow over the. cylinder.

o - The extent of the flow separation in the cylinder-wedge juncture was
small for the test conditions, and therefore, in the region of the
measuring stations, there was no appreciable difference between the

- data for the cyllnder attached and cylinder separated (Figures A-3
. and A-5). A

e Comparison of the heat transfer data with theory indicates that the
boundary-layer flow changed from laminar to fully turbulent over the
.Reynolds number range used in the test (Rw b= 0.77 x 10° - 8.7 x 10 ),
(Figures A-8 through A-~11). > '

; The chordwise heat transfer coefficient data are summarized in
Figures A-12 through A-14. : :

) Comparison of the chordwise heat transfer data with infinite swept-
cylinder theory indicates that the theoretical turbulent distribution
underpredicts the data by 20 percent around the cyllnder with 60° sweep
angle (Flgure A-14).
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COMPARISON WITH MSFC SHUTTLE REENTRY STUDY

BUSHNELL (REF. 5)

M 8

Shock Strength (Pressure Ratio . 6.66
Across Shock) ‘ ‘ :
Cylinder Diameter, D (ft) ' 1/12

R.p | ©0.77x10% - 8.7x10°

A, (Degrees) - 45, 60

he (cylinder and wedge)

Max. hy (cyTinder only)

* Assumed wing leading edge diaméter_

A4 -

MSFC BOOSTER WING
- (ANGLE OF ATTACK =
12.50)

3-6
1.72 - 2.46
1*
1x10° - 14x10°
s
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1.10 — _
<¥ [ _ 8 1.05
: ' , 2.05
8 » N .55
Ej N -9— Is,aminar theory
1 ,

h/h_ .6 |
| : y;
; T . . Ay

.2
0 10 20 30 40 50 60 70 -
| §, deg
: @ R, p =125 % 10% A, = 0.
. : 1/D
1. 00— : '
: ~ . - 0O 1.05
| ' - O 2.05
¥ \\f\\<“" — O 355
' —— Turbulent theory

0 10 20 30 - 40 50 60 70
¢, deg .
®) R o= 256 X 10% Ay = 60°

Figure A-12. CHORDWISE HEAT-TRANSFER DISTRIBUTION, CYLINDER ONLY
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9 —
\\E O 1.05
_ 3\\ - E; 2.05
8 —H 3.55 : 4
T \ ~—- Laminar theory

- ;/hs. ! . 1 | -‘\\q |
.6 _ — T
| o &

o 10 20 . 30 Lo 50 60 70
g, deg |

© R, =1.28%10% A, = 45",

Figure A-12.° CHORDWISE HEAT-TRANSFER DISTRIBUTION, CYLINDER ONLY (Concluded)
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l/b |
8 1.05 Wedge f]dw _region
1.55
o . Q 2. 05 Expansion-inpingement region
1.0 {E~—= ' < 3.55 Test-section flow
| \\é - Laminar theory (wedge flow)
.8 e
.6 ——
h/h s
.4
.2
0 10 20 30 40 50 60 70
¢, deg o
(a) R, = 0.94 x 10°.
I/D
1.0 & 1.
q.: \\ b g] (5) zwedge flow region
8 < - Q2.05 Expansion-impingement region
B : 4t‘ N <>3 55 Test-section flow
o ’ ™~ Turbulent theory (wedge flow)
h/hg &6 _ \\\ — —~ ~ Laminar theory (wedge flow)
4 \ N
. “9
| AN
.2

0 10 20 30 40 S0 60. 70
| ¢, deg | |

(b) R_ .

D,=.1'34 x 107,

Figure A-13. CHORDWISE HEAT-TRANSFER DISTRIBUTION FOR LAMINAR AND
: TRANSITIONAL STAGNATION-LINE BOUNDARY-LAYER FLOW '
CYLINDER AND WEDGE ATTACHED A =45°
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: \\(i 8} gg’ Wedge flow region
' ',8” QO 2.05 Expansion-impingement region
« {3.55 Test-section flow
h/hg 6 ' N\ —— Turbulent theory (wedge flow)
.2
0 10 20 30 40 50 60 70
¢, deg
(a) R, = 2.66 x 10% A = 45°
1/D
| SN g 1.05 } - .
1.00— —_ O 205 | Wedge flow region
1 . < 3.55 Expansion-impingement region
.8 : i ———— Turbulent theory (wedge flow)
ol - \\ 4> f
h/hs | ‘ \\\\\fa .
4
.2
0 10 20 30 40 50 60 70
¢, deg
(b) R..p = 2.46 x 10°; A, = 60°
Figure A-14. CHORDWISE HEAT-TRANSFER DISTRIBUTION FOR TURBULENT STAGNATION-LINE

BOUNDARY LAYER CYLINDER AND WEDGE ATTACHED
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' ON A SWEPT CYLINDER IN THE VICINITY OF ITS INTERSECTION
" WITH A WEDGE AND FLAT PLATE AT MACH NUMBER &.15

AND HIGH REYNOLDS NUMBERS

By Ivan E. Beckwith
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inf

SYMBOLS =~ .

cylinder diameter
heat transfer coefficient

measured value of h on' infinite cylinder without shock interaction
thermal conductivity at free stream condition

upstream length of flat pléte or wedge from stagnation line of cylinder

free stream Mach number
free stream Reynolds number based on cylinder diameter

axial distance along surface of‘cylinder from wedge intersection line

axial distance along cylinder stagnation line from wédge intersection

wedge half angle
angular distance from cyiinder stagnation line

cylinder swaép angle

B2
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: SUMMARYF

Heat—transfer rates and pressures have been measured on a circular cylinder

in the reglon of flow 1nterference ‘caused by ‘an adjoining 8° half-angle sharp

xwedgef

Data were obtalned for sweep angles of 20° and 60° with respect to the

free stream flow dlrectlon. At the 20° sweep angle some data were obtalned with

" a flatvplate (wedge angle = () as well as with the wedge. A Mach number of 4.15

was used 'in the test. A sketch_of the model is" glven in Figure B-1. Results

are summarized as follows:

The test Reynolds numbers were sufficiently large so that the boundary

~layer was always turbulent on the cylinder and wedge or plate

(R, p =L 6 x 106 ~ 4.0 x.109).

The heat transfer data for 20° sweep angle are given in Figures B—2

~and B-3 with both chordwise and spanwise distributions.

For 20° sweep angle, the peak h/h, value of 2.5 occurred at about

. -half a. cylinder diameter from thelwedge and was apparently caused by

the local flow conditions and the flow separation on the wedge up-

‘stream of the cylinder (Figure B-3).

For 20° sweep angle, the distribution of heat transfer coefficients
along the stagnation line of the cylinder with 8  wedge is compared
with the distribution obtained with the flat plate (zero wedge angle)
in Figure B-4. The trends of the two curves are similar, but the

peak h/h, ratio with the zero degree plate is only 1.3 as compared
with 2.5 ?or the 8° wedge. For the zero degree plate, the peak heating
ratio of 1.3.is caused mainly by the flow separation of the plate-
cylinder juncture. The weak shock originating at the sharp leading
edge of the plate might also have certain .effects on the heat transfer.

The effect of Reynolds number on h/hy inf for-A = 20° at one spanwise
station is shown in Figure B-5. Up to 0 = 30°, the effect is small;

- but from 0 = 60° to 120°, the h/hj ¢ values are larger at the smaller

Reynolds number. _
Heat transfer data for A = 60° are shown in Figure B-6.

When the sweep angle was: 60° no separation occurred (based on Schlieren
photographs), and the peak heat transfer on the cylinder could be
accurately predicted by the theory for turbulent-heating on a yawed-
cyllnder from the local conditlons on the wedge.

‘The local effect on the heating rates of the shock—wave impingement

from the wedge was negligible at both. sweep angles.

B3
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COMPARISON WITH MSFC BOOSTER REENTRY STUDY
BECKWITH (REF. 6) MSFC -BOOSTER WING o
| : - — (ANGLE OF ATTACK = 12.5°)
Moo o 4.5 ‘ 3-6
Shock Strength (Pressure . 2.17 o 1.72 - 2.46
Ratio Across Shock) ‘ . ' :
Cylinder Diameter, D (ft) 1.115/12 R T
R. o - 16x10° - 40x10% 1x105 - 14x10°
0 (degrees) 20,60 52
Max. h/h. o 2.5 (for a-=20°)
' inf 1.8 (for a =

60°) -

* Assumed wing leading édge diameter
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141103
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Figure B-2. CHORDWISE HEAT-TRANSFER DISTRIBUTION .8N CYLINDER FOR A = 20°, o = 8°,
Z = 4.16 INCHES, AND R D= 1.56 x 10 : S
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EFFECTS OF SHOCK-WAVE IMPINGEMENT ON THE HEAT TRANSFER

ON A CYLINDRICAL LEADING EDGE

By Robert-S. Hiers and William J. Loubsky
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SYMBOLS -

d = diameter of leading edge model

M_ = free stream Mach number

q = local heat transfer rate with leading*edge’and shock wave generator
éo ="local heat transfer rate with leading edge only

Rw'D = Reynolds number based on leading edge diameter'and free stream conditions

b B . . ] . . . , .

‘R,, = leading-edge radius -

'y = spanwise distance along stagnatiqn line measured from 1ntersect10n of
' shock generator and leading edge

V., = free stream veloc1ty

IS = deflection angle of shock generator .

A = leading edge sweep angle

c2
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SUMMARY
This'appendix~describes an experimental study of the influence of shock-
‘wave impingement on leadiag—edge heat-transfer’and'flow field charactefistics
at a Mach number of 14. Heat—trahsfef'measurements were obtained on the -
cyllndrlcal leadlng edge of a blunted flat plate model at sweep angles of O°
22.5°, and 455. ‘The 1mp1ng1ng shock waves were generated by deflect1ng a
vsharp:flat plate attached at the root chord of the leading-edge model or were
induced by boundary-layer separation en this "shock generator'" flat plate.
The anglénef'incidence of ﬁhe shock generator was varied between 0° and 15°.
The‘tests were conducted at a'Reynoldsvnumbef'of 8000 based on the leading?
~ edge diaﬁefer. Sketch of model aad instrumentatien is_shewn ia Figure C-1.

Results as shown in Figures C-2, C-3, and C-4 can be summarized as follows.

' Avefage heat-transfer.rates as ﬁigh as 2300 Btu/ftz—sec; more than 10
_ times the value with no shock impingement, were measured in small localized .
regions on the stagnation line of the unswept leading edge (Figures C-2a, C-2b,
and'C—2c), The experimental results preseated‘in this_appendix suggest-that
this extreme interaction-induced effect on heat transfer is associated with the
impingement of a vortex sheet or slip line’(generatedbat the intersection of
‘the bow shock wave and the impinging shock wave) onto the leading edge. Simpli-
'fied-boundary—layer calculations based on this vortex impingement model were
made to describe the general characteristics of the interaction-induced heat

transfer to the unswept leading edge.

It was also obseryed, as shown in Figures C-2d and C-2e, that two peaks
occurréd when the deflection angles were 10° and 15°. The position of the
. inboard peak correlates with the estimated 1ocation of the separatibn shock wave.
,'Thls suggests that the inboard peak is related to the impingement of the

separation shock wave onto an 1mbedded bow shock wave.

Heat—transfer rates 2- 1/2 times the correspondlng undisturbed value were
measured over large spanwise segments of the stagnatlon line with leadlng edge
swept 45 with respect to the free stream (Figure C-4). At this sweep angle,

. however, the interaction-induced inerease in ‘heat transfer is not a localized

result of the shock impingement similar to that found at zero sweep, since the

C3
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vortex sheet assohiated with the interSectihg shock waves does not impinge oﬁ
the leading edge at this sweep angle. The leading—edge heat.transfer in the
interactionvregion can be adequately predicﬁed_at A = 45° by aéplying infinite
cylinder boundary-layer theory to the leading edge flow field and utilizing
conditions behind the impinging shock wave as the effective free. impingement
effects on highly swept leading edges. No flow separation occurred on the

wedge when A = 45°.

Intermediate values of maximum heat transfer were’obtained with the
leading edge swépt'22;5° (Figure C-3). These values are apparently associated

with the separation phénomena that occur on the shock-generator plate.

Cé4
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COMPARISON WITH MSFC BOOSTER REENTRY ‘STUDY

Hiers and Loubsky (Ref. 7) MSFC Booster Wing
- c - (angle of attack = 12.5°)

Mo N % 3-6

Shock Strength (Pressure

4_  Ratio Across Shock) o o 9.35%% | v ' S1.72 - 2,46
'Cylin&er_Diageter,-a(ft) o | 1/12. _ _ | 1*
R;;{ S o .;lsodo - - ;1; 10° - 14 x 105’ 
»A (éggreeé) | - 0 - 45 : _ ' o 52
Hax. alg; | N o é.s***

- *ssumed wing leading edge diameter . _
**Based on M_ = 14 and § = 10° (Figure C-4b)
: ***For‘thélcase of 6§ = 10° and A = 45° (Figure C-4b) ) o
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~ HEAT-TRANSFER MEASUREMENTS ON A FLAT PLATE AND

_ATTACHED FINS AT MACH NUMBERS OF 3.51 AND 4.44

By Earl A. Price,'Paul W. Howard,
and Robert L. Stallings, Jr.

NASA' TN D-2340
 JUNE 1964
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SYMBOLS

leading edge span
diameter of leading edge
heat transfer coefficient

experimental heat transfer coefficient on plate (or fin) with plate
(or fin) only

_heat transfer coefficient on stagnation line of leading edge

heat transfer coefficient on- stagnation line of leading edge with
conduction correction

theoretical stagnation line heat transfer coefficient for laminar flow

on infinite cylinder
chord length of leading edge (Figure D-1)
free stream Mach'number

longitudinal distance on flat plate from axis of symmetry of leading
edge (Figure D-1) :

free stream Reynolds number per foot

surface distance'from'stagnation line of leading edge (Figure D-1)

‘distance from leading edge of plate (Figure D-1)

longitudinal;distance (Figure D?l)

distance from center line of plate’(Fignre D-1)

.nerpendicular distance from plate (Figure D-1)°

boundary layer thickness

sweep angle

D2
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-SUMMARY'

Heating distributions have been obtalned’on three fiXed;sweep fins
(A, =.12.87f)-of different diameters partially submerged in a turbulent
:boundary'layer; as well as on the flat‘plate'surface adjacent to. these fins.
~Heatinglrates have also been obtained on a flat plate adjacent to a fin at
sweep angles varying from 0° to 69°. T&o Mach numbers were used in the test
" (3. 51 and 4. 44) and the Reynolds number (per foot) range was 2.5 x lO6 ~ 4.2 x 106.
Test configurations are shown 1n Flgure D-1 and results are summarlzed as

follows.

The heatlng rates obtalned on the leadlng edge of the f1ns outboard of
the 51dewall boundary-layer effects are ‘in good agreement with laminar theory.
‘ - The maximum stagnatlon-line values obtained in the region subJected to the
"flow of the turbulent sidewall boundary layer are in good agreement w1th

turbulent theory - (Flgure D-2)

The chordWise'heating'distributions on the fixed-sweep fins are' shown

in Figure D-3.

The‘ratio of heat-transfer coefficients obtained on the center line of

the flat plate with the fins mounted to those obtained on the flat plate alone,
_‘h/ho’ upstream of the stagnation line of the fin investigated tends to fall on
- a s1ngle general curve when plotted against the distance from the center line
' of the fin leadlngnedge in d1ameters, r/d (Figure D-4). 1In general, h/ho z 1

for r/d > 2.5 and increases asymptotically, within the span of instrumentation,
~as the fin leading. edge is apnroaehed The correlation of data obtained from
".a 0.155-inch and a 6-inch boundary layer, using the parameters r/d and h/h ,
'1nd1cates that boundary-layer thickness has relatlvely little, if any, effect

on the ratio h/ho in the interference region. A maximum h/ho of 6.5 was

recorded in the test.

The heating distributions on the plate'in the direction normal to the

flow are shown in Figure D-5.

D3
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~ The general heating dlstrlbutlons on the plate are shown in Flgures D-6,
D-7 and D-8_ In general, 1ncrea31ng sweep resulted in- a decrease in both the
area affected by interference on the flat plate and the magn1tude of the heatlng
rates within this 1nterference reglon. At the high Reynolds number (4.2 x lO ),
where the boundary layer was turbulent, ‘the maximum measured heating rate nearest
the fin (upstream of the fin stagnation line) decreases from approximately twice
the theoretical turbulent flat—plate value at A = 0° to the undisturbed value
at A = 40% (Figure D-6 ). Further 1ncreases in sweep had only a slight effect
on the-heating distribution w1th1n the entire interference reglon. At the
low Reynolds number (2.5 x 10 )N the boundary layer remained laminar outside
the. fin interference region.. However, within the interference region the heating
rates at the lower sweep angles were of approx1mately the same magnitude as those
obtalned at the high Reynolds number, 1nd1cat1ng the transitional or turbulent
flow (Flgure D-8).‘ Due to the apparent transitional flow in this region, the
effects of sweep are‘significant on the flat-plate heating rates in the

vicinity of the fin throughout the tested range of sweep.

D4



 NORTHROP L w2

,Diémetef of Leading

HUNTSVILLE
COMPARISON WITH MSFC BOOSTER REENTRY STUDY .
S : : MSFC Booster FuselageL
Price, et. al. (Ref 8) Wing Juncture (Angle of
R o " Attack = 12.5°)
Mo | 3.51, 4.44 R 3.6

“Edge, d (ft) | 0.72/12 - 3.4/12 1%
R, . : .. 25 x 10° < 42 x.10° - 1 x 10° - 14 x 10°
‘A (degrees) - . . | 0 -69 '_."; . 52
. ﬂax h/ho | _
Fin = . 1.5 (h = 12.87°,
and d = 3.5 inches,
Figure D-2)
Plate .. . . 1 (A= 50° and 60°,

and turbulent boundary
layer, Figure D-6)

"4 (A =-50° and 60°;
and. laminar boundary
layer, Figure D-8)

#*4ssumed wing leading edge diamétér .
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M_ = 3.51, 4.44

L

V

_ . . . : . 39
'Mm = 3.51, 4;44 ‘ 4 *VW :
. - .

T -

FLAT
c - PLATE

~ FIXED FINS:

12.87°
0.75", 2.00", 3.50"

a =
H

VARIABLE-SWEEP FIN:

A =0° ~ 69°
d = 0.25"

R (per foot) =_2;5 (106) ~ 4.2 (106)

Figure D-1. .TEST CONFIGURATIONS
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1 —_——— - - - ® ®
| @& 0900 00000000 §q @
0 © o d = 0.75 inch '
| o= — _— '

oL

A I © 0 00008000 00 8.

d = 2.00 inches
0
2__.
k o] 049‘0 5o . | |
i o ‘ R 80000 © o
o e
d = 3.50 inches-
0 1 4 ] ] i
. 0 v 0.2 ) ) - 04 06 08‘ 100
—-—Turbulent swept—cyllnder ,
theory -
.Experiment
-0 hs/hL
Ld (h )s/hL
Figure D-2. EFFECT OF LEADING-EDGE DIAMETER ON STAGNATION LINE HEATING
o DISTRIBUTION OF FIXED SWEEP FINS = 3.51; R = 4.2 x 106;
= 12.87° ST '
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l.61
1.2 R S .C‘ h hc >d h
_ o /— orner  Th3y. T(h.). U+ inches
, ! c’s c’s
* . ' - o] © "0.75
sk | | o = 2,00
! ) % , . Lo R 2 3.50
z/b - 0,111
A :
© 8 o 8
SO SN T
0
b
.Br _
_h 3 | -
he ' | ' z/b - 0.333
04— : ) B
| BN .
$ 8 © © °
.8
n _
. ® {z/b = 0,611
A o o
® o0 a 8
j o o
0 44 IB 1 °© ] o 1 1 ' 1 J
s/d [ .2 4 . .6 8 1.0 1.2
XSl

Figure D-3. CHORDWISE HEATING DISTRIBUTION ON. FIXED-SWEEP FINS
_ M= 3.51; R~ 4.2 x 106
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5~
} “— Flow
S |
| d, inches &, inches'._A. deg’
Pa 0.25 0.155 -10.00
3 o o 0,75 6.000 12,87,
0 2.00 6,000 12,87
1 © O 3.50 6.000 12.87
2 o
_ o
it %P8 o0& o o o . ©
R = 2.5 x 106
h ¢ : : :
ho
o]
4b—
©
3...
' ‘o)
: o
u]
2+ '
A
e
- O
1F- oI G’@ 69 & p0 0, O SN
B Rz 4,2 x 106 R | '
0 ] L 1 L ] ] 1 J
o 2 4 6 ' 8 10 12 18. 20
r/d L :
(a) M=3.51.

Figure D-4." EFFECT OF FIN LEADING-EDGE DIAMETER AND BOUNDARY-LAYER THICKNESS ON
| ADJACENT-SURFACE HEATING DISTRIBUTION UPSTREAM OF FIN STAGNATION LINE
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_Figure D-4.

LINE (Conc]uded)

D10

T
o f—Flov
6.—
5..
(e}
4— . .
d, inches &, inches A, deq
o o 0.7 6.000 12.87
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HEAT-TRANSFER AND PRESSURE INVESTIGATION
OF A FIN-PLATE INTERFERENCE MODEL

AT A MACH NUMBER' OF 6

By Robert A. Jones

NASA TN D-2028
July 1964
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A=0

SYMBOLS

heat transfer coefficient

measured local heat transfer coefficient on plate without fin

theoretical heat transfer coefficient at stagnatioh line on an

infinite unswept cylinder at free steam conditions

length of plate

free stream Mach number

-local surface pressure

locgl surface p?essu?e‘on platg without fin.

radius‘of_fig leading edge

Reynolds ﬁumber baéed_onjfreeistfeam‘cgndifiéns andvfin diameter
surface distancelfrom plane as symmetry of fin leadihg edge (Figure-E—l)
distaﬁce from leading edge of platé-

distance along stagnation line of fin measured from plate-fin junction

-yéw angle of fin

sweep angle

E2



NORTHROP w726

HUNTSVILLE

SUMMARY

A 60° swept cylindrical-leading-edge fin mounted.on a sharp flat plate"
was investigated at a Mach number of 6 over'a'range of Reynolds numbers, based

on free-stream condltlons and fin leadlng—edge dlameter, from 0.062 x lO6 to

0.77 x‘106. The plate was: ma1nta1ned at zero angle of attack and the yaw angle
of the fin was varied from O°'to 30°. A relatively weak shock wave wh1ch orig-
inated at the leading edge of the plate 1mp1nged on the leading edge of the fin.

Sketch of the model is shown in Figure E- 1. Heat-transfer rates and pressures
were measured on both the plate and the fin. The measured data on the fin-and

plate are compared w1th values calculated from laminar and turbulent theorles

for ‘an 1uf1n1tely long 60° swept cylinder and undlsturbed plate. Results are

summarized below.

 The heat transfer distributious on the fin surface are shown in Figures
E-2, E-3, and E-4, h is the local experimental heat transfer coefficient and
h, = 0 is the theoretical lamlnar heat transfer coefficient for the stagnatlon

A
line of an unswept cylinder at free stream conditions.

Tests indicated that the flow over a fin leading edge with no interference
was laminar for the Reynolds number range used in the tests. The curves in
Figure E-2 represent a theoretical laminar heat transfer coefficient distribution

on the swept cylinder without interference.

The shock-wave impingement on the leading edge of the fin, -as well as
dother fin-plate interference effects, caused increases in heat transfer to the
leadlng edge of the fin of approx1mately one to three times the calculated
laminar values (the ratios of data points to the curve value at S/R = O in
" Figure E-2), dependlng on the Reynolds number. The increase was largest at the

highest Reynolds number.

Comparisons of the data with values calculated by assuming a turbulent
boundary'layer_indicated that the primary effect of the shock-wave impingement,
as well as other inference effects, was to promote transition to turbulent

flow and that oalculated values based on the assumption. of turbulent flow might

E3
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‘be used as an upper limit for estimating the heat-transfer rates to the fin

.leading edge.

t Pressures and heat-transfer coefficients higher than flat-plate theo-
retical values were measured on the plate (Figure E-5). The highest heat-
transfer :ates appeared to be for locations near the impingement of the fin
"shock wave. These high heat-transfer rates occurred at all free-stream Reynolds
numbers and the maximum values were conéiderably above those calculated from
turbulent flat—pla;e theory based on conditions corresponding to the measured

"local pressure.
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COMPARISON WITH MSFC BOOSTER REENTRY STUDY

MSFC Booster Fuselage/
Wing Juncture (Angle of

Jones (Ref 9) Attack = 12.5°)
M ' _ : 6 - 3-6
Cylinder Diameter, D(ft) S 1.06/12 - o 1%
R, . ©0.62 x 10° - 1x 10° - 14 x 10°
g : ' : 7.7 x 103
A o 60 52
Max. hv(with interference)
‘ (without interference) v
Fin L ~ 1 (low R, D*
. .9
Figure E-2)
3 (hlgh Rw’Dg
Figure E-2)
Plate ' _ ' 8 (B = 15°,
. ' : Figure E-5)

| fAséumed Qing leading edge diameter
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HEAT-TRANSFER DISTRIBUTION ON FIN (WINDWARD SIDE) (Continued)
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Figure E-2.
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EFFECT OF SHOCK IMPINGEMENT
ON. THE DISTRIBUTION OF HEAT-TRANSFER COEFFICIENTS
ON A RIGHT CIRCULAR CYLINDER AT MACH NUMBERS

OF 2.65, 3.51, and 4.44

By Robert A. Newlander

NASA TN D-642
January 1961
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SYMBOLS

d - diameter of cylinder
h - measured heat transfer coefficient with protuberance
h, - theoretlcal heat transfer coeff1c1ent for lamlnar flow on cyllnder

of infinite length

h - measured hégt transfer'coeffiéienf of*flat:plate along
M . -~ free sﬁream Mach'number.

R".— Reygolds humber pef_fqé;

X - distance‘along longitudinal aiié (Figﬁfélli

Y - disténce frém iohgitﬁdinal éxis (Figure l)

Z - vertical distahce from flat pla;e

8 - boundary léyer thickness

¢ .- circumferential angle
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The

on a flat

SUMMARY

heat-transfer distribution on-a wedge and cylinder combination mounted

plate has been determined at Mach numbers from 2.65 to 4.44 and Reynolds

numbers pér foot from 1.27 x lO6 to 4.50 x'-106 in boundary—layer thicknesses

of 6 inches and 0.6 inch. Test model is shown in Figure 1 and the results are

summarized as below:

When an oblique shock and a cylinder bow shock interact, the resulting
vortex flow that impinges on the cylinder causes high heating in the
area of impingement. The maximum value of heat transfer that occurred
on the stagnation line of the cylinder was 3 times the laminar the-
oretical value for cylinders of infinite length at a Mach number of
4.44 and 1-1/2 times the laminar theoretical value for cylinders of

infinite length at a Mach number of 2.65-in a boundary layer of 0.6

inch (Figure 2b).

For a boundary layer of 6:inches; the maximum heat-transfer coefficient
on the cylinder was réduced to.1-1/2 times the shock-free flow heat-
transfer coefficient at a Mach number of 4.44 (Figure 2a).

The cause of the lower heating rates on the cylinder with 6-inch boundary
layer on the plate is hypothesized that the 6-inch boundary layer on

the plate displaces the wedge shock outward from the plate and. no

shock interaction occ¢urs with the cylinder. However, a secondary shock
pattern resulting from the interaction of the cylindrical bow shock

with the boundary layer produces a rise in local heat transfer on the
cylinder similar to that noted in Reference 5. ' '

'For the thinner boundary layer case (§ = 0.6 inch), two distinct

regions of the high heating occur on the cylinder as shown in Figure
2b. The upper region is the direct result of the oblique shock gene-
rating from the wedge. The lower region of the elevated heat trans-
fer can be due to the following hypothetical flow. The high pressure
behind the cylinder bow shock feeds upstream into the subsonic region
of the detached flow at the back of the wedge. The resulting pressure

differential between this subsonic region and the region behind the

oblique shock causes a compression shock and therefore a regiom of
high heating on the lower portion of the cylinder. As the Mach
number increases, the combination of an increase in pressure behind
the cylinder bow shock together with a decrease .in the secondary
shock angle results in approximately the same impingement point for

. all the Mach numbers of this investigation. The heat transfer in the

area of the secondary shock is of the same magnitude as the heat
transfer in the area affected by the primary shock from the wedge.
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e On the adjacent flat-plate surface, the proximity of the cylinder to
the downstream face of the wedge results in heating rates in the wake
of the wedge 10 times the undisturbed flat-plate value at a Mach
‘number of 4.44 for a boundary-layer thickness of 0.6 inch (Figure 3b).
‘When this boundary layer was increased by a factor of 10, the maximum
heating rate was reduced by 25 peércent (Figure 4).

° The heat transfer distributions on the flat plate are shown in Figures
3a and 4a. ‘ :



=1.27 x 10° - 4.50 x 10° (per foot)
M =2.65 - 4.44 |
§ = 0.6" and 6.0"
2.8 inches
N o
x
\ 12 inches
. H NYAS i o . ’
CAIR FLOW ~ e 2.5‘|nch’ei—s‘~“l\\‘/——3.82 inches
- 16 /4M /‘” : -Flat-plate surface
ALY ] :\-\\‘ v /_ .
7 T - |
Side view e CL -
‘ 5 eret 1: 1
"+ indicates thermocouple location :
+ 1 T + + r +
_.',
________ + + + o
r- 1 + ©
. . | A + + o
’ ! i + + he
| | IS IR .
@y + I+ 4 I( &:+ + o+ + + o+ + o+ 4+
L E i | ~_7
=X R AR R S T AN
. R S '
+
+ 0t +
+ -+ . + + .*. + 'f’ + + + + _f' +
+ +
+ +
+
T Top view

“Figure 1. DRAWING OF THERMOCOUPLE AND MODEL LOCATION ON FLAT PLATE -
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(b) Effect of Mach number aldng the center_lineé ‘R = 2.76 k,106.

- . Figure 3. .FLAT—PLATE HEAT TRANSFER s = 0.6 INCH ;
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 Figure 4. FLAT-PLATE HEAT TRANSFER & = 6 INCHES
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HEAT-TRANSFER AND PRESSURE MEASUREMENTS ON A FLAT-PLATE
SURFACE AND HEAT-TRANSFER MEASUREMENTS ON ATTACHED -
PROTUBERANCES IN A SUPERSONIC TURBULENT
'BOUNDARY LAYER AT MACN NUMBERS

OF 2.65, 3.51, and &.44

By Paige B. Burbank, Robert A. Newlander, and Ida K. Collins

NASA TN D-1372
December 1962
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_ SYMBOLS

d - aiaﬁeger of cyliﬁder ;

h - measured heat traﬁsfer cqefficignt‘

hL -~ theoretical heat transfer coefficient,for laminar flow as infinite
cy;inder ' '

ho - heasured heat*transfef coefficient én flaté_plate alone

M - fféé_étream'Mach number

R | - Reygolds pumber pg?.foot

X - distance éiong plate longitudinal.axié‘(Figure 58).

Y ._'—.distanée frbm platg longitudinal'akis‘(Figure 58)

z } - ver;iga; Qistance ffqm plate

$ ‘—kboundafy layerlthickpess

o - cigcumferential anglg

BNC2



SUMMARY

The influence of surface projections, both totally and partially
imrersed in a turbulent boundary layer, on the distribution of heat-
tronsfer coefficients has been determined on 20 configuraticns. Sur-
face projections cause separations of the local flow; the extent of
hese separations both upstream and downstream and the magnitude of the

iuLtﬂﬁu interference heat-transfer coefficients are dependent upon the
17e and crose-seculoniL shape of the projection, Mach number, Reynolds
mumber, and boundary-layer thickness. The configurations of this inves-
t'<-a‘on include both three-dimensional simple shapes and hardware-type
configurations tested on a flat plate with a turbulent-boundary-layer-
titickness variation of approximately 10 to 1. The extent of the inter-
ferance regicn can be defined by static-pressure measurements, oil-flow
technigue, or by heat-transfer measurements. :

Tne windward heating rates increase-with decreasing boundary-layer
ckness., A maximum value occurs when the projection height is equal
Lo or greater than the boundary-layer thickness. The effects of Mach
numver and Reynolds number are confined to the immediate vicinity of
~he windward face of the projection. The magnitude of interference
nexting expressed as the ratio (at a particular thermocouple) of the
neat-transfer coefficient with a protuberance to the heat-transfer coef-
ficient without a protuberance increases with decreasing Reynolds num-
wer and increasing Mach number.

Interference heating in the viecinity of swept cylindrical projec-
vions depends.upon direction of sweep (forward or back); for example,
L 'yllnd swept back 45° has an interference heating rate 2.07 times
Wit of the undisturbed flat plat at 0° sweep an. interference heating
G-ﬁﬁ times that of the flat plate, and swept forward #5° an interference

heating 11.1h4 times that of the undisturbed flat plate. On the cylin-
drical projection the lambda-footed bow shock causes a localized region
‘of high heating. The location of this region is dependent upon the
free-stream Mach number, boundary-layer thickness, and the ratio of
cylinder diasmeter to boundary-layer thickness. ZExcept for the sweptback
cylinder the stagnation-line heating rates outside the interference region
are predictable by existing theory. The flat-plate boundary layer on the
sweptback cylinder increases the stagnation heat-transfer coefficients.

4

"Location of a prdtuberance in the influence of another protuberance
can cause large variation in the interference heating distribution. The
most critical locatlon is in the vicinity of the upstream projection
shocks,

In the wake of a projection placed immediately behind another pro-
jection the heating rates are negligible. Further downstream, the wake
heat-transfer distribution is greater than that in the undisturbed flow.
Cylinders mounted in the wake of other progcctnong and alined with the
fiow so that the space between cylinder wall and flat-plate surface is
less than 0.0l of the boundary-layer thickness still have heating rates
higher than those of the undisturbed region.
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SYMBOLS
D - leading edge diameter

- maximum heat transfer coefficient

max
hl' = undisturbed heat trapsfer coeffigient
Mm' - free stream Mach number
R D " Reynolds number based on free stream conditions and leading edge
i diameter :
X, - diétagceAalqng leading edge
A - distance along leading edge‘from cylinder root to vontex-sheet impingement
A - sweep agglé
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SUMMARY

An investigation was conducted at a Mach number of 8 to determine the

effects of stagnation-line heat transfer of shock impingement. The tests were

conducted

with an unswept cylinder. A.flat'plate inclined at an angle of 12°

to the flow was used as the shock generator. The cylinder was separated from

the shock

generator to eliminate the effects of flow separation in the root

region. Sketch of the test model is shown in Figure 1. Results are summarized

as below:

A local peak in heating that was about twice the undisturbed heating
level was observed in the stagnation region of the cylinder where a
vortex sheet impinged on the leading edge. The vortex sheet originated
at the intersection of the plate and cylinder shocks. Comparison of
these data with previous measurements on similar configurations indicates

- that the magnitude of the peak in heating depends on the proximity of

the shock impingement to the tip or root region in which the attacked
leading~edge boundary layer first develops. On the basis of this com-~
parison and additional tests in which the shock impingement occurred
close to the tip of the cylinder, it is concluded that for leading edges
at small sweep angles, shock impingement occurring far from the root of
the leading edge causes only moderate increases in heating. If impinge-

.ment occurs near the root of the leading edge, factors of the order of up

to 10 times the undisturbed heating level are possible (Figure 2). .

The tip effect as discussed above is probably, ‘at least in part, due

to the occurrence of shock impingement closer to the tip where the bow-
shock-layer thickness decreases, and therefore the distance from the
origin of the vortex sheet to the impingement region on the leading edge
is reduced. Hence the distance over which the vortex sheet grows and
diffuses into a mixing layer is smaller.
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CYLINDER SHOCK N

' UNSWEPT CYLINDER

BN wEDGE/
, \gcgq,ﬁ : /
’
_41’ ;
R.,D = 1.8 x 10°
~ D=1 inch
A= 0°

Figure 1. SKETCH OF TEST MODEL
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IMPINGEMENT ON A BLUNT LEADING EDGE

By A. D. Ray and R. L. Palko -
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SYMBOLS
hs - leading edge heat transfer coefficient with shock impingement
hoy - leading edge heat transfer>coefficient without shock impingement
M - frée'stréaﬁ Mach number
PS. ' - leading e@ge pressure with short impingement
PSN : - leading edge pressure without short impingemen;
Re . - free stream Reynglds number
X .- distance along leading edge (Figufé 1)
5 - =~ angle between shock generator surface and free stream flow
_ A e swéep apgle
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'SUMMARY

Tests were conducted at hypersonlc Mach numbers on 'a blunt leadlng edge
model both with and without an impinging shock. The effects of Reynolds number,
‘Mach number, . leading edge sweep angle, and impinging shock strength on ﬁhe
. temperature and pressure distribution for the leading edge were determined.

The tests were conducted at nominal Mach numbers of 6, 8, and 10 at unit Reynolds
vnumbers of 0.58 x 106 to 3.55 x lO6 per foot with a sweep angle range of 0 to
75 deérees. The test model détails are given in Figure 1. Selected results

| which show the effect of sweep angle at Mach 6 and 10 are presented in Figﬁres

-2 and 3. Pressure’aﬂd heat—transfep coefficiénts in the presence of an impinging

shock, Pg and hé,.have been ratioed to the values Pys and hNS’ obtained with

the blunt. nose configuration without an impinging shock.

The data show the effect of varylng leading edge sweep angle on the ampli-
;flcatlon of local pressure and heat-transfer coefficients resultlng from shock -
interaction’ for a shock generator angle of 10 degrees relative to the free-
stream flow direction. Data for other shock.generator angles had similar trends.
Two distinct types of shock interaction were observed. At both Mach 6 and 10,
the boundary layer on the shock generator plate separated when the angle between
<vthe plate and. the leading edge was less than approximately 120 degrees. When
this angle was greater than 120 degrees, no separation was noted. -Shadeowgraphs
showing these two cases are presented in Figure 6 of the original paper. With
a shock generator angle of 10 degrees separation existed for sweep angles of
~ 20 degrees of less, and the increased intensity of the pressure and heat transfer
at these angles are shown in Figures 2 and 3. A comparison of Figures 2 and 3
 indicates that as Mach nﬁmber is increased, the shock induced pressures and heat-
transfer rates increase in magnitude but occur 6ver a smaller region on the

- leading edge.
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1.00 inch

Hemicylindrical
Leading Edge

‘\\\\Shock Generator

5= 0° - 60°

Figﬁre 1. TEST CONFIGURATION-SHOCK 'GENERATOR AND HEMICYLINDRICAL
- LEADING EDGE
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EFFECT OF SHOCK IMPINGEMENT ON THE HEAT TRANSFER.
. _AND PRESSURE DISTRIBUTIONS ON A CYLINDRICAL LEADING
EDGE MODEL AT MACH NUMBER 19

By L. G. Siler and H. E. Deskins
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(1)

Re Co-
00

INa -

' SYMBOLS

‘- length of leading edge

free stream Mach number
local pressure on model

total pressure behind normal shock in test section

local heat transfer rate on model

stagnation heat transfer rate on unyawed and unswept 2—1nch d1ameter

~ hemicylinder

free stream Reynolds number per inch’

distance from shock generator leading edge to 1ntersect10n of leadlng
edge and plate

-distance along leading edge of model from model base

distance along leading edge of model from model base to intersection
of shock (Flgure 3)

distance along 1ead1ng edge of model from 1ntersect10n of shock generator
plate and model. leading edge :

shock generator deflection angle
angular. location of sensor referenced to leading edge centerline

leading edge sweep angle
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SUMMARY

Pressure and heat-transfer measurements on a cylindricalAleading—edge

model with and without the influence of an impinging shock wave were made at

about Mach number 19 and Reynolds number of approximately 24,000 per inch. The

configuration was evaluated through a sweep range from O to 75 degrees while

varying_the-shock generator angle from O to 40 degrees. Two cylindrical leading

edge models identical in overall dimensions were used for measuring pressure

and heating rates. Sketches of the test models are shown in Figures 1 and 2.

Test results are summarized as follows:

The'locatiqn of the shock-wave impingement point is shown in Figure 3
for each model sweep angle and generator deflection angle.

The pressure and heat-transfer distributions were measured over the
cylindrical-leading-edge model, with the nose fairing attached,
through a sweep range from 0 to 75 degrees. Typical variations

of pressure and heat-transfer with sweep angle are shown in Figure 4.
The measured pressures on the leading edge are compared to.a Newtonian

.distribution whereas the heat-transfer-leading-edge data  are compared

to the theoretical distribution of Reshotko and Beckwith (Reference 6).
Excellent agreement is noted for both the leading-edge pressure and
heat-transfer data with theory, as shown in Figure 4.

The effect of an impinging shock on the pressure and heat-transfer
distribution over the cylindrical-leading-edge model (A = 30 degrees)
is shown in Figure 5 for a shock generator deflection angle of § = 0
degrees . The basic model data with no shock generator are shown. for
comparison purposes. Note that the shock wave impingement on the
leading edge caused peak increases in the pressure and heat-transfer
data of approximately three times the basic model data. However, as
noted by Jones (Reference 7), the increased pressure and heating rates
are probably caused by a combination of the shock wave impingement
and mutual interference between the leading-edge model and shock
generator, causing the peak values to occur inboard of the shock
impingement point.

4Shadowgraph of the model and shock generator at a sweep angle of O

degree and a shock generator deflection angle of 20 degrees shows
secondary shocks in the area of the junction between the plate and
leading-edge shock waves, as well as flow separation. The pressure
and heat-transfer distributions for this conflguratlon are shown

in Figure 6 with a max. q/q(I) of about 5.
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. While holding the shock generator deflection angle constant at 0 degrees
and varying the sweep angle, the pressure and heat-transfer distributions
on the leading edge varied as shown in Figure 7. The distance, Ay ,

was measured from the plate-model intersection along the model leading
edge.
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1.00 inch -

Hemicy]indki¢a1
Leading Edge

‘\\\\ShOCk Generator

| Figure 1. TEST CONFIGURATION-SHOCK GENERATOR AND HEMICYLINDRICAL
- LEADING EDGE - e :
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MEASUREMENTS OF SHOCK-IMPINGEMENT EFFECTS ON THE
HEAT-TRANSFER AND PRESSURE DISTRIBUTIONS ON A
HEMICYLINDER MODEL AT MACH NUMBER 19

By E. C. Knox
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SYMBOLS
M - free stream Machbnumber
P : - local pressure on model
P, - test section pitot pressure
Pref ~ local pressure on model without shock.gener;tor
g - 1oéal head tranéfgr rate gn mbdel
do - sFagnaFion hga; transfer rate on Z—incﬁ diémeter hemisphere¥cylinder
qo(l) - inferred stagnation heat transfer rate on unyawed aﬁd unswept 2-inch

diameter hemicylinder

Re =~ - free stream unit Reynolds_numbef:
Y - distance along hemicylinder leading edge (Figure 1)
A - sweep angle

(o)
1

shock generator flow deflection angle
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The

SUMMARY

effects of leading-edge sweep'angleAand impinging shock strength on

the pressure and heat-—transfer distributions on a 2-inch diameter hemicylindrical

leading edge were studied. The tests were conducted at a nominal free-stream

Mach number of 19 and unit Reynolds number of 300,000 per foot. Test model is

_shown in Figure 1. Results are summarized as below:

Typical pressure distributions are shown in Figure 2 for a shock-
generator angle of 10 degrees and several leading-edge sweep angles. -
With the exception of the-distribution for the unswept case, all
distributions have marked similarities. -

Whenever the leading edge was unswept the flow on the shock generator
surface was separated, except for. the 6§ = 40-degree case. The pressure
and heat-transfer distributions for § = 20 and § = 40 degrees with the
unswept cylinder are shown in Figure 3. The different character of the

distributions for & = 40 degrees . (unseparated flow) is readily noted.

As shown in Figure 3, max. §/3(I) values of 5 and 3 were recorded for the
case of 8 = 20 (with separation) and § = 40 (without separation)
respectively. '

- Comparison of the pressure and heat-transfer distributions for

§ = 20 degrees in Figure 3 shows almost a-direct relationship,
whereas, the heat-transfer distribution for § = 40 degree is
notably different from the corresponding pressure distribution.

- The oscillations observed in the heat-transfer distribution for

8§ =40 degrees are attributed to the interaction of the impinging
and bow shock waves.

Utilizing some of the results presented in Reference 2 with the

. present results, a qualitative assessment of the effect of Mach..

‘number is shown in Figure 4 for Mach numbers of 6, 10 and 19 and

A = 40 degrees, § = 10 degrees. The Reference 2 data are presented
as the ratio of the measured pressure with shock-wave impingement
to the measured pressure for the swept cylinder without shock-wave
impingement. Similar measurements for the swept cylinder without
shock-waye impingement at Mach 19 were not obtained, so an inferred
value (p; cos4 A) was used to reference the data at Mach 19. Com-
parison of the pressure distribution in Figure 4 shows that the
recovery pressure at Mach 19 is approximately double that obtained
at Mach 6 but with an attendant decrease in the breadth of its
influence along the leading edge. As the recovery pressure increases
with increasing Mach number, the region of influence decreases

because of larger inclination of the impinging shock wave.
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i FINAL REPORT

ANALYSIS OF THE SHOCK-IMPINGEMENT AND FLOW BETWEEN
THE SPACE SHUTTLE ORBITER AND BOOSTER

James C. Williams, III



' Section I

INTRODUCTION

It is well known that high heating rates occur in the vicinity of the
pbints where shock waves impinge on either the orbiter or the booster in the
w gab region between the tw& bodies. It is further known that the maximum rate
of heat‘transfer in the vicinity of shock impingement is closely relafed to
the strength'of the impinginglshock (ref. 1). The purpose of the proposéd study
was, then, to determine the location and strength éf the impinging shocks in the

gap region between the mated orbiter and booster.

' It was recognized that any analysis of the flowfield betwéen the orbiter
,and,booster would be extremely complicated. The study was, therefore, limited
to an analysis of the flow in thebpiane of éymmetry of tﬁe two bodies where it
might be pbssible to perform'a quasi-two-dimensional f16W'analysis. The analysis
which resulted, shows that in the'plane-of symmetry it is possible to cast the
'equations of motion in a qﬁasi-twd—dimensioﬁal form. This analysis is presented

in Section II.

Once it was established that the equations of motion in the plane of
symmetry could be cast in a quasi—two-dimensiohal fbrm, it was necessary to
decide on a solution technique for the equations of motion. A short survey of
available technidues indicated that it was not possible, without a very extensive
study, to solve even the quasi-two-dimensional equations of motion for the gap

.region. The most logical method of solution, the method of charaéterisfics,
is apparently not developed to the point where flows with.interaéting shock

waves can be handled conveniently.

_ Regretably, then, it was necessary to abandon the idea of using a qdasi—
two-dimensional aﬁalysis to determine the location of shock impingement in
the‘gap region. It is.clear, however, that the exact impingement location
could be obtained by other means, say from schlieren or shadowgraph photo-
graphs taken of the orbiter-booster model tested in a wind tunnel. This fact
raises the question as to whether or not the pressure rise and other flow

characteristics associated with a shock impingement can also be determined from
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schlieren or shadowgraph pictures. Section III of this report addresses itself’
to this question. It is shown that if accurate measurements.of the impinging
and reflected shock wave angles can be made from high resolution schlieren or
shédowgraph pictures it is possible to détermine uniqﬁeiy the flowfield
paramefers in the vicinity of the shock impihgement. It is, therefore, possible
to determine from schlieren or éﬁadowgtapb pictures not only the location of
shock impingement, but also the flowfield characteristics necessary to estimate

the increase in heat transfer rate due to impingement.



Section'II

QUASI-TWO-DIMENSIONAL ANALYSIS OF
THE FLOW IN THE PLANE OF SYMMETRY

As mentioned previously, the first phase of tHe presént study involved
determining whether or not a quasi;ﬁwofdimensional analysis of the flowfield,
in the plane of symmetry bétween the orbiter and Booster,fis possible. 1In the
following paragraphs it is shown that the equations of motion can be put into

a form suitable for a quasi-two-dimensional analysis.

Consider the motion of an inviscid,.compressible gas in a rectangular
coordinate system (x, y, z) where the velocity components.are (u, v, w)
respecfively, (Figure 1). If the Xy pléne is taken as the plane of symmetry,
then in the plane of symmetry w = 0 and the.equations of continuity, x and y :

momentum and energy are respectively:

dpu + 3gy,+ Ipw -

©9x ay bz - ’
au, au) 2 | S
p {f ax T Voy[ T " ax o - o N
v 2wl 2 | ‘
. {} v, s T - _ : :(3?
| sh, 30\ _  dp . _dp | |
o '{u»ax TV Tt T Ve | | | N
y ORBITER
//I/IIIII//////////IIIIIIIIIIII///-/
= X

.IIIIIIIIfIIIILIIIIIIIIIIIIIIIIIIIIIII”II
I

BOOSTER

Figure 1.
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Here p is the pressure; p is the density and h is the enthalpy of the gas.

It is of pafticular interest to note that except for the term g%ﬂ in the
continuity equation, these equations are identical in form with. the equations
of motion for two—dimensional motion. Thus, if‘some convenient method can be
found fof expressing the term %%Q'in terms of known fuanions of the other
variables, then é quasi-two-dimensional analysis of the problem is possible.
In the present analysis, this term will be expressed in terms of the average

x component of velocity and the geometry of the gap between the orbiter and

booster.

Consider the element of the flowfield bound by two planes parallel to the
plane of symmetry and located a distance Az on either side of it, two planes
normal to the x axis and a distance Ax apart, the upper'surfacevof the booster,

and the lower surface of the orbiter (Figure 2).

| PLANE OF SYMMETRY
ORBITER

BODY f-\\\\\\\\;

BOOSTER BODY | ’/’—’;;;,,/fzf
Figuré 2.

Now‘COnsidér the mass flow into and out of the element of volume shown
in Figure 2 and resketched in Figure 3. It will now be assumed that pw is
independent of y. .The difference between the mass'fIOW'entering through the -

- —_ 5T ) dA
front face, pu A and that exiting through the rear face (pu + %%E'Ax) : <A + ax Ax)
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Figure 3.

must be equal to the mass flow out through,thé two side faces, 2 pw.As where
As is the area of the side_face. Thus, for the. element of Volumé, mass flow

into volume = mass flow out of volume. Therefore one has

wa-(r+irua - (a+dd wa
pu A = (pu f ax PU A%) (A + 9% Ax) + 20w A . (5).
where pu is the average mass fiQWrate in the x direction and the factor of two
on the right hand side of equation (5) comes from the fact that there are two

side faces (one on either side of the plane of symmetry) each with a mass flow-

rate pw (per unit area).

Expanding equatlon (5) and neglectlng the higher order terms (wh1ch have

a coefflcient Ax ) one obtains:

v — dA d — . ) : :
0 = pu I Ax + A Ax Ix Pu + 2.pw_A.s _ N (6)

Now - from the geometry of the front fact (Figure 4) note:

yo + (yo + _—Bz Az)
2

e

2 Y, Az

2-3



L9 |

Figufe 4.

where y is the distance between the orbiter and the booster at the station
in question so that y_ = yo(X). Similarly, the area of the side force is given

by
A = yo' Ax
With these approximations equation 6 becomes

d —
2 pwly, Ax] = - == {2 v, pul Ax Az _ )

Finally, note that since w = 0 at the plane of symmetry, the value of pw (a

distance Az from the plane of symmetry) becomes, using a Taylor series expansion

Ipw 2
pwlAz = 5%*‘ Az + (az™)
z=0

Introducing this result into equation (7) one obtains

dpuwy I —
Sy o Az Yo A* g (yo pu) Az Ax
or
Spw _ _ 1 d — o :
Ne y_ dx (y, o) - . 7 (8)
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Employing this result in equation (1), one obtains

" or

where

dpu + sgpv 1
ax y

oy o (yo pu) =0 .

.1 d —
t =3 dx’(yo pu)

o) .

Now the flowfield in the plane of symmeﬁry may be solved as a quasi-two-

dimensional flowfield in the following manner:

1.

Solve the flowfield between the orbiter and booster in.the plane of

-symmetry as a strictly two-dimensional flow problem, i.e., assuming

¢ = 0, solve equations (2), (3), (4) and (9).
Evaluate-;l, the first iteration of 7, using the results of step 1.

Use ;5 to resolve equations (2), (3), (4) and (9) for a new flowfield.
From this flowfield calculate a new [ and Z. Using ) solve the
flowfield again..

. Repeat step 3 as many times as necessary until a converged value of
‘¢ is obtained. At this time one should have a reasonable approximation
_for the flowfield. . . _ :



Section III

SHOCK IMPINGEMENT FLOWFIELD PROPERTIES FROM SCHLIEREN
PHOTOGRAPHS OR SHADOWGRAPHS

The.énalysis presented in the previous section would appeaf to present
a logical method for obtaining an appfoximateféolution for the flowfield between
the orbiter and booster. The difficulty lies in the fact that there are no
solution techniques for the problem as outlined above. The most logical method,
the method of éharactefistics, is apparently not developed to the point where
it may be used on flow fields with multiple interacting shock waves such as
occur between the orbiter and booster. It is necgsséry then to seek an alternate
"methqd:of obtaining.the desired information, i.e., the location and strength
of the shock waves impinging on the orbiter and booster in the gép region. The
location of the shock impingement points‘may be obtained from séhlieren |
photographs and there appear to be many of these available. What about the
shock wave strength and flow characteristics near the impingement points? 1In
this section it is shown that if the angles of the iﬁpinging and reflected
' shock waves can be determined accurately one can déterminé, from these angles,
the necessary information concerning the flowfield in the vicinity of the shock

‘impingement.'

Conéidef the shock wave W impingiﬁg on the_body, DBE, at point B. The
_wavé, R, is reflected from the Body, also at point B. A-B-C is the local
.tangent to the body at point B. The body is-asshmed'to have a very large radius.
of curvature at B so that A-B-C and D-B-E almost coincide. The impinging Waye
W ﬁakes an angle 6, with the local body tangent while the reflected wave R

1
makes an angle 6, with the local body tangent (Figure 5).

It should be noted that in the plane of symmetry, since w = 0, the two
dimensional shock wave relations are valid. The shock wave relations are true
even in the more general case of two and three dimensional curved shock waves.
(See reference 2, page 559.) The Mach numbers M1 and M2 are related then by’
(ref. 3) ' '

. 2
: sin” 0 —4(M2s1n2-9-~1)(yM sin 6. + 1) .
: 1 - 1 1 1 1 1
My = —7 2 ' 7 2 - 4o
[2 v My sin 61 - G-I -1 Mi sin 61 + 2]

(y + l)2 M 4




Figure 5.

while the angle through which the flow .is deflected in passing through the
shock wave, 61 is related to Ml by S S

1
2 L 2
2 + M1 (v +1-2 sin 61)

2 .2
2 Cot 8 (Ml sin 61 - 1)

TAN. 6, =

1 (1D

The flow in region 2 with Mach humber.M sees a shock wave (the reflected

2
wave) .which has a shock angle, with respect to the flow in region 2, of

6. + &6,. Thus M

2 1 and M, are related by

2 3

2 4 .2 2 .2 2 oin?

.2 (v - DMy sing (B 4+ 8,) - 4(0M, " sin (6, 4 8;) - DM, v sin® (6, + &)+ 1)
= - 2 - 2 : 2 . 2

3 (2 y M,” sin™ (6, + 6)) - (v - })][(Y - }) M,” sin” (8, + 6;) +.2]

2

(12)
while the angle through which the flow is deflected in passing through the
reflected shock wave is given by '

2 Cot (62 + 51)(M22 sin2 (62 + 61) - 1)
TAN 62 = 5 3 (13)
' 2 + M2‘ (y + 1 -2 sin (62 + 61)) :

Equations (10), (1), (12), and (13) comprise a éystem of four equations

in five unknowns Ml’ M2, M3, 61 and 62, assuming the wave angles of 61 and 82

3-2



are given. One additional relationship is necéssaryvtp complete the systems
and determine unique values for each of the five variables. The additional
'relatioq necessary comes frdm the fact that the flows before and after the
shock system must be parallel. Thus if the streamlines are turped through an

angle §., by the incident shock wave, they must be turned back through the

l"
same angle by the reflected shock wave. Thus

8§, =68,=38 - : _ (14)
Now there are five equations in fiQe unknowns. Cdmbining equations (11) and
(13) yields ‘ '
' 2 TAN § + 2 Cot (8, + 6)

M, = ——— 5 —3 (15)
2 Cot (62 + &8) sin (62 + 8) -~ TAN S (y +1 - 2 sin (92 + 8))

which when combined with equation (10) yields

2 TAN § + 2 Cot (ez + 6)

PN (M) 5 — 2 '
2 Cot (8, + §) sin (e2 +68) -TAN § (y +1 - 2 sin .(82 + 6))
2 4 . 2 2 2. 2 .2 ‘
vy - 1) Ml sin 61 - 4(Ml sin el - Dy Ml sin el_+ 1 |
2 . - .
[2 v M1 sin2 61 - (v =]l - 1) Ml2 sin2 )

L+ 2]

- 0 - | - . | e . . - (16)‘

In equation (16) & is given in- terms of;Ml'(and el)Aby
. 2 3
2 Cot 61.(M1- sin 61 1)
2+ % (y +'1 - 2 sin” 6.)
M O+ sin” 8

§ = ARC TAN (17)

Once el and 82 are prescribed one can sblve equations (16) and (17)
simultaneously to obtain the value of M

1 which satisfies the prescribed con-

ditions. Once Ml is kﬁown, eqdatiohs (10), (11) and (12) may be solved to

obtain M,, 6§, and M,. Other quantities such as pressure and temperature .
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1,'M2, §, and M
charts or equations (ref. 3).

ratios mhy be found, once M are known, from standard tébles,

3

If equation (17) is inserted in equation (16) and the resulting equation
is fearranged it has some of the characteristics of a 6th‘order polynominal

.in Ml or a 3rd order pblyﬁominal in,Mlz. One might expect then_gix roots,

. three of which'are negative and of no consequence and three of which are
positive. The question arises as to which of the positive roots is correct.
In practice, there is no problem in choosing the correct root since genefally
the two which are not correct give rise to impossible physical situations.
Generally the faise roots show M2 < Ml'and a negative value of 8. This

situation is physiéally impossible.

The analysis developed above has been appiied to a number of test cases
and found to give correct results. It was then applied to two shock impingement
1pdints obtained from a-shadowgraph of the orbiter-booster combination tested
at a freefstréam Mach number of 3.7. The picture from which the wave angles
were measured is shadowgraph No. 25 presented in Figure 27 of reference 4.
Figure 6 is a sketch of the shadowgfaph referred to above indiéating the shock

impingemenf points where the present analysis was applied.

A

LLLLLLLLLL L 24T L4440 7707 07

Figure 6.

The roots-of-equation (16) were obtained by calculating FN(Ml) as a

function of Ml in the range.l j_Ml < 4.0, plotting the results, and determining
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the value of Ml for which FN(Ml) vanishes. Thg éalculations and the listing
for the simple computer program used to make the calculations are attached as’
the Appendix.‘ The curves of FN(Ml) for the two cases are shown in Figﬁre 7.
For point A the Mach number Ml is 3.43 and_for point B the Mach number M1 is
3.02. The remaining properties of the flowfield may be obtained either from
solving equatibnslpreviously presented or frdm standard tables and charts such
as those presented in reference 3. The complete results for points A and B

are shown in Table I.

TABLE I
" RESULTS FOR POINTS A AND B, SHADOWGRAPH NO. 25

POINT A - POINT B

o0 - 27.6° 3o
0, o 20.0° 24.2°
My 3.43 3.02
M, 2.67 2.3
My 200 178
5 12.9° 13.8°

/Py 2.783 o 2.636
p3/Py - 6.36 ~ 5.83

It should be pointed out that accurate computations using the above
" analysis require accurate measurement of the shock wave angles el and 62.
Some error is expected in the results presented herein due -to small scale,

R poor resolution phbtographs from which 61 and 62 were taken.
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FAGE s CSWIV
// JOB T

LOG DRIVE ~ CART SPEC  CART AVAIL PHY DRIVE
0000 - 1004 1004 0000

V2 MO8 ACTUAL 8K CONFIG 8K

// FOR :
#IOCS(CARDy 1132 PRINTER)
*ONE WORD INTEGERS
#L1ST SOURCE PROGRAM
REAL M1oM29M3M2P
ANGL1=ANGLE THETA 1 IN DEGREES
ANGL2=ANGLE THETA 2 IN DEGREES
THET1=ANGLE THETA 1 INRADIANS
THET2=ANGLE THETA 2 INRADIANS
ADELT=ANGLE DELTA IN DEGREES
DELTA=ANGLE DELTA IN RADIANS
M1l=MACH NUMBER IN REGION 1
M2=MACH NUMBER IN REGION 2
M3=MACH NUMBER IN REGION 3
GAM=GAMMA ' ' o
TAND=TANGENT OF DELTA
FNM1=THE FUNCTION OF M1 DEFINED IN TEXT
905 FORMAT(1H o//olOXofSHADOWGRAPH NO 25sPOINT A'y)
ANGL1=2746
ANGL2=20.0
THET1=ANGL1#%0e 01745329
THET2=ANGL2#0+01745329
WRITE(39900)ANGL1 9ANGL2
900 FORMATI{1H1s//» lOXo'THETAl":1E16 By' THETAZ="'y1E164.8)
' WRITE(39905)

WRITE{39901)

901 FORMAT(1H o//ol?Xo'Ml'oléxo'DELTA'ulSXo'MZ'oaéX"MB'olBXo'FNMl' )

GAM=144

Ml-"ioO
.DM1=0410

1 TAND=2¢0#(COS(THETL )/SIN(THETL ) ) #((M1l##*2)#(SIN(THET]1 )##2)=140
11702, O+(Vl**2)*(uAM+1 0 2eCH(SINITHETY )##%21)))

DELTA=ATAN(TAND) ’

ADELT=DELTA70eQ1745329

THET4=THET2+DELTA

COTAN=COS{THET4)/SIN(THET4)

M2=SQRT((2s0#*TAND+240#COTAN) /(24 O*COTAA*(SIN(THETQ )##2 )= TANDH
1(GAM+1s0=2+0#SIN(THETS Y #%2)))

M2P={ ({GAM+L1 o0 ) %42 ) # (M1##4 )% (SIN(THET1 )*#2)-400*((M1**2)* }
l(SIN(THETl YrH2) =140 )* (GAME(MI#%2)#(SIN(THET1 ) ##2)+140))/((2.0%
COAMB(MLIH#2 )R (SINITHETL 1%%#2)=GAM+140)* ({GAM=14C ) (ML #®2) % '

T3(SIN(THET1 1#¥2)+240)) -

FNMl=M2##2=M2P )

M3z=SORTI({ (GAM+1e0) ##2) 3 (M2RHL I K (SIN(THETL ) ##2) =L 0% ( (M2#%2) %
LISIN(THETG I ##2)=140)# (CAM*(M2##2 )% (SIN(THETS )1 #3#2)+140))/((20%
2CAMH* [MZ##2 ) # (SIN(THETSG ) ##2)1=GAM+1e0)#( (GAM=1 40 ) (MZa##2 ) #
S{SIN(THETSG ) #%#2)+240))) o '

WRITE(3s9C2)M1sADELT M2 9M39FNM]

902 FORMATI(1H 910X 9sS(1EL164892X))

IF(M1=540011C»10420

10 M1=M1+DM1
GC 10 1
20 CALL EXIT

AN ARANANARANANANANANANA!



PAZE 2 SWIP
~END
FEATURES SUPPORTED
"ONE WORD INTEGERS
10Cs

CORE REQUIREMENTS FOR | : o
COMMON 0 ' VARIABLES . 58 PROGRAM

END OF COMPILATION

. // XEQ
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FOREWORD

_ This report presents the results of a space shuttle interference heating
analysis performed by Northrop—HuntsVille) The results of this anaiysis is pre-
sented as part of the tasks being performed under Aero-Astrodynamics Laboratory
Contract NAS8-26268. Mr. John Warmbrod is the Contracting Officer's Technicél
' Répreééntétive for the contract. A'nOte of appreciation is due Mr. J. A. Forney

for his assistance in coordinating this task with other study efforts.
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SUMMARY

Interference heating hata for simple geometry fin—flat'pléte models tested
in wind tunnels were compiled and analyzed invorder to predict interference
heating on the space shuttle bboéter_fuselage due to the presence of booster
wingsfor‘canards. - The swept shock wave generating from the wing or canard in-
teracts with the fuselage boundary layer and causes boundary layer separation
and/or transition which in turn causes high heating rates on the fuselage sur-

face.

The thermocouéle measured heating:data, présented as the ratio of inter-’
ference heat transfer coefficients to the undisturbed Values, have been corre-
lated with different flow conditions and model conflguratlons. The- study
results may be summarized as below: o

. Interference,heatlng on the plate increases with fin deflection angle
and fin leading edge diameter. :

e Interference heating on the plate decreases w1th 1ncre351ng fin sweep
angle and cant angle. : .

e The Mach number effect on the plate interference heating is related
~ to boundary layer separation. The high Mach number flow provides a
strong swept shock wave which in turn causes boundary layer separation
on the plate and consequently high heating, whereas no boundary layer
separation occurs for low Mach number cases. In general, the inter-
ference heating effect increases with increasing Mach number.

e The Reynolds number effect on the plate interference heating is related
to boundary-layer transition. For a certain Reynolds number, the
swept shock wave may cause boundary layer transition on plate and con-
sequently a high heating rate, whereas for low Reynolds number flows

" the incoming laminar boundary layer may still remain laminar after

the shock wave. For the case of very high Reynolds number flows, the
incoming boundary layer on the plate is already turbulent and conse-
quently no transition will occur across the. shock wave.

e The. plate heating increase caused by swept-shock/laminar boundary
layer interaction is larger than the case of swept- shock/turbulent—
boundary-layer interaction.

The correlations derived in this study are appllcable to the booster fuse-

lage interference heatlng predlctlon in the ‘presence of wings and canards.

iii
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_ _Section' l
INTRODUCTION

The design of space shuttle systems for operatiOn at supersonic and hyper-
sonic speeds requires an understanding of the intense aerodynamlc heating
generated through the interference of shock waves. This knowledge is of great
importance in the determination of an optimum thermal protection system. Of
the different klnds of shock 1nterference involved in. the shuttle fllght, only
the interference heatlng on booster fuselage due to the presence of booster

wings and canards are con51dered in this study.

Interference heating data (thermocouple measurements, refs. 1 through 8)
with simple geometry fin-flat plate models tested in wiod tunnels were compiled
and analyzed in this study. The heating data have heen correlated with different
flow conditions and model configurations sueh as Mach number; Reynolds number,
fin deflection angle, fin_eweep angle, etc. ‘These correlations are applicable
to the interference heating'prediction on the booster fuselage due to the

presence of wings and canards.

The booster fuselege ahd wing (or canard) can be simulated by a flat plate
and a fih; respectively, as shown in Figure 1. The fins with different de-
’ fleetion'angles.and sweep angles can be either blunt or sharp (wedges). Flat
- plates with sharp leedihg edges were ﬁsed in all the tests and with zero angle-
of—attaok in most of the cases. The swept shock wave generating.from_the.fin
interacts with the flat plate boundary layer as shown in Figure 1 and effects

the plate heating as a result of one of the following sets of conditions:

‘e Low Reynolds Number and Weak-Shock. The approaching boundary layer

- on plate is laminar and remains. laminar after the shock. Separation
doés not occur. Heating on the plate is affected by the flow field
change across the shock.

"o Low Reynolds Number and Strong Shock. The approaching laminar boundary

' ‘layer separates and reattaches in the interaction region. The boundary
layer after the interaction can be either laminar or turbulent. High

heating rates are due to both boundary layer separation and transition.

e Higher Reynolds Number and Weak Shock. The approaching laminar boundary
layer may undergo transition due to shock interference but not neces-
-sarily separate. Heating 1ncreases are due to boundary layer transi-
and flow field change.




NORTHROP o L _TR-921

HUNTSVILLE

e Still Higher Reynolds Number énd Weak Shock. The approaching boundary
layer is turbulent, does not separate, and remains turbulent after the
shock. Heating rates are affected by the flow field change across the
shock. : ) :

e High Reynolds Number and Strong Shock. 'The approaching turbulent
boundary layer separates and remains turbulent after shock. " High
heating is caused by separation.

_ The;above discussion indicates that interference heating on the plate is
caused by one or the combination of any of the follbwihg three mecﬁanisms:
e Boundary layer separation " ; | o
e Boundary layer transition °

e Flow field change across shock wave.

To predict interference heating analytically, the.criteria‘for predicting
boundary layer séparatibn and transition due to shbék interference have to be
available and, unfdrtunately,'no adequate criteria exist at the preseﬁt time.

Assuming that separation does occur, the analytical methods to predict heating
rate in the separation-reattachment region are also very limited due to Ehe
complexity of the problem. At the present time, analytical methods are iimited
to the unswept éhock/boundary layer interaction (twé—dimensional).énd to
laminar flows (refs. 9 'and 10). Much less is known about the swept‘shoék/

. boundary layer interaction (the case considered in this stﬁdy) és'ﬁhe'préblem
is further complicated by the fact that thé Boundary_layef is three-dimensional.
(Reference 11 provides useful definitions of swept shock/and uﬁswépt shock/
boundafy'layer'interactibns)' Consequently an empirical apprbach was chosen in
this .study to correlate existing intérference heating data wifh different flow

conditions and model configurationms.
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Sectionll.
DISCUSSION OF RESULTS

The collected thermocouple test data with fin-flat plate models as listed
in references 1 through 8 have been analyzed and are summarized in Table 1. ‘
The heating data on the flat plate were presented in the form of hi/hu, the
ratio of the interference heat transfer coefficient to the undisturbed value.

" Typical heating distributidns on flat plates are shown in Figures 2 through 5.
The maximum hi/hu-values at different X—locaﬁions on the plate were then chosen
"and correlated with the following flow conditions and model configurations:

e Fin Deflection Angle, § | '

e Fin Sﬁeep Angle, A

° Flaﬁ Plate Angle—df—Attack, o

e Fin Leading Edgé Diameter, D

e Fin Cant Angle, ¢

e Free Stream Mach Number, M,

o Free Stream ngnolds Number, RN

e Boundary Layer_State

e Fin Location on Flat Plate, L

. Thérmocouple Location on Flat Plate, X

e Boundary Layer Ihicknéss, t |

Results of the data correlation are summarized below:

Fin Deflectioﬁ Angie, dv(Figures'6 through 10, 20, and 21):

It is quite clear that peak interference heating on the plate increases
with increasing fin deflection angle. This results since the high fin deflec-
tion angie provides a stronger shock which in turn causes boundary layer

separation -and stronger flow field change across the shock. .

Fin Sweep.Angle, A (Figures 11 through 13):

Figures 11 through 13 show a clear correlation between plate heating and

- fin sweep’anglg. As expected, héating decreases withAincreasihg fin sweep angle.

Flat Plate Angle of Attack, a (Figures 14 and 15):

When the flat plate angle-of-attack is positive, no significant effect

on maximum hi/hu values is observed as shown in Figures 14 and 15.

3
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Fin Leading Edge Diameter, D (Figures 16 and 17)

Interference heating on the'plate increases with fin leading edge diameter
for both the fin with high-deflection angle and low sweep angle (Figure 16)

and the fin with low deflection angle and high sweep angle (Figure 17).

Fin Cant .Angle, ¢ (Figures 18 and 19):

As expected plate 1nterference heatlng decreases with 1ncre331ng fin cant

angle as 1nd1cated in Flgures 18 and 19.

Free Stream Mach Number, M, (Figures 20 through 24):

The effect of Mach’number‘on‘plate’peak_interference heating is not con-
clusive. This is due to the limited heating data and also due to the~fact
that the Mach number effect on interference heating is complicated by boundary
layer separation. It is known that a’high Mach number provides'stronger swept
shock‘wave which in turn causeS'boundaty layer.separation and high heating
whereas no separation is nornally'associated for low Mach number flows. Direct
comparisons between Mach 6 and Mach 8 data for both laminar and turbulent flows
show no Mach number effect (Flgures 20-and 21). The comparisons shown in
Figures 22 and.23 furnish little in dlrect‘comparisons due to the different
flow conditions and model configurations used in different tests as indicated
in these figures. For the caSe.of the unswept cylinder/flat plate model as
shown in Figure 24, the plate interference heating in the region-up-stream of
the cylinder increases with Mach number_whereas the 45-degree swept cylinder
does not have any effect on plate heating with all three Mach numbers. This
is because the unswept cylinder causes flow separation and‘consequently higher

heating on the plate whereas neo separation- occurs for the swept cylinder cases

in the region of measurement.

Free Stream Reynolds Number, R“, and Boundary Layer State (Flgures 9, 12;
25 *Hrough 27): . o

The effect of Reynolds number on interference heating is 1nterre1ated to
'the boundary layer state. The shock wave may cause the laminar boundary layer
to undergo -transition for higher Reynolds number_flows whereas the boundary

layer may still be laminar after the Shockifor lower Reynolds number cases.
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Data in Figure 25 indicate that the.Reynolds number doe’s not have signif-
icant effect on maximum hi/hu for laminar flows. The fact that lower Reynolds
numbers cause higher hi/hu values as indicated in Figures 12 and 26 is due to
difference in boundary layer state. As indicated in both figures, the boundary
layers upstream of the shocks are turbulent for the higher Reynolds number
flows, whereas the boundary layers are laminar for the lower Reynolds number
cases. Why the swept shock wave has less heating effect on turbulent boundary
layer remains to be answered even though speculations have been made by differ-

ent authors (ref. 7, for instance).

The Reynolds number effect as shown in Figure 9 may be explained as follows:

e For low Reynolds number (Ry = 0.7 x 106/ft), the approaching laminar
boundary layer remains laminar after the shock. Interference heating
is caused by boundary layer separation. :

e For intermediate Reynolds number (Ry = 2.38 x 106), the approaching
* laminar boundary layer separates and may also become turbulent. The
combination of separation and transition causes higher heating rates.

"o ‘For high Reynolds number (RN 8.7 x 10 /ft), the interference heating
.~ rates are somewhat lower because the approaching boundary layer is
turbulent. As just discussed, the shock wave has less heating effect
on turbulent boundary layers.

It should be noted that thérmoconple spacings used to obtain heating data-
in Figure 9 are quite large (1 inch as shown in Figures 4 and 5). Some of the

maximum hi/hu values may have been missed in the tests.

Fin and Thermocouple Locations, L and X, and Boundary Layer Thickness, t
(Figgres 6-8, 11, 14, 15, 20, 21, 25, 28-30):

The fin and thermocouple locations on flat plate and the boundary layer
thickness are all interrelated and are, therefore, discussed together in this
section. The maximum h, /h increases with increasing X as shown in Figures

- 6-8, ll 14, 15, 25, and 29 On the other hand, data in Figures 20,. 21, and 28
indicate that_max1mum hi is not significantly effected by X. This can be
explained by comparing Figures 25 and. 28 (both are deduced from the same

original data in ref..7). The maximum hi (or N ) does not vary appre-

ST ,MAX
ciably with X (or Rex) as shown in Figure 28 and the maximum hi/hu increase
with X as shown in Figure 25 is due to the fact that hu decreases With X as
shown oy the solid lines in;Figure 28.

2
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The effects of finvlocatibn (on fhe‘piate) and plété boundéry layer thick-
. ness on interference heating arevimportanf;for shuttle heating studies, since
both the wings énd the canards are located far away from_thé-booster fuselage
nose. 'Unfortunétely, both effects are not known due to theAlimited data‘as '

shown in Figures 29 and 30 which indicate the hi/hu increases with both de-

creasing L and t.

The study results are summarized in Table 2.
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"~ Section I
CONCLUSIONS

The complexity of the swept shock/boundary layer interaction prevents an
analytical approach for predicting interference heating on the flat plate.
An empirical approadh to correlate heating with different flow conditions and

model configurations seems more fruitful.

In this study, heating correlations with different flow c0ndifions and
-model configurations have been madé. Different mechanisms which cause high -
1g rates in the interference fegion were also analyzed in order to have
a better physical understanding. It is expected that, based’onjthis study and
the interference heating data deduced from the MDC/MMC Phase’B.Space Shuttle
Model Tests (refs. 12 and 13), a set ofvempifical equaﬁions may be developed

for reliable interference heating prediction on shuttle booster fuselage.'

It should be noted that test data collected and used in. this study are
limited in the following two respects: " ' ‘

e As indicated in Table 1, most of the available data are laminar whereas
most of the booster fuselage boundary layer during the actual flight
will be turbulent. More turbulentzdata'are needed.

e Most of the data used in this study were taken on models with a fin
located very close to the plate leading edge (i.e., L = O for most
of the cases). This is different from the booster fuselage/wing or
fuselage/canard configurations since both wing and canard are quite
a distance from the fuselage nose. More data are needed to study the
effect of fin location and plate boundary layer thickness on plate
interference heating. :
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INTERFERENCE'HEATING (Ref. 2)
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Figure 23. EFFECT OF MACH NUMBER ON FLAT PLATE PEAK INTERFERENCE HEATING |

(Refs. 2, 4 & 5)
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Figure 24. EFFECT OF MACH NUMBER ON FLAT PLATE CENTER LINE INTERFERENCE
. HEATING (Ref. 6) o
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o Figure 25. EFFECT OF REYNOLDS NUMBER ON FLAT PLATE PEAK INTERFERENCE HEATING
(Ref. 7) (LAMINAR FLOW DATA ONLY)
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Figure 26. COMPARISON OF LAMINAR AND TURBULENT INTERFERENCE HEATING ON FLAT

PLATE (Ref. 7)
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Figure 27.
HEATING (Ref. 6)
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: (Ref. 1)
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Figure 30. EFFECT OF BOUNDARY-LAYER THICKNESS ON THE FLAT PLATE CENTERLINE
INTERFERENCE HEATING (Ref. 6)
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' NORTHROP " .. ..
Northrop Corporation Electro-Mechanical Division Huntsville, Alabama 35807
205/837-0680

8 ‘February 1971

TO: J. A. Forney, S&E-AERO-AT

FROM: . F. T. Hung
SUBJECT: Shock Interference Heating Analysis based on MDC/MMC

Phase B Space Shuttle Model Test Data

REFERENCE: i. Click, P. L. and Schmitt, D. A., "Wind Tunnel Test Results
' ' from the . Thermal Mapping Investigatiou of 0.325% Scale
MDC/MMC Phase B Space Shuttle Vehicles in the NASA/LRC
Mach 8 Variable Density Tunnel and the NASA/LRC 31 Inch
Continuous Flow Hypersonic Tunnel", Martin Marietta Design
Note No., MMC-I-AER0-5002, October 1970. '

_ A study Qas made of the effect of shock interference on MDC/MMC Phase B
Space Shuttle aerodynamic heating. By using the phase change coating test
data of reference 1, the shock interference effects were derived and pre-
sented - as the ratieS'of the shock interference heat transfer-coefficients to

‘the undis;urbed.values, hi/hu' Of the shock interference heating involved in
the shuttle flight as shown in Figure 1, only the areas at the booster (Bl)
eenard/fhselage juncture and between the booster (Bl) and the orbiter (01)
fuselages were considered in this study. The test conditions are listed in

" Table 1. |

Figures 2(a) through 2(d) Ehow the_hi/hu values on the 01 and Bl fuselage
centerlines in the shock interference region. Test data with the 01 or Bl

.ﬁodel aione at 0 degree angle-of-attack were used as hu values.

It is a1$o of interest to have the interference heating data on the 0l and
‘Bl fuselage centerlines'without the presence of a canard as shown in Figures
2(a'),:2(b'), and 2(d'). In this case, the hﬁ values on Bl fuselage without
canard are not available for the entire body. Extrapolation was made based on

Bl and 0l test data at O degree angle-of-attack as shown in Figﬁre 6.



NORTHROP o | M-887
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Figures 3(a) through 3(h') show the interference heating data at the Bl
canard/fuselage juncture with O degree angle~of-attack. Again, the hu values
at higher X/L ratios were obtained by extrapolation. Consequently, both an
approximately constant h value (based on Figures-A265 and A267 of reference 1)
and the extrapolated varlable h values as shown in Figure 6 were used to

generate Figures 3(a) through 3(h) and Figures 3(a") through 3(hY) reSpectively

Figures 4(a) through 4(f) present the interference heating data near the
B1 canard/fuseiage juncture at 30 degrees angle-of-attack. It is noted that
Bl and B2 configurations are'exectly the same except Bl has high wing and low
eanard whereas B2 has low wing and high canard. This indicates that h, /h data
for Bl can easily be derived by combining the Bl and B2 data both with 30

‘degrees angle—of-attack

Flgures 5(a) through 5(e) show the 1nterference heating data near Bl

canard/fuselage juncture at 60 degrees angle—of-attack

The results of this study will be used to correlate interference heating
with test flow conditions. The collected thermbcouple data with.simple geometry

test models will also be used in the data correlation.
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* SHOCK/SHOCK INTERACTION "A*
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" SHOCK

g

CANARD BOW
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INTERACTION "C"
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-‘\\\\\\\\‘\-‘__‘  TR INTERACTION "B"_
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Figure 1. SPACE SHUTTLE SHOCK INTERFERENCE
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a=0°»
M= 7.7
Ry = 0.553 x 108/FT

DATA FROM REF. 1, FIGURES A246, A272, A265, A267, A161

/|
a/
12 f" 1
~ l ~ORBITER (01)

! \‘ 1IN :
10 +— T
\all !
vyl
;1

4

.
p——————1 Ot ——— -

[0}

\

HEAT TRANSFER COEFFICIENT RATIO, hi/hu

2 T ’///2JR |
BOOSTER (B1)

Q : f —

0 . .2 3 . .4 5

BODY LOCATION, X/L
. (Based on Booster)

Figure 2(a). SHOCK INTERFERENCE HEATING ON ORBITER (01) AND BOOSTER (B1)
o FUSELAGE CENTERLINES ‘
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HEAT TRANSFER COEFFICIENT RATIO, hi/hu

a = 0°
M_=7.81
Ry = 1.008 x 10%/F7

@ DATA FROM REF. 1, FIGURES A254, A272, A265, A267, A61

12
R l[/-\\
10
!
/ ORBITER (01)
8 s '
~ /
/ \ /
. I\
) . ! ALY )
6 — TR
: - YRy
. B . ) B | II ‘\ 1\ . \
~ \
TR
4 T \ -
/ Q\\\\<<lf005TER (B1)
2 : o
y =
_/ o
0 ) —
0 . 2 3 4 .5

~ 'BODY LOCATION, X/L (Based on Booster)

Figure 2(b).

FUSELAGE CENTERLINES

SHOCK INTERFERENCE HEATING ON ORBITER (01) AND BOOSTER (B1)
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o= 0°

7.95

=
1]

5.614 x 10%/FT

x
=
]

INSUFFICIENT -BOOSTER DATA

® DATA FROM REF. 1, FIGURES A222, A161

—
o

—l
ol
~

L
L

\é’ \/

g -—--

HEAT TRANSFER COEFFICIENT RATIO, hi/hu

RBITER (01)

o

F~

a2 3 4 .5
BODY LOCATfON, X/L (Based on-Boosper)

Figure 2(c).

SHOCK INTERFERENCE HEATING ON ORBITER (01) AND BOOSTER (B1)

'FUSELAGE CENTERLINES
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a = 0°
M_=10.28
N = 513 000/FT (OR 503,000/FT)

~ ® DATA FROM REF. 1, FIGURES A63, A65, A272, A265, A267, Al161

4T

—
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p=
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(]

* ORBITER (01)~

/

o
>

[
.’

-
e ———
-

o
~——
ko = =
- :

-

\
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| | “?-~t\b
_ 'BOOSTER (B1)

0 : - ! —

0 ,.1 23 4 5

HEAT TRANSFER COEFFICIENT RATIO, hi/hu

>\O-
Q

BODY LOCATION X/L
(Based on Booster)

Figure 2(d). -SHOCK INTERFERENCE HEATING ON ORBITER (01) AND BOOSTER (B1)
, FUSELAGE CENTERLINES
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a = 0°
M_=7.71
Ry = 0.553 x 108/F7

° DATA FROM REF. 1, FIGURES A246, A265, A267, A161
e NO CANARD ON B1

161
/f\
1
1
S 14 b/ !,,
< i |
= o Al
- ! N 4
- . ] 1
E . 10 ' ‘\*r r’
= L ! \ ,,
S oy
T ,' »
Ld | _
S | j % \
E? 6 - é _
v ’ S
2 [ e
S S S A N
- | ]
L ,
I .
-0

o a1 .2 3 .4 .5

BODY LOCATION, X/L
(Based on B1)

Figure 2(a'). SHOCK INTERFERENCE HEATING ON ORBITER (01) AND BOOSTER -(B1)
FUSELAGE CENTERLINES ‘ ‘ S -
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HEAT TRANSFER -COEFFICIENT RATIO,- hi/hq

e DATA FROM REF. 1, FIGURES A254, A265, , Al61
® NO CANARD ON BI |
12
-
/7 \
10+ / o
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1 , .
1/ -‘\‘(,,fO]
8 Fa -
'I,’\“\\‘ll N
1 \ :
6 " \ A\
4 \)\K
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2
0 —1— - :
: . .2 3 .4 .5 .6

a = 0°
M_ = 7.8]
R, = 1.008 x 108/FT

BODY LOCATION, X/L (Based on B1)

Figure 2(b')..

SHOCK- INTERFERENCE HEATING ON ORBITER (01) AND BOOSTER (B1)
FUSELAGE CENTERLINES :
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a = 0°
M_=10.28
Ry = 513,000/FT (OR 503,000/FT)

e DATA FROM REF. 1, FIGURES A63, A65, A265, A267, A161
e NO CANARD ON B1 '

14

T~
-
e

12

——)
o
—
e

K
-
o)
|-
h—
o

B1” , \)\ox
g

0 a1 .2 .3 4 .5
BODY LOCATION, X/L (Based on B1)

HEAT TRANSFER COEFFICIENT RATIO, hi/hu

" Figure 2(d'). SHOCK INTERFERENCE HEATING ON ORBITER (01) AND BOOSTER (B])
‘ FUSELAGE CENTERLINES.
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.07

.06

.05 +—— \\\
- .08 +— ~N
.03 _ ,

S

02 +—— _ A

DATA FROM FIGURES A265 AND
/""A267 OF REF. ] |

‘h/h

.01 4+——— EXTRAPOLATED VALUES ///

BASED ON 01 DATA

(FIGURE A161 OF REF. 1):

0 I ] | A

0 .05 .1 a5 .2 25 .3 35 .4
BODY LOCATION, X/L |

Figure 6. B1 FUSELAGE CENTERLINE HEATING DATA WITHOUT 01
AND CANARD INTERFERENCE
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ADDENDUM - -
By using the same methods as discussed in the original Memorandum (M-794-.
887), the interference'heéting near Bl canard/fuselage juncture at 15 and 45
degrees angle-of-attack was analyzed in order to complete the study. Results

are given in Figures 7 and 8.

Efforts have also been made to correlate the peak interference heating on

fuselage (max. hi/hu) with Mach humber, Reynolds number, and anglé—of—attack.

Results are shown in Table Z which indicate that peak interference heating in-

[14)

“creases with increasing Mach number. Reynolds number and-angle—of—attéék do

~ not show any definite effects on interference heating.
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Table 2. PEAK HEATING ON B1 FUSELAGE DUE TO CANARD INTERFERENCE -
a(Degrees) Ry/FT | MAX hi/hu'(Mw_; 8) | MAX hi/hu (M, = 10) REMARKS
0.5 x 10° 2.9%  ookx 7.6% 9.0%*%
0 1 x 10° 3.7 5.9 - | constant b
5 x 10° 2.4 2.0 o
0.5 x 10° 5.5« --- 15.2 14.5
o | 1x10® [ 7.3 6.8 --- Variable h
5 x 10° 5.1 3.7 -
0.5 x 10° —- — -
15 1 x 10° . e .-
5 x 10° 3.0 2.0 —
0.5 x 10° . .
1x 108 5.0 2.0 -
30 ; |
1 x 10 5.00 5.0 -
5x10% | 21 2.0 .
10.5 x 10° rem " emn .
1x10° | 52 5.2 —--
45 1x10° | 66 7.6 -
1 x 10° 24 . 1.4 o
5 x 10° 2.6 2.6 .
0.5 x 10° 1.3 - = 1.0
60 | 1x10° 1.3 - -
5 x 10° 1.5 1.2 o
* Maw. h/h in Bl Side .

** Maz. hi/hu

in B1 Bottom view
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| ' NORTHROP ... .
Northrop Corporation Electro-Mechanical Division . Huntsville, Alabama 35807

"205/837-0580

_-April 1971
To:  J. A. Forney, S&E-AERO-AT
From: F. T. Hung, Northrop-Huntsville
Subject: Interference Heating on MDC/MMC. Baseline Booster During Ascent

and Reentry Flights - A Qualitative Study

-

Reference: 1. {Click, P. L. and Schmitt, D. A, "Wind Tunnel Test Results
' from the Thermal Mapping Investigation of 0.325% Scale
MDC/MMC Phase B Space Shuttle Vehicles in the NASA/LRC .
Mach 8 Variable Density Tunnel and the NASA/LRC 31 Inch
Continuous Flow Hypersonic Tunnel', Martin Marietta
Design Note No. MMC-I-AERO-5002, October 1970.

MDC/MMC Phase B baseline (B1) booster interferenée heéting during ascent
and reentry flightsvhas been analyzed qualitafively based on paint test data
' contalned in reference 1. . Typically, the test conditioﬁs were as listed below.
' o Free stream Mach number, Mm.E 6 and 8 _ 7
0.5 x 10%, 1 x 10% and 5 x 10%/¢¢
e Booster angle-of-attack, a = -5°, 0°, 15°,A30°, 45° and 60°
o Booster model scale : 0.00325 A

e

e Free stream Reynolds number,'RN

-The interference heating data in reference 1 can be analyzed only in a
qualitatiﬁe manner since peak interference heating data are not availabie at
the present time. This is due to the fact that paints used in the tests have
-fairly low ﬁhase change temperature (as low as 113°F), which is notbadequate
for the high interference heating ﬁeasurements. Examination of movie films
‘taken during the tests indicates that.high interference heating -causes the

paint'phase change on the very first movie frame in most of the runs.

Study of both Schlieren photographs, Figures 1 and 2, and the ‘test data

indiéates that, depending on the angle—of—attack; the booster will experience
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interference heating in nine regions during ascent and reentry flights as
shown in Figure 3. The study results can be summarized below. -

e Area(A) - Fuselage Heating Due to Canard Shock. The interference
heating on the fuselage exists for any angle-of-attack as shown in
Figure 4 which also indicates that the heating pattern varies signifi-
cantly with a.

e Area(B) - Fuselage Heating Due to Wing Shock. This is similar to the
fuselage/canard (Area(A)) case as shown in Figure 4.

e  Area(C) - Wing Heating Due to Canard or Fuselage Shock. As indicated
in Figure 5, no interference heating on the wing occurs for zero a.
For a = 15 degrees and 30 degrees, the interference heating area near
the wing tip is caused by either the canard or fuselage nose shocks.
For o = 45 degrees and 60 degrees, the wing experiences two interference
heating areas. The one near the wing root is expected to be caused by
the fuselage cylinder body shock impingement. The cause of the other
interference heating area near the wing tip cannot be explained due to
lack of Schlieren photographs.

e Area(D) - Wing Tip Heating Due to Fin Shock. Interference heating
should exist for any o even though only o = 0O data are available as
shown in Figure 6. ,

e Area(E) - Fin Root Heatlng Due to Wing Shock This is similar to
Area(D) as shown in Figure 6.

e Area(F) - Fin Heating Due to Canard Shock. The canard shock wave impinges
on fin only when a = 0 degree as shown in Figure 7. No interference
heating exists for a > 15 degrees.

e Area(G) - Fin OQutboard Surface Heating Due to Wing Tip Flow Separation.
For high angle-of-attack (a > 30 degrees), the flow at the wing tip
separates and reattaches on the fin outboard surface and consequently
causes high interference heating on the fin as shown in Figure 8.

° .Aréé(H) - Canard Heating Due to Fuselage Nose Shock. The fuselage nose
shock wave inpinges on canard for a < 45 degrees as shown in Figure 9.

e Area(l) - Fuselage Heating Due to Orbiter Fuselage. For mated configu-
ration, high interference heating on both booster and orbiter fuselages
is shown in Figure 10.

‘The ‘overall interferenge‘heating on the booster is shown in Figure 11. The
interference heating Area(J) in Figure 11 is caused by the two shock waves

generating from the canards.

Booster interference heating can be analyzed quantitatively once the peak
interference heating data (thermocouple tests with booster and orbiter models)

become available. 1t is also suggested that paints with high phase change
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temperature should be used during future paint tests in order to provide peak

interference heating data.

The résults of-this study can be used as a guidéline to locate'pdssible'

interference heating areas on the booster.
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Figure 1. MDC/MMC BASELINE: BOOSTER (B1) SCHLIEREN PHOTOGRAPHS



M-934

HUNTSVILLE

(Papn|du0)) SHAYY90.LOHd NIYIITHIS (L9) ¥ILS009 INITASYS JWW/IaW

09 =20 ‘19 ‘60z Uy

‘L 94nbL4

19

e . aa




NORTHROP , M-934

HUNTSVILLE

R 237, O14 BI, (4

Figure 2. ASCENT CONFIGURATION SCHLIEREN PHOTOGRAPHS (BASELINE BOOSTER, B1,
AND BASELINE ORBITER, 01)



NORTHROP , i G

HUNTSVILLE

IN SHOCK

D)

TOP VIEW

SIDE VIEW

CANARD SHOCK
. B

BOTTOM VIEW

Figure 3. OVERALL SHOCK WAVE INTERFERENCE DIAGRAM ON BOOSTER
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Figure 4. INTERFERENCE HEATING ON FUSELAGE DUE TO CANARD SHOCK WAVE (AREA A)
AND WING SHOCK WAVE (AREA B)

8




NORTHROP

'M-934

HUNTSVILLE -

WMOC/MME 3PACE TNUTTLE $TU0Y . PHASE B
PASE CHANCE TIST

MOC7MMC SPACE SHUTILE STUDY - PRAST &
- musE On ST -

WOC/MMC SEACTTHUTTS STUY - PHaSt B
SE o B0 conra. m

MOC7MMC SPACE SHUTTLE STUDY . PHASE §

= 15°

WOT/RIaE SPACE TRUTTLE STUDY - FHAST &
. R0 ORNGE ST
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NORTHROP

M-934

HUNTSVILLE

MDC/MMC SPACE SHUTTLE STUDY - PHASE B
PHASE CHANGE TEST .

IS
e 4
i »

Isotherm hlhr-l‘
-~ 1 0.0bl

0.042

0:030

0.024

1 ' " Pigure A265

CONFIG, Bl

LENGTM (f) ~ 23,8

SCALE 0,00828

FACILITY LRC Mach 8 VDT

TEST YNone

RUN 260

Mg= 1.9

Piowl (psia) =" 145 .

Trotal (*R) = 1520

Tow Tiotg = 098

Ry per lost = g 437 % 10°

T

phase chango

(*F) =~ 176

X= o
B= o
$ = a0

Qrid Pigure G133 =
. Slde Camera View

g‘C' SYSTEMS
AES DIV, =~ LAC,

tndy 1970

‘“(‘“‘1

7l 7/

EIN SHECK

/ .Bi(TbP)

Figure 6. INTERFERENCE HEATING ON WING TIP (AREA D) AND FIN ROOT (

DUE TO WING-SHOCK/FIN-SHOCK INTERACTION.

10

AREA E)



NORTHROP

T IM-934

HUNTSVILLE

ASE B

PHASE CHANGE TEST

CONFIG. B

LLENCTH () - 2U.8

SCALE  0.00323

FACILITY LRC Mach § VDT

TEST Nove
RUN 200
"X

Prowag (pvia) ~ 1013

Tepen 1R} = 1520

T awd Toat = 0,73

R por oot = 5 41y x 10°

Tonane rimnge 1777 = 3

«. g5 .

B~ 8

$- o0

Grid Figure G132

‘Top Camera View

T - Figure AU @:‘f%
i v
) = N°
a=20
. . RBC;RFE SPACE SHUTTLE STUDY - PHASE B
. m‘m TEST ] conmg. Bl

LENGTH (h) = 23,8

SCALE  0,00328

B FACILITY LRC Mach § YDT

TEST None
RUN 3o
R

Prow (pein} = 28

Teows [°RY = 189

.TI-/Tu e o.93

Ry per foot = L0238 xob

T

ohase change {°F) = 350

«- 18

p- 0

$- 10

PP
ie )

Grid Figurs G111
Side Camara View

Olozepma

Figure 7. INTERFERENCE HEATING ON FIN DUE TO CANARD SHOCK WAVE (AREA F)

11



M-934 -

NORTHROP

“HUNTSVILLE

MOC/MMC SPACE SHUTTLE STUOY . PHASE
ST O TTST Commo, B

ESiTE e S=f mo—
a = 15° a = 30°

) DUE TO WING TIP.

Figure 8. INTERFERENCE HEATING ON FIN OUTBOARD SURFACE - (AREA G
| FLOW SEPARATION AT HIGH ANGLE-OF-ATTACK .

12



NORTHROP P e Moo

HUNTSVILLE

- . MC TPACK SHUTTLE STUDT - PHASE 8
st Ot oY

MOC/MMC SPACE S
L

st

»DC/ M STUDY . PMASI MDC/MMC SPACE IHUTTLL SIUDY - PHAIES
DC/MMC 'I:‘A“(l !IUII’::' L0 te e o, h

" rewessa [T

r g WOTTHRT SPRTY SRUTIE FICS V- FRATT &
‘ PWSE CNaCt ST

21 Lomum)

- CAIARY Svack | /
HI Tl X /
21 -
2 !

o = 60°

Figure 9. INTERFERENCE -HEATING ON CANARD DUE TO FUSELAGE NOSE SHOCK WAVE (AREA H)

13



NORTHROP

M-934.

HUNTSVILLE

Flgure AZ48

MDC/MMC SPACE SHUTTLE STUDY - PHASE B
PHASE CHANGE TEST .

‘CONFIG. 9 + Bl

LENGTH () = 213.8

SCALE  0.00323

FACILITY LPC Mazt 4 VDT

TEST Nome

TRUR

Fropa femind = 13

Teowat ("R = 1385

Grid Flgure G124

Top Camera View

@:m' sravien
ek o Ttans

tady e

u:

[ e i e

MDC/MMC

VSPACE SHUTTLE STUDY - PHASE 8
PHASE CHANGE TES'

T

lactherm | B/h ;.
Q06
0.047

0

Ly

Figure A3

TONFIG. mam

LENCTH (n) = 215.C(B1}

SCALE 0.00125

FACILITY LRC CFHI

TEST 53
RUN T
T Mo 10,30

Prota (peie) = 450

Tioe 1°R) = 1500

Taw!Tiotar = 0.90

Ry ber foot ~ 513,000

Tohena change (*F1 -113

- g

8+ o

$--

Grid Figure G432

. €~’-‘-,-_-n vrrwy
IiT3 BV - LR

s

Figure 10. INTERFERENCE HEATING ON Bl FUSELAGE (ARE

SHOCK WAVE

14

A 1) DUE TO 01 FUSELAGE.



NORTHROP

HUNTSVILLE

M-934

MDC/MMC SPACE SHUTTLE STUDY - PHASE B
. PHASE CHANGE TEST .

Isctheres [ h/h

Pigure ASY

CONFIG. q.m

LENGTH (n) - 213,8 (B1)

SCALE 0.00323

FACILITY LRC CFHT

TEST 63
RUN 16
Mg~ 10.28

Piaal {pais) = ¢%

 Tiowt ('RY = 1800

TawTiowas = 0.80

Ry per ot = 533,020

Tohass ahenge {°F1 =113

«- 0

s-0

[ ]

@ ac grsrIvy
AL OV - AT

Ly 0

" MDC/MMC SPACE SHUTTLE STUDY - PHASE B
- PHASE CHANGE TEST

Figure A1

' CONFIG. @ + B4

LENGTH (R) = 23.8

SCALE 0.00325

FACILITY LRC Mach 8 VDT

TEST None

RUN a3

Mo~ 7.95

Puotay {psis} = ' 115

Tiotal 1"R) = 143

T.J/T - 0.95

aw

Ry per foot = 5,834 X 10°

Tohase change ("F) = 113

«n 9

A~ o

$- 1

Grid Figwe G2
Top Camera View

@ rax e
RIS DIV, - LanC

iy 1

Figure 11. OVERALL INTERFERENCE HEATING ON

15

BOOSTER



NORTHROP o B _ M-934

HUNTSVILLE

Distribution:

NASA/MSFC

. .J. A. fbrney 3)
J. D: Warmbrod

‘Northrop

W. Youngblood"

0. Barnett
. AL Roux

Y. Parker -

T. Hung (3)
946, File

16



Appendix A-6

INTERFERENCE HEATING
7O GDC BOOSTER




INTERFERENCE HEATING

ON GENERAL DYNAMICS PHASE B DELTA WING BOOSTER

- DURING ASCENT AND REENTRY FLIGHTS

July 1971
by

. F. T. Hung

- PREPARED FOR:

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION -

GEORGE C. MARSHALL SPACE FLIGHT CENTER
AERO-ASTRODYNAMICS LABORATORY

Under Contract NAS8-26268

REVIEWED AND APPROVED BY:

D. O. Barnett, Chief

'Aerothermodynaxnlcs Branch

(. sk,

Arthur L. Grady, Man ger
Aerophysics Section

NORTHROP-HUNTSVILLE
HUNTSVILLE, ALABAMA

. M-794-980



M-7942080"

A " P.O. Box 1484
" Northrop Corporation Electro-Mechanical Division "onTHROI Huntsville, Alabama 35807

205/837-0580

July 1971

TO: = H. B. Wilson, S&E-AERO-AT
.FROM:y ~ F. T. Hung, Northrop-Huntsville

SUBJECT: Interference Heating‘on General Dynamics
. Phase B Delta Wing Booster Durlng Ascent
_and Reentry Flights

Shock 1nterference heating on the General Dynam1cs, Phase B, Delta Wing
Booster has been analyzed -and correlated with Mach" number and angle—of-attack
’Thls study is based on the thermocouple and pa1nt test results contalned in
references 1 through 6 whichvcover a wide range of Mach number, Reynolds number,
: and.angle¥of—attack Mated orbiter-booster models'Were used to study‘the
1nterference heating on the booster fuselage due to orblter—generated ‘shock
‘waves during ascent flight. A summary of test condltlons and model conflgura-

tions is given in Table 1. o ' S

It sﬁould be noted that even though a large amount of heating data has been
taken during the tests,‘the shock interference heating data available at the
‘present time are somewhat limited. For the case of thermocouple measurements,
the thermocouple spacings on the booster models were not close enough to measure
the localized peak heating values. For the paint tests, the quality of the
‘measurements was affected by the difficulty involved in photographing the paint
phase change history at some booster surface areas. In other tests the paints
employed hadsextremely‘loﬁ phase change temperatures. As a consequence’-somé
test data were lost since the movie films showed phase change on the very first
:'frame;' The preceding considerations deem it probable that some interference '

heating peaks were missed in both the paint and the thermocouple measurements.

In this study, the interference heating”data are presented in the form of
hi/hu, the ratio of interference heat transfer coefficient to the undisturbed

“value. The effects of Mach-number and booster angle-of-attack on hi/hU were
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also analyzed and correlated. 'The_Reynolds number effeet could not;be deter- .

mined quantitatively due to the'quality and limited amount of data., The‘dif—

‘ ferent interference heatlng areas on the booster (durlng ascent and reentry

fllghts) are shown in Flgure 1 and detalls are summarized’ below:

Area (A) - Fuselage Heatlngfdue to Orbiter Fuselag;ﬁShock

The Maximum hj /h values on booster fuselage upper surface centerline
with different Mach numbers, Reynolds numbers, orbiter/booster positions,
and orbiter/booster gaps are shown in Figure 2. Only the Mach number
effect can be derived from these data points. A straight line was
drawn above all the .data to account for the fact that peak heating
values might have been mlssed for the reasons discussed. It is also
assumed that maximum h /h = 1 when Mach number M =1 as indicated

in Figure 2. Some typlcal heating distributions and locations of
maximum hl/hu on the fuselage upper surface centerline are given in
Figures 3 through 5. It is expected that the heating distribution
should vary drastically with Mach number, angle-of-attack, and orbiter/

‘booster position due to the variation of shock/shock interaction pattern.

_ The peripheral heating distribution on the booster foselage‘varies

drastically with fuselage axial location (X/L) due to the complicated

.shock/shock interaction pattern between the orbiter and the booster

fuselages. .The peripheral heating data are 'also very limited at the

present time. In this study only the peripheral heatlng distributions

at the locations (X/L) of maximum h; 1/hy have. been roughly correlated

as shown in Figure 6. It has been assumed that no interference- heating
occurs for peripheral angles, ¢, less than 60 degrees as indicated in
Figure 6. For ¢ > 60 degrees, it is assumed that hj /h increases
linearly with ¢. The hy /h values at ¢ = 180 degrees (fuselage upper
surface centerline) in Flgure 6 are taken from Figure 2,

For certain flow conditions and model . conflguratlons, shock waves im-~

. pinge on the booster canopy and cause high heating rates during ascent

flights. Shadowgraphs, contained in references 1 and 2, indicate that
the booster nose shock implnges on its own canopy for hlgh Mach number
flows (M _>7 for a= 0° and ~5°). Typical heating data are shown in

ﬁFlgures 7 and 8. For certdin combinations of Mach number and orbiter/

booster p051t10n, the orbiter nose shock wave also impinges on the
booster canopy with similar. interference heating effects as shown in

 Figures 3, 4, and 5. The canopy peak interference heating data are

summarized in Figure 9. - Since the booster canopy had been eliminated
in the latest booster configuration to reduce the interference heating

‘rates, no detailed correlation of canopy heatlng was made

Area (B). - Fuselage Heating due to W1ng Shock:

Maximum hj /h data are available only for hlgh Mach number tests: as
shown in Flgure 10. Two correlations are presented to account for ‘
hlgh and low angle-of-attack cases. Again, corrections were made to -
account for the missing. of the heating peaks. It is also assumed that
maximum h /hy = 1 when M, = 1. The interfererice heating area on the
fuselage varies with angle—of-attack.as indicated in Figure 1.,
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Area (C) - Fuselage Heatlng due. to Canard Shock -

0f the four delta w1ng booster models -used in reference 3 (Conflguratlon
B-15B, Models A, B, C and D), only data from Model C (booster with a
pivoting contoured canard) are considered in:this study. ~Maximum hj/hy
data are shown in Figure 1l1. The single correlation in Figure 11 should
apply to any angle-of-attack since the interference heatlng should not
be affected- signiflcantly by the booster angle-of-attack because the
pivoting canard always has a zero angle—of -attack.

Area (D) - Fuselage Heat1ng ‘due to Fin Shock

The swept shock wave generating from the fin impinges on the booster-
fuselage only for the case of low angle-of-attack. The maximum hi/hy

. was again correlated with Mach number as shown in Figure 12.. It was

assumed that maximum hj/hy =1 when Mo = 1.

Area (E) - Wlng Heating due to Fuselage Shock

‘The interference heatlng on booster wing due to a fuselage shock wave is

a strong function of booster angle—of—attack Schlleren photographs
indicate that: . :

,(l) For high angles -of-attack (a>40°), the fuselage shock'does not

impinge on wing. Consequently h /h = 1.

(2) For intermediate angles-of- attack (20°<a<40 ), the fuselage shock
impinges on wing for any Mach number. Based on the limited data,
a simple crude correlation is made as shown in Figure 13 with the
assumption that maximum hj/hy = 1 when M_ = 1.

(3) For low angle-of-attack (a<20°), the fuselage nose shock does not o
impinge on the wing for low Mach number flows (M_<4) .so that hi/hy
= 1. However, the nose shock wave does impinge on the wing for
high Mach number cases (M_<4). The same heating correlation as
"shown in Figure 13 can be used. - ' :

The shock impingement point on wing varies with angle-of-attack as shown

in Figure 14 for the M_ = 10 case.
Area (F) - Fin Heating due to Fuselage Shock

The booster fuselage shock wave impinges on the fin only for very low
angles-of -attack and high Mach numbers. The very limited heating data
are shown in Figure 15. A linear correlation was derived with the usual

'assumptlon that maximum h /h ="1 when M = 1.

Area (G) - Canard Heatlng due to Fuselage Shock

The fuselage shock wave impinges on the. canard for certain angles —of-

- attack and Mach numbers. ~No interference heating data are available

at the present time,

It should be noted that only the booster models used to generate low Mach

number heating data (M=2.5 and 3t7 in reference 2) had boundary layer trips on

the fuselage nose to increase the probability that turbulent flow would occur
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for the ascent flight conflgurations. For the rest, and predominant portion of
‘the data discussed in this study, the undlsturbed flow on the booster wing, fin,
canard, and most of the fuselage should be laminar due to the small booster
models and the tunnel flow conditions used during the tests. This indicates that
in this study most of the interference heating‘data have been referenced to the _

laminar undisturbed heating values, (h /h . Thistdiffers from the actual

' ] i u)lamina
flight cases where turbulent boundary layers are expected. In general, the
effect of an impinging shock wave on-the ihterférence heating is less for a
turbulent boundary layer than for a laminar'bOUndary'layer'as discussed in

references 7 and 8, 1'e"'<hi/hu)turbulent < <P /h )1am1nar

data correlated in.this study are considered .to be conservative when they are

This means the
applied to - 'the actual booster flight cases.

It should be noted that improved correlatlons can be developed when more

.and better heatlng data become avallable.
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LIST OF SYMBOLS

= gap between orbiter and booster fuselages, inches

hi/hu = ratio of interference heat transfer coefficient to undisturbed values

i distance between orbiter and booster noses, p031t1ve for orbiter in

forward position, inches

L = booster fuselage length, inches

| = freestream Mach number

Re = freestream Reynolds number per foot ‘

X = boostef.fuselage axial distante'measuring,from booster nose, inches
a = angle of attack, degrees » N |

é = fuselage peripheral angle measurlng from fuselage bottom surface

centerline, degrees
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ADDENDUM

Part of the GDC orbiter/booster T/C model test results (AEDC-Tunnel B)
have been analyzed. The high quality.érbiter/booster‘gap interference heating
factors were reduced and présented in Figures 1A - 3A. The heating peaks from

these figures should be used to update the déta in Figure 2 of the original

memorandum.

The AEDC test data used in this study is from AEDC-ARO Test ‘Data Book,
"'NASA Space Shuttle Heating Test - GDC Booster - NAR Orbiter Mated (0.009 scale)."

'
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" FOREWORD

This,work was prepared under subcontract for Northrop'
Sérvices Incorporated.as a portion of the research under Marshall -
Space Flight Center Contract NAS8-26268, Additiona] work undgr
the subcontract on a base thermal environment review is reported

in REMTECH Report RTR 003-2,

i
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NOMENCLATURE -

I

a Cylinder or sphere radius or slab thickness
c Specific heat

h Heat transfer coefficient

k Thermal conductivity

q.  Heat transfer rate per unit area

r Recovery factor-see Tp |

Te Equilibrium wall temperature

il
(=]

Ti Initial model temperature at t
T, Stagnation temperature

To + T(TO-TQ)

TR Adiabatic wall temperature, Tp
Tw' Wall temperature

To Free-stream static témperature

a  Thermal diffusivity of angle of attack
B Angle of yaw v
8 Model skin thickneés
p Model skin density

ot  Time

®  Fourier modulus,at/a?

iv
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i

INTRODUCTION AND SUMMARY

Avtest program wastplanhed and conducted_for ascent heating tests on
a 0.0065 scale thin-skin model of the MDAC 256-20 space shuttle booster mated
with a Stycast mode1 of the MDAC Internal Tank Orbitek. The test wbrk included
review of test facility characteristics and data reduction methods, coordination
of the model fabrication and verificatiéh of the model stress'anaTysis, liaison
6n model installation problems, preparation bf test plans, ahd monitoring of the -
tgsts when they wereAconducted. Thi; rebort presents a descripfion of thé models
and a review of the_test faéiiities, test conditions, and data reduétion methods.
In addition, the results of a brief study of possib1e errors in data rédUCt%on
for phase-change models are summarized.
The general performancé of thé model was satisfactory throughout the
'test program, but dffficu]ties in mode] adjustments during configuration changes
impeded'testing somewhat. Tests were made in three facilities at the NASA Langley
Research Center (LRC): the ZQ-inqh M=6 tunnel, the 31-inch M=10 tunnel, and the
48-inch Unitary Plan Tunnel (M=2.3 and 3.7). The model configurations and test
conditions are summarized in Table 1. | | ‘ |
_ The results of phase-change data reduction evaluation indicated possible
errors in treating cy]indrida] and spherica]vsections as semi-infinite slabs,

but the restrictions required in the ana]ysis limit the application of the results.
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MODEL DESCRIPTION

The test model consisted of a 0,0065 scale thin-skin model of the
MDAC 256-20 space shuttle booster with'previSiOns for mounting a Stycast
model of the MDAC internal tank orbiterlto simulate the mated ascent configuration}
The nominal Taunch configurat{on ts illustrated in Figure 1 w1th the.orbiter nose
1.1 inches aft of the booster nose (AX=-1,1) and no gap.between’the booster and

orbiter (AY=0), The orbiter sting adjustment allows a fore and aft movement

of +5 or -1 1nches from the nom1na1 pos1t1on and shims were prov1ded for the
orb1ter st1ng sp11ce to allow the minimum gap between the booster and orb1ter
to be 1ncreased to 0,0325 or 0. 065 inches (5 or 10 inches full sca]e)

The booster was des1gned and manufactured by Ellco Eng1neer1ng Company.
It was machined from Armco 17-4 PH stainless steel which was heat treated to
-the H-900 cond1t1on before final f1n1sh1ng The mode1 was des1gned for a
safety factor of 4 based on y1e1d at ‘300F for the tunnel cond1t1ons and ang]e -
_ of attack range shown in Fi gures 2 and 3 _

A sk1n th1cxness of approx1mate]y 0. 030 1nches was maintained over
most of the left half of the fuse]age where the thermocoup]e 1nstrumentat1on
was concentrated while the r1ght ha]f was kept heavy to provide strength The
canard was also instrumented on the ]eft s1de, but the wing and fin 1nstrumen-
tation was split between the right and Teft wing to provide clearance for the
thermdcbup]e wiring._ Due to the limited thickness of the fins, it was not
poss1b1e to provide a thin- sk1n thermocoup]e 1nsta11at1on with a meta] cover,
Therefore,the fin thermocoup]es were 1nsta11ed on the interior of the thin- sk1n |
surface to be instrumented and the area around the wires was f11]ed w1th 1
SaUereisen*.No. 31 cement contoured to approximate the reduired airfoil shape,

A total of 217 iron-constantan thermocouples were_insta11ed_in area

*  Sauereisen Cements Co.-Wesrep Corp,,Factory Representatives, 369 South
Robertson Blvd,, Beverly Hills, Calif., 90211,Phone‘(213) 655-9784

2
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grqupings as follows:

Orbiter/booster interference =~ 47
Canard/fuselage interference 44
Wing/fuselage interference 19
Canard 25
Wing = 39
Lower fu;e]age ' 26

In addition to‘thé‘thermocoup]es, ten surface pressdre ports weré‘]ocated on the
upper forward fuse]age. ‘ | -

The thermocouples were formed by spot welding 30 gage (0.010_inch
diametér)'fhérmoc0up1e wires to the ihside,surfacé_of the mode1‘$kini When
installing the wires, a Spaée of approximately 0,03 inches was maintained be-
}tween_the Wirés‘to aésure that the Wires made é good joint with the skin. The
therﬁocoup]e bundle was routed out of the'modéljbaSe and leads 35 feet'1ong were
supp]iéd to satisfy installation requifements at all ahticipated test facilities,
'Initia]iy the thermbcoup]es were wired into'19 24-pih plugs with copper bins
which weré required by the LRCIZO-inch.M=6'Tunne1. These plugs were~a1sb4used
ét:the LRC 31-inch M=10 tunnél, but they were removed for_superéonic*tests in |
the Unitary Plan Tunnel and repiacéd wifh 24-pin plugs using iron and constantan
pins, The p]ug wiring sequence which is used in the test descr1pt1ons is listed
in Tab]e 2, and the 1ocat1on of all thermocoup]es and the 1oca1 skin th1cknesses

are 11sted in Table 3.

| The pressure tubing was 0.0625 0, D x 0,006 wall stainless steel which
was silver brazed in position and routed out through the model base with the
‘thermoc0up]e'W1re. In order to prevent interference with the-fhermdcdup]es,
the firsﬁ Sevén'préssure-pbrts were located 0.2 inches to the right of the top
.fusé1age centeriine ét stations between the'thermocouples;' Thé locations.of'4'
the pressure ports are listed in Table 4. " '
The Stycast (castable plastic) orbiter mode1s were manufactured by

the Lockheed Huntsv11]e Research and Eng1neer1ng Center. Three,mode]s were
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| provided: one with a tape grid'to use for dimensipna1'feferénce.pictures, and
two With thermocouples 1n§ta]1ed for use asktest mbde]s;_'Thé test models each
had two_chrbme]-a]umel tﬁermocoup1es installed approximatéiy 1/8Aihch below
the model surface near the upper ahd Tower fuselage surfaces to indicate the
initial model temperature befofe festing. . |

, ‘When the orbiter was mounted,with the booster,'it;Was ndt possible to
maintain the exact gap -(AY) listed in the test summary of Tab1e,1. In the
initié1 tests in the 20-inch M¥6 tunnel, it was necessary to cement spacers on
the top of the booster. (at X=7.40) where ii was 1oéa11y reinforcéd. so that
model bounce caused by the high .injection accelerations would not damage the
thin-skin sections, Because'of this, the nominal zero gap was a minimum of
10,002 inches which was the spacer shim thickness.-'However,_difficu1ty in
.installing théAorbiterjgenerally caused 1ar§er gaps as listed in the individual
test descriptions, but an attempt was made to keep the nomin31 zer0 gap less
than 0.0065 inches (1 fnch'fuII sca]é)..}ance this precedent was set in the
inftié] test,‘ it Was'continued thkough'the remaining tests a]thoﬁgh no spaCers
were cemented t0‘thé top of the booster.

The overall operation of the model was.sétisfactory, but difficulties
WereVencountered in assembly of the mated configuration which should be avoided
in future models., The cause of'the.difficulties in order of importance were:
(1) variations in orbiter/sting a]%ghheﬁf; Q?);500r orbite} gting splice design,
" and (3) intonvenfent booster sting sp]icé desfgﬁ. | N | .

In the proéess of molding the orbitérs, the.sting shifted from its
design positfon,and thefamount of the-shift.varfed s1ightly with each of the
three models. The angle of the 6rbiter sting Sp1ice was changed by.méchining
the matin§ portion ofvthé sting in an attempt ta account for'the éting shift;

but the variation between orbiters still required shimming to produce the



REMTECH INCORPORATED

desired fit; | 4
‘The orbiter sting spiice desigh Qas‘difficult to work wifh,bécadse

there was no positive method of assuring alignment in yaw;and the screws were
so close together that significant pitch changes could occur whi1é‘tightening -
the joint on seyeraT thicknesses of shim material, Approximately 1/2 inch of
yaw movement-wés possible at the orbiter nose before tightening the splice
screws, so the booster and orbiter were aligned by eye after géch configuration
change before tighténing'the_jofnt.

| The splice between the two sectibns_of booster sting was held together
by eithef a p]ain.spiité plate (for booster alone tests) or by the orbfter Stihg
mdunt. The splice design prdvided-tight fitting dowels to give positive booster
1 alignment, but it was inconvenfent to‘try to supbort the boostekAwithbut damaging
thé instrumentation bundle while the splice plate was changed to either install
or remove thé orbiter sting mount, In future designs of this type it would bé
desirable to allow rémova] of the orbiter sting mount without disturbing the

booster sting.continuity.
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M=6~TEST'PROGRAM:y

The M=6 test program was conducted in the'LRC 20=inch Mach 6 Tunnel
from Sebtember 1 thru ]3,v]971; During'thfs period.sevenvshifts of testing
were accomplished wifh 55 test runs completed, The facility, test conditipns,
and data reduction methods for this test wi]T be described in this section.
Facility | |

| The LRC 20-inch Mach 6 Tunné]_is a b]omdomn type using ain frqm»a 600
psi tank fie]d which is heated by e]ectfica] resistance heaters‘to‘ebtain the
nange of test conditions shown in Figure 4; The test Mach numben is achieved
with a fixed geometry two-dimensional contour nozzle with parallel side walls,
The throat is 0,339 x 20,0 incnes and the test section 89,4 inches downstream
of the ‘throat is 20.5 x 20,0 inches, The shutt]e model.was installed with the
booster centerline on the center11ne of the test section with the orb1ter in
the upper half of the tunnel, Previous surveys of the test section for the
pressure range used fn this test nave indicated thaf the uniform,teSt-COre is
"apnroximate1y 6.8 x 10 inches ‘at the booster nose fncreasing to a minimum of
12 x 13 inches near the tail, Therefore, the model was assdmed to be essentially
outside of the tunnel beundary layer (with the possible excepfion of the orbi-
ter and booster vert1ca1 fin tips) at ‘all test conditions. | |

The model was mounted on a bottom injection system wh1ch held the
model in a chamber under the tunnel for approx1mate1y 30 seconds unt11 the
‘desired tunnel operating condition was'achieved. ’A]tnough the chamber was not
isq1ated from.fhe tesf section by a door. there were no apparent femperatdre;
effects due to hot air circulation from the_tunne] into the chamber around the
model, Fer heat transfer tests, the injection system is set fo'move the:model
the last 9.8 inches from near the tunnel wall tofthe'center1ine 5n less than

0.3 seconds with a maximum acceleration of 6G.
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Data on 99 analog channels plus run and configqration'coding’On seven
digital channels are sent to a central LRC data précessihg syStém Wﬁe?é'the data
are digitized and converted to engineering units for data reduction.  Since 6 of.
‘the analog channels are reqdired for tunnel operating data, only 93 channels are
-usable for model data, so tHe model data was recorded in parts with complete

data obtained only for the bopster»and nomina1 mated configuration.

Test Conditions

| Three Reynolds Numbers weré selected for the teSt. The two lower values
(1.27 and 5.72 million per foot) were}seleéted to égree with tesfs of a Qﬁ011
scale model of the same configuration at AEDC (M;8) while the maximum-va1qe_(8
mi]]fpn per foot).was selected to provfde high.Reyholds Number data. Most of'the
tests were conducted at the;intermediaté Reynolds Number since the operational
.ﬁrob1ems at the extreme values would have reduced'the run ffequency. The'approxi-

mate tunnei stagnation conditions at each Reynolds Number are tabulated below.

Re/Ft x 10°¢ Stagnation - | Stagnation
' - Pressure-psia. Temperature - °F
1.27 75 450
5.72 325 - 400
8 ' 460 ' 400

-vTestS were made with fhe booster and orbiter alone as well as the mated
cbnfigurétion so the effects of interference heating in the mated configuration
could be evaluated. A éomplete-tabulation of the various conffgurations and test
conditions are‘presented in Table 5. 'A11Hp1anned test_;onditions (ref.1) in Run
Series 1, 4, and 6 were completed wifh thé_exception of.thé Tow Reynolds Numbef

. runs on the orbiter and on the booster and hated'configurations with instrumen-
tation group 3(wing_data); Run Series 2 Qas reduced due to the time required to-
prepare the model for oil flow pattérns and photograph the results. Run Series
3 was reduced to half of the planned runs by only using one phase chahge_tempera-

ture at each tesf condition. In Run Series 5, tests at the‘intérmediate Reynolds
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Number with AY=0.065 and 0.0325 were omitted. . -

'Six runs were added to Run Seriés 1. Fivé.tb_ihVestigaté canard heat-
ing and one angle of attack run accidehta1jy made at the Wrong Reyholds Number.
In the five runs to investigate canard heating'the model was ro]]éd so the bow
shock impingement on the canard would be visib]elon the Schliefen photographs.
Then the model was yawéd in an.attémpt to move the shoék impingement across .an
inStrument station on the canard so the peak interference heating could be
evaluated. Unfortunately the bowlshéck positioh was not Vefy sensitive to yaw
and not much movement occurred. Further eva]uéfioﬁ of the test results will be
necesSary_to determine if the desired effect was.achjeved.

Data Reduction

The data reduction-performed by LRC on this test consisted of tWo
‘steps. Firsf, apprdpriate calibration‘factors were applied to COnverf'the«electri-
cal temperature and pkessure signals to engineering units, and second, the tempera-
thre time results. were reduced to give heat tranﬁfer-coefficients; The reduction
to engineering units and the computation of standard dimensibn]eSS'parameters are
relatively straightforward énd require no explanation. However, fhe methods
used in determining the heat transfer coefficients are pertinent to the evaluation
of the results and will be desckibed._

The data récording systém-digitized the temperaturé of each thermocouple
at a rate of 10/sec. throﬁghodt each test run. Zero time. for starting the data
redu¢ti6n pfocedUre was determined by the model injection marker output (on déta.

' channe1'8). Norma]]y‘theziﬁjeétion marker,readé about 4000 counts at the bottom
limit and jumps to about 8000 counfﬁ when the model is apprbximate]y'on the tunnel
céhter]ine. Unfortuhate]y the injection marker did not work normally on é]],of

the tests, so the tunnel test engineer se]ecfed the times to be used as zero |

based on his evaluation of the ihjection marker 1ndicatidn.
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~ Using the zero time:input for each test, the data,reductiqn cdmputer
_ program takés the first 20 paints (1.9 secbndé of data) and makes a least
squares cuﬁé‘fit of a second{degree po]ynoﬁia] td the points. Thié gives an -
equation of the form ' | '
Tj=A+Br+Cc? )
where T is measured from the zero time. | o
" The normal assumptions are made that there-is neg]igib]e internal .
\resistancé in the thin skin, that there is no heat transfer to surrounding points
by 1atefa1 conduction, and that there is neg]igib]e'heatkloss tofthe'interior of
the mode? and tﬁermocoupTe w%re.i With these assumptions, the heat gain by the
SKin is equal to the heating rate on the exterior of'the model. =
q = Spc(dT/dr) @
‘In reduéing the data, & was taken as the actual skin thfckness listed in Table 3,
‘while p and ¢ were assumed to be 488 ’lbm/ft>3 and 0.11 Btu/1bm-R.
| Equations (1) and (2) can be substituted in the definition of heat trans-
fer cbefficient | | | |
| h = a/(Tg-Ty) o (3)
to yield B o
| h = 6pc(B+2cr)/(TRij)' S ' (4)
In the data reduction, equation (4) was evaluated for each of the twenty times
used in fitting the curve. Each of these twenty points is ]iéted fn the tabulated
resdlts'fdr review, and a summary_tab1e is pfepared listing only thé heat transfer
coefficient at zero time Qhen erroré due to lateral conductfonnand other 1o$ses.
should bé-alminﬁmum. } |
Since the adiabatic wall temperatdre varies over the mode1; the data
_reductionAprogram_allon the selection of two.recbVery_factors. The two se]etted
| for this test correspond to laminar and tufbu1eht values (0.847 and 6.895), ahd

the adiabatic wall temperature is computed based on the undisturbed free stream

conditions.
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M=10 TEST PROGRAM _

The test program at theuLRC‘3]-inch Mach 10 Tunnei was: conducted from
October 7 thru 13, 1971. Duringithis time the tunnel was oberated four shifts
and 32 test runs were made. Descriptions of the fac1]1ty,test cond1t10ns,and
data reduction methods w111 be presented in this section: |
Facility

| The LRC 31-inch Mach 10 Tunne] can be operated either as a cont1nuous

f]ow or blow down tunnel. The test sect1on and nozzle are both square A uni-
form. test core approx1mate1y 12 x 12 1nches is ava11ab]e for the test cond1t1ons
used, so only the model fin tips would be-tnuthe_tunnel boundary layer.

- The model is'injected from~a_chamber on the right side of the test
section.;jA door-is pfovided.to protect-the modelAf}om the hot-gas .prior to
-injection and cooling air jets are directed on the model to cool it between runs.
Since the.hodel-is'not accessib]e while it is in-the~injection chamber, no con-
tiguration-changes can be made between runs, but angles oflattack and yaw can be

emote]y adjusted. Wnen the tunnel is used w1th the 1n3ect1on system, no

- schlieren pictures can be made.
In the. injection sequence- the protecttve door is retracted 1 to 2
' seconds before model 1n3ect1on The injection requ1res approximately 1 second
~ but the time from the model entering the tunne] ttii it is on-the centerline is
on]y about 0.5 seconds. | | | |

A spec1a1 model support strut was des1gned and bu11t by MSFC 1n order
to move the mode]l far enough back in the test sect1on so it would c]ear the in-
jection opening. There was’ 11tt]e c]earance a]]owab]e on the model Iength and
a s]1ght error. in the design of the support strut made the. resu1t1ng nose
clearance very small. Because of th1s,the-mode1 cou]d not be run wqth.the orbi-

ter nose forward_of the booster nose. - In addition, since yawing the. model to

10
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the r1ght tends to move the nose forward the r1ght yaw ang]e was ]1m1ted to 1°.

The data recording system is s1m11ar to that descr1bed prev1ous]y for '
‘the Mach 6 test, but the Mach 10 tunnel isﬁnot configured to hand]e iron-con-
stantan chermocouples. BecaUSe.of‘this, auxiliary co]d.junctioo reference boxes
were brooght in and put nextkto_the.tunnel; The.temperature of the cold junctions
in the_boxes’was_approximate]y room temperacure‘and was'indicated by a thermometer
which was recorded before each run. | |

Test Cond1t1ons

The allowable tunnel pressure was Timited below the fac111ty capab1I1ty
to minimize maintenance problems, so the m1n1mom un1t Reynolds Number of 1.27 x
105/ft. used in the Mach 6 teét could not be obtained. The tunnel was run at the
maximum allowable stagnation pressure of 750 psia which produced a unit Reynofds
. Number of 108/ft. with a stagnation temperature of approx1mate1y 1360 F.
- Due to tunne] occupancy limitations, no data were obtained on the orbi-
“ter alone, but runs were made w1th the booster alone and the mated configuration.
‘A'summary'of all the test conditions is presented in Table 6. All the planned
test conditions (ref. 2) of Run Series 1 and 4 were completed with the exception
of‘the runs at a unit Reynolds Number of 1{27 X'105/ft, and two}yawed runs were
added to improve canard and wing shock impingement definition. Run Series 2
was planned for oil flow studies, but was e]iminated because of time_]imitatioos.
Run Series 3 was shortened by reducing"the number of phase change temperatures
~ used at the #5° angles of attack; but one run was added with the model rolled to
d.try to identify shock impingement']ocationsfon the.canard_enddwing. In Ron. |
Series 5, the high Reynolds Number run (1.27.x_105/ft) with a gap (AYEO.OBS).was
omitted because of the tunnel operating Timitation and the runs with AX=1;1 were
eliminated because of the model c]earance'oroblems. Three runs were substituted

for the planned runs with AX=1.1 in which the orbiter was moved in 0.1 inch

1
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increments around the nominal 1ocationfof_ei;1eiﬁches; The purpose of these
tests Wasvto.moye the qrbiter/booster shoék_pdsifions”feiafive to the thermo-
coup]e locations to(assure thei the peak intefference'heating rateiwbu]d be
recorded. : | | | |

‘Normal test duration was set at 5 seconds to,prevent'model damage, but
'thisvwes-eXtended to 8 seconds'when pressures were being reéorded to provide more
time for them to stabilize. Howe?er,when the orbiter was in the AX=0 position
the 8 second run time allowed the orbiter lower surfece.to be badly scorched and
a s]ight'crack deve]oped, so the time wasAreduced for the femaieing runs of this
configuration. The run.times appeared to be sufficient for the pressures in the
interference region be tween the orbiter and the booster to stabilize, but the
Ppressures were not always steady and}often appeared to change significant]y dur-
.ing the run. It.has been- proposed that the changes are caused by the effects of
increasing wall tempereture on the boundary layers.and this should be considered

during the data evaluation,

Data Reduction

The data reduction procedure used for the Mach 10 test was similar to
that used for the Mach 6 tests with sTight variations in timing, recovery
factors,'and‘materiai properties. The:data system digitized the data at the
fate of 20/sec. and two Tleast squares second degree curve fits of the tempera-
ture data were made starting at 0 fime’and at 0.5 seconds. As in the Mach 6
fest, there was some questionﬂaé-to the accuracy of the injection marker indi-
cation of the zero time, so the teSt engineer selected the zero time frame for
each test_by eva]uating the rate of change of temperature at a bgiht with a high
heatihgvrate. - . | ; |
| -The heat trensfer coefficient was evaluated at the beginniﬁg of each

curve fit (0 and 0.5 second) using equation 4. These va]ues were .tabulated

12
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and a sumhary tabie was prepared for all thermocoﬂp]eé 1istfng the data Qvé]uated
at zero time. The constahts used in'equaiion 4 were slightly différent ffom
those used for the Mach 6 test. The skin density was taken to be 485 Tbm/ft® and
the specific heat was ?epresented by the '

¢ = 0.10734 + 0.000056T
where T is in degrees F. Since turbulent flow was not expected in this test, the

turbulent recovery factor was omitted and the values chosen corresponded to the

laminar value of 0.84 and unity.

13 -
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SUPERSONIC TEST PROGRAM

- The supersonic test program.was‘QOndueted.at the LRC Unitary Plan
Tunnel from November 15, thru 23, 1971;.bdt the mode? was'reinstaTIed December 3
to repeetsbooster schlieren photographs; During the tests in November, 24 heat
transfer and 22 schlieren runs were made. -The high speed test cell was used for
all tests to obtain data vat Mach Ndmbers}of 2.3 and 3.7. Heat transfer tests
outside of this range are not feasib]e although the tunnel haS'a'much.wider
operating'renge. The test facf]ity, testsconditidns, and data reduction nethods
will be described in this section.
Facility - | ‘ v
The LRC‘Unitary Plan.Tunnel (UPT) is a continuous-flow facility with
two supersonic ‘test cells-4 feet sduare-and‘7 feet long. The lower speed test
-4ce11 (No. 1) covers the range ‘of Mach Numbers from 1. 47 to 2.86 wh11e the high
speed test cell (No.2) is used for Mach 2.29 to 4. 63 However, qn]y the high
speed‘test ¢ell can be used fordheat transfer tests, and most satisfactory
~operation is achieved if the Mach number is‘limfted to the 2.3 to 3.7 range.
The model remains in the tunnel at all times and the heat pu]sedused
for heat transfer tests is achieved by by;passing the tunne] coolers. This
causes a temperature increase.from approximately 135 F-to 250 F in a period of
less than 5 seconds. Due to the rapid heating of the test section during heat
transfer tests, the 1arge windows in ‘the test section wa]]s are replaced w1th
steel doors to prevent therma] stress cracks 1n the g]ass, so separate runs .
must be made to obtain heat transfer data and schlieren or shadowgraph»p1ctures{_
| Data recording at the UPT is similar to the other'tunne1seexcept that »
more data can be recorded. Temperatures can be—recdrded on 199 channels (197

from the model and 2 stagnation probes) which are connected td the LRC centra]

14



REMTECH INCORPORATED

data processing system, while pressures are recdrded‘and punchéd'éh computer
cards at the tunnel. The tunnel uses a speciél connector for the the?mbcoupTe
wires which has iron and constantan pins to prevent a dissimilér metal
junction in the thermocouple circuit. 'Since all the model plugs were removed
from the model so it could be rewired for the facility, 20 thermocouples wéreA
eliminated to reduce the number to be recorded to the'Timit of 197. Some of
the thermocouples deleted were-inoperative_or questionable in the Mach 10

test and are noted in the list of thermocouples omitted in Table 7.v_ 

Test Conditions

| Most of the tests were.conducfed at a unit Reynolds Number of 3.5x10%/ft
_With bouhdary layer trips cemented 1.1 inches aft‘bf the model noses, buf a few_ |
runs were also made at I.ZZ'x 108/ft and 5.5 x'lOé/ft without trips so Mach
'Number_éffects could be evé]uated by comparison with Mach 6 resu]ts. The

'approxfmate'tunne] stagnation conditions for the heat transfer runs were as

follows:
Mach - - Stagnation Stagnation Re/Ft
. No. Pressure - psia . Temperature - R VX]O-S
2.3 22.5 700 3.5
3.7 ' 17.3 ' 700 : 1.27
47.7 - ' 700 - 3.5
75.0 - 700 5.5

Tests were made with the booster alone and with fhé ﬁatéd cdh%iguration,
- -but no phase change daté could be obtained on the_drbiter because a model in-
.jection system was notlavailab1e. A tabulation of all the test conditions is
_presented in Table 8. A1l tests which_wereip]anned,(ref.3)'were completed with.
‘the exception of the low Reynolds Number runs on the booster and nominal mated
configuration, and the mated configuration with the orbiter 1.1 inches forward

of the booster. Schlieren photograph§ were not obtained on some of the runs
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due'to camera difficulties, but after- the repeat runs. schedu]ed for December 3,
shadowgraphs will be ava11ab]e on all the f1ow v1sua11zat10n runs. (Run Series
2 and 3). N

Conduction effects on the model were noted which caused a change in
test procedure in order to obtain equilibrium temperatures for use in data re-
ductien. Normally the tunnel is heated by_runhihg with the coolers by-passed
for approkimately 30 minutes; Then the coolers ere intfoduced jn the ¢ircuit
to cool the air and the model for about 20 minutes before they are by-passed
again to produce the heat bump. When thie procedure was tried initially on
the booster, it appeared that the temperatbres neer the top of the model well
aft of the nose were too high after the normal cooling period. It was postu-
Tated that this behavior might be caused by conduction from the heated mass of
- metal on the right side of tﬁe mode1 which coo]ed.too slowly. The higher heat
transfer coeff1c1ents near the model nose cou]d drop the thin sk1n temperature
in spite of conduction from the heavy side of the model wh11e the lower co-
efficients ferthervback would not cool the fhin skin as effectiVe]y,‘so a
higher temperature would result from conduction. When the orbiter was installed
‘the temperatures on the top of the mode1 tended to be cooler after the short |
coo]ihg process due fo the hfgher heat fransfer coefficients resu]tihg fkom the
interference between the bboSter and orbiter, but still the temperéture far
back under the orbiter would remain high. |

Since the equi]ibkium temberature df the'modeT‘is necessary in the data
reduction procedure, it was dec1ded that the safest po]1cy would be to record
’equ111br1um ‘temperature profiles on the mode] for each test cond1t1on before
A the coolers were by-passed to heat the tunnel. This caused some.delay in the

test since all test points were run cold before the tunnel could be heated.
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Since the booster runs had been completed before this procedure'waé uséd; the
booster equilibrium temperatures were recorded during the Flow Visha]iiation'
“runs on the booster (Run Series 2). '

i

Data Reductions

The data reduction procedure normally‘used for the UPT is being modi-
 fied for this test, so the final description“of the data reduction procedure
will be transmitted to MSFC=witﬁ'the reduced data. .The»description presented
be]qw is based on descriptibns of.thelmethod pkevious]y used and discussions of
the probable changes with the LRC test engineer.‘_ | |
o Data from the test is digitized at 0.5 second intervals,and the heat
transfer coefficient is calculated using»an‘intégra] method which fnc]udes
lateral conduction corrections where instrumentation is spaced close enough fo'
,'a]]owvit.
The dataifedUction-mode] is.derived:from the expfession

h = Spc(dT,/dr)/ (Te=Ty) N (5)

where T, is the equf]ibrium skin temperature rather than the'adiabaiic wall
temperature. If there is a significant change in recovery factor dver a short
 distahce on the model, conduction in the skin under equilibrium conditions
could cause T to differ slightly from TR. Equation (5) 1sfintegrated numéri-‘

cally using the form
Soc(Ty 1 - ‘ - R ‘
n o 20T -~ Tso) e

_ (Te/To) .EOE Toht- }E: .TWAT‘

' ih which the summations are evaluated at 0.5 second intervals étcording to the

trapezoidal rule

t _ -
LTt = (05T # 05 Tg+T, +T,+----+T,_ )ar (7)
COE » | o
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The temperature T, and T, are both reCorded-during the-test'and the ratio Tg/Tg
is determined from the equjlibrium temperature'ruh'before the test.
If conduction correetions are:posSible, a-term is'added_to equation

(6) to account for the integrated conduction

8pc (Ty,t - Tw,0) - kdiiBBZTW/axz) + (asz/ayz)]AT
. _ v

(Te/To ) Z To At - z TWAT

o.

The wall temperature derivatives are_approximated.in the data reduction program

by
. ) [(Tn+]‘Tn)/ (Xn+]’xn)] - [(Tn‘Tn_] )/ (Xn'xn-] )] (9)
- (3%T/0x%) = 0.5(Xp+1-Xp-1) |
(32T, /3y?) _ [Tna-Tn)/ 1)1 - [TnTpo1 )/ Y ) - (10)

0.5 ‘(yn” -Yn_]‘) )

Either the x or'y correction may be omitted if it is cqnéidered to be unnecessary.

| : Iﬁ previous tests, zero time was taken just after the temperature bump
had raised the stagnation temperature to the high temperature Jevel, but with
"the high heat transfer coefficients exper1enced in interference regions th1s o
allowed. apprec1ab1e sk1n heating before the data reduction was started ~ Previous
trials at start1ng_the data reductjon at the beglnn1ng of the temperature bump
while}the‘model is stiTl cool have indicated that‘the qua1ity offthe resulting
data was improved :Therefore' the zero time tor this_teSt-will_be selected at
the beg1nn1ng of the temperature bump |

The upper limit of 1ntegrat10n for equation 8 was formerly determ1ned

by an elaborate system of tests designed to select the best probable value of h,

18 -
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but these tests will be disregarded in -the reduction of the data from the cukrent
test. The test engineer will select .the upper integration 1imitﬁbased on his

analysis of the data, and the present indication is that a value of four seconds

will be usedﬂ
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Y | ' DATA REDUCTION EVALUATION

In the process of p]ann1ng the ascent heating tests for the space
‘shuttle, 'data reduction methods used w1th phase-change mode]s were studled and
an attempt was made to define a criteria for accept1ng or rejecting data -taken
on portions of mode]s wh1ch had a small radius of curvature. -Although no-
straight forward analysis was found, computations were made which might indi-
cate the magnitude of the error. | | |

The-approach taken was toiattempt'to put ana]&tica] expressions for

heating of cy]inders, spheres, and semieinfinite solids into similar forms
so relative effects could be eVa1uated. 'It-was not possible to compare the
semi-tnfinite solid with the dinensioned'shapes, so the heating of a slab of
thickness "a" with the back side insulated was used. Since the-slab surface
“temperature will behave essentia1]y’the same as.that of a semi-infinite solid
'for (at/a2)<0.2, the ana]ysis is Timited to this. range.

The case for which compar1son of shapes was desired was- that for -
constant heat transfer coeff1c1ent and adiabatic wall temperature but so]ut1ons
. for this case were not found. Therefore, the case of constant heat flux was
chosen. This approximates thevactual case when the difference between the
initia] model'temperature and the phase change temperature is small compared to
the adiabatic wall temperature but. can only be used as an approx1mate 1nd1cat1on

of other cases.
The so]ut1ons for constant heat flux (ref.'5).were‘arranged to evalu--

ate the parameter (T -T )k/qa as a function of 6, where

and a is the radius of the cylinder or sphere or the thickness.of‘the slab.
Solutions for the various shapes from ref. 5 were evaluated for the'surface
temperature, Tw. They are as foT1ows:. | |
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R (T,-T;)k/qa = 20 + ,0.'2_5-2 ,n; ’ ’(exp(-vnze))/vnz - C (12)
where Yg» N = 1,2, . . ; are the posftive roots of
- J1(Y) =0
Sphere E . |
o (TTik/qa =30+ 0.2-23  (exp(-y.26))/y. 2 =
W T - n=1 n "o (13)
.- where yp,n =‘1,2,. . . are the positive roots of
|  tany = y
Slab . ’
(T,~Ti)k/qa =6 +1/3 = 2/n? Y. (exp(-rim26))/n? ' (14)
) - ) ) n=1 . . .

where n = 1,2,3 . . .

The ratios of equations (12) and (13) to equation (14) were computed-and
.the resulting ratios are presented as a function of © in Figure 5. These ratios
can be interpreted as ratios of temperature difference for equal flux or as
ratios of flux which‘wili éive the same'temperature difference. In application
to phase change data reduction, the ratio gives a direct indication of the poséi-
ble error in the heat transfer coefficient. | |

'The results preSented in Figure 5 may be used to estimate experimenta] er-
| rors, but their use stiould be limited to values of 6 §_0;2 and (Ty-T;)/(Tp-T5)<0.2.

Further studies should be made to'obtain an indication of errors over a larger

" range.
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© CONCLUSIONS AND RECOMMENDATIONS = -

Most of the objectiQes of the test weré’aéhieved; and if the data
quality proVes to be satisfactory, ihe re$u1ts shou]dvbe'useful in'the dé-
Vélopment of ana]yticél predictions of.interferenée heafing on:space shuttle
;onfigurations. }Additibna] data on configurafionvvariatibns and more complete
0il flow patterns for flow visualization could have been obtained if the model
configuration.changes‘cou]d have been made more quick]y{ In model designsvfor
futUre tests, careful attentioh should be given to eaSe of confijuration changes
and positive alignment methods to use when gétting up the_mbde]s shoqu'be'pro-
vided. | »

Additiona]‘work wdu]d also be useful in peffectihg attachment designs
. which wou1d minimize conduction from thevstructuré1 parts of the model into the -
'thin-skin., This is particularly important in designs fof the Unitary Plan
Tunnel. _Previoqs mode] designs'for the UPT used heavy transverse bulkheads
‘which caused non-isothermal wall effects in the flow down the mdde]# Every
effort was hade to avoid fhis problem in the present model, but the design
abpears to suffer from circumferent1a1 conduétidn from the heavy side of the
mode] into the top of the thin skfn half. Cohsideration shou1d be given to
using insulating materials to minimize conduction through attachments and to '
iighfeh{ng structural members as much as possible to pfomote rapid temperature

changes.
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TEST CONDITION SUMMARY

TABLE 1 _«f -

Approx1mate Re/Ft x1076 *x

AX 1is the ax1a1 d1stance between the booster and the orb1ter noses and is

p051t1ve for the orbiter forward: of the booster

AY 1s the m1n1mum vert1ca1 gap between the booster and orb1ter

*Data on booster only.
. **Runs at Re/Ft =
booster and orbiter noses.

2%

3.5 x 107 5 were made with boundary 1ayer trlps on the

Nominal Conf1gurat1on Angle of
‘Mach No. “AX/AY ’ Attack| Yaw - 1.0f 1.3] 3.5}°5.5] 5.7 8.0}
) Booster| - -5,0,5 - X X X i
-0 1,2,3,4 ' X _
Orbiter - -5,0,5 o ' X X
Mated |-1.1/0 -5,0,5 - X X1 X
: -1.1/0.065 | 0 - X , X |
0/0 -5,0,5 - Xt
1.1/0 -5,0,5 - X
10 Booster - -5,0,5 | - - X
. ' : 0 1 X
Mated [-1.1/0 -5,0,5 - X
: a 0 2 X
-1.1/0.065 0 - X
-1.2/0 -0 - I X
-1.0/0 0 - X
-0.9/0 -0 - - X
0/0. -5,0,5 - X
3.7 Booster| - -5,0,5 - X ,
o ' 0 - X X
‘|Mated* {-1.1/0 -5,0,5 - X
o ' 0 - - Xt - X
-1.1/0.065 0 - - - X
~0/0 -5,0,5 - X
2.3 Booster| . - . -5,0,5 - X
Mated* |-1.1/0 -5,0,5 - X
-1.1/0.065 0 . - X
0/0 7 -5,0,5 - "X
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- TABLE 2

0

2)

3)

INITIAL THERMOCOUPLE WIRING CONFIGURATION
Plug S ' : PINS o -
- 1,13} 2,141 3,15} 4,161 5,17} 6,18] 7,191 8,20] 9,21]10,22{11,23]12,24!
1 1 2 3 4 | 16 26 | 27 28 29 |. 38| 39| 192
2 5 6 71 17 18 19 | 30 | 31 40 |. 41 42 46
3 8 94 10 (.20 21 22 32 330 34| 43| 44 47
4 11 12 13-4 14 { ‘15 23 24 25 35 36 37 45
5. | 48 49 50 51 52 1 53 60 61 62 69 70 71
6 54 55 56 57 58 50 | 63 | 64 65 66 67 68
7 72 73 74 79 80 81 86 87 | 88 89 | 90 91
8 75 76 | 77 78 82 83 |. 84 85 | 113 | 199 | 200 | 201
9 1M1 | 112 | 114 | 115 {116 | 117 1118 | 119 | 120 | 121 | 122 | 123
10 124 | 125 | 126 | 127 | 128 | 129 {130 | 131 | 132 | 133} 134 | 135
11 921 93 | 941 95 98 991 100 | 153 | 154 ; 155 | 156 | 157
12 96 97 | 101 |-102 | 103 { 104 | 105 | 106 | 107 | 108 | 109 | 110
13 158.| 159 | 160 | 161 } 162 | 163 | 164 | 165 | 166 | 167 | 168.1 171
14 136 | 137 | 138 | 139 ; 140 | 141 | 142 | 143 | 169 | 170 | 172 | 173
15 174 {175 | 176 | 177 | 178 | 179 | 180 | 181 - - - -
16 182 | 183 | 184 | 185 | 186 | 187 | 188 | 189 | 190 | 191 | - -
17 144 | 145 | 146 | 147 | 148 | 149 | 150 | 151 | 152 - - -
18 193 | 194 | 195 | 196 | 197 | 198 | 208 | 209 { 210 | 213 i 214 | 215
19 202 | 203 | 204 | 205 | 206 | 207 | 211 § 212 | 216 | 217 - -
Notes:
Thermocouple numbering order shown on instrumentation installation drawing

EE-5434-1110 (El1co Engineering).

‘Plug consists of an insert, Amphenol 26- 1328 and a housing, Amphenol

26-4501-24, which match the connectors 1n the Lang]ey M=6 20-inch w1nd
tunnel.

Each plug has 24 numbered pins. The iron wires are soldered to pins 1.
thru 12 and the constantan wires are soldered to pins 13 thru 24. The

plug insert is installed in the p]ug so that pin 1.is on the end of the

housing marked 1.
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TABLE 3
THERMOCOUPLE LOCATION AND SKIN THICKNESS*

~FUSELAGE

~Thermocouples 1- 110 and 192 217

L = 18.88 inches

¢ Measured counter clockwise looking forward -

Z Measured above (+) and below (-) the booster center11ne N

T.C X- | X/L ¢ Z Skin Thickness
No ' . "~ Inches
1 | 0.5]:0.026 0 0.031
2 1.0 {:0.053 - 0.031 '
3 1.5 |:0.079 0.025 (0.023-0.027)
4 2.0 |'0.106 0.032 §o.030-o.035)
5 | 2.5].0.132 0.026 (0.024-0.028)
6 | 3.0 0.159 0.028
7 3.5 | 0.185 0.028
8 | 4.0 0.212 ©0.027 ,
9. 4.5 0.238 -0.029 (0,028-0.032) |
10 5.0 | 0.265 0.033
11 5.5 | 0.291 0.034
12 6.0 | 0.318 i 0.032 Lo
13 | 6.5 { 0.344 - /1 0.029
‘14 7.0 | 0.371 1 0.028"
15 | 8.0 0.624 | V ©0.032 |
16 2.0 {.0.106 | 15 0.029 (0.027-0.031)
17 2.5 | 0.132 | 0.030 (0.029-0.031)
18 3.0 | 0.159 0.030
19 | 3.5 ('0.185 0.031
20 4.0 |.0.212 0.030
2] 4.5 | 0.238 0.030 (0.029-0.031)
22 5.0 |'0.265 0.032
23 | 5.5 0.291 0.031 ,
24 6.5 | 0.344 ; 0.027 (0.026-0.028)
25 7.0 {.0.371 ¥ 0.026 -
26 1.0 . 0.053 | 3g 0.031 '
27 1.5 1.0.079 | 0.022 (0.022-0.025
28 2.0 | 0.106 '0.030 50.029-0.031‘
29 2.5 1-0.132 0.029
30 ‘3.0 | 0.159 0.031
-~ 1"3.51'0.185 0.032 '
32 4.0 |.0.212 0.030 (0.029-0.032)
33 |'4.,5]:0.238 0.033
34 5.0 | 0.265 0.035
35 5.5 | 0.297 : 0.035 . .
36 6.5 | :0.344 $ ' 0.032 (0.031-0.035) -
37 7.0 {10.371: | 0.033 (0.031-0.035)
38 2.0 |:0.106 | 45 . 0.027. :
39 2.51.0.132° 0.029 (0.028-0.031)
40 3.0 |:0.159 . 0.030 (o 028-0.032)
41 3.51.0.185 1 0.028 -
a2 | 4.0 0.212) ¥ 0.026 (0.025-0.027)

*Skjn thickness measured within 3/8 inch radjus of thermocouple location.  If
thickness variation is not less than-:+0.001, the range is listed in parenthesis.
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TABLE 3 (continued)

T.C. X/L. o) V4 Skin Thickness
No. “Inches
43 4.5 | 0.238 | 45 0.025 (0.024-0.027)
44 5.0 0.265 0.024 (0.023-0.025)
45 5.5 0.291 0.024 (0.023-C. 025)-
46 4.0 | 0.212 | 60 0.027
47 5.0 0.265 | 60 0.026
48 . |10.0 0.530 | 45 0.025
49 111.0 0.583 | 45 0.027
50 8.0 0.424 |60 0.026
51 9.0 0.477 | 0.025
52 [10.0 0.530 4 0.026
53 11.0 | 0.583 ‘ . 0.028 .
54 15,37 0.284 81.41 %0.2 0.030
55 | 5.77] 0.306 0.029. _
56 6.17 | 0.327 0.030 (0.029-0.031)
57 6.57| 0.348 0.030°(0.028-0.032)
58 6. 0.369 0.028 (0.026-0.031)
59 8. 0.424 0.022
60 9. 0.477 |. 0.023
61- {10. 0.530 |- ' 0.024
62 |11 10.583 V ¥ 0.023
63 5. 0.284 98.6] -0.2 0.030 -
64 5. 0.306 0.027
65 6. 0.327 0.028 (0 026-0. 030)
66 | 6. 0.348 0.026
67 6.97 | 0.369 - 0.025
68 8.0 0.424 0.028
69 9.0 0.477 _ 0.026
70 {10.0 | 0.530 | - 0.029 |
71 11.0 0.583 V.| 0.028
72 5.0 0.265 | 117.5| =0.62] 0.024. (0 023-0. 025)
73 5.3 0.281 | 0.027. _
74 5.6 0.297 0.025 (0. 024-0.027;
75 {5.9 0.312 0.025 (0.021-0.027
76 6.2 0.328 0.026 (0 020-0.028)
77 6.5 0.344 0.027 _ ‘
78 6.8 0.360 v \d 0.027 .
79 5.0 0.265 | 130.5| -0.86] 0.023
80 . 5.3 0.281 0.020
81 5.6 0.297 0.020
1 82 5.9 | 0.312 0.020
83 6.2 | 0.328 0.024
84 6.5 0.344 -] 0.020
- 85 6.8 0.360 v 1Y 0.020
86 5.0 0.265 | 143.5( -1.06] 0.028 -
87 5.3 0.281 [ J 0.028
88 5.6 0.297 v ! 0.033
89 5.0 | 0.265 | 156.5| -1.22] 0.031
90 5.3 0.281 & | 0.030
91 5.6 0.297 -V 0.035
92 15.1 0.803 62.3] +0.8 | 0.030 (o 028-0.032)
93 15.5 0.824 62.3! +0.8 0.029 (0.027-0.031)
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. TABLE 3 (continued)

‘T.C. | X XL ¢ z Skin Thickness

No. ¢ ' _ ' Inches
94 15.9 0.846 62.3 +0.8 0.026 (0.025-0.028)
95 16.3 0.867 0.025 (0.023-0.028)
96 16.7 | 0.888 | ' 0.029 (0.028-0.031)
97 17.1 0.910 v 1 v 0.030 (0.029-0.031)
98 15.5 0.824 75.3 +0.4 | 0.032 (0.031-0.033)
99 15.9 0.846 . 0.032
100 16.3 0.867 0.031
101 16.7 0.888 0.030-
102 17.1 0.910 0.029
103 17.5 0.931 . | -0.028
104 | 17.9 | 0.952 | V ¥V | 0.028 (0.027-0.029)
105 . 16.7 0.888 | 90 -0 0.030 - - _
106 17.1 - 0.910 : 0.031
107 - 17.5 0.931:" _ 0.031 _
108 - 17.9 |. 0.952 V -V 0.031 '
109 17.5 0.931 {104.7 | -0.4° 0.029 (0.027-0.031)
‘110 17.9 ©0.952 |104.7 =-0.4 0.028 o
192 0 - o . |180 : 0.029
193 0.5 0.026 --0.028
194 1.0 [' 0.053 0.030 ° :
195 1.5 | 0,079 - 0.030 (0.028-0.031)
196 2.0 | 0.106 0.022 . '
197 3.0 |. 0.159. | 0.030
198 4.0 | 0.212 0.028 (0.025-0.030)
199 - 5.0 | o0.265 0.030- C
200 6.0 |. 0.318 0.030 '
201 7.0 |. 0.37 0.033 (0.032-0.035)
202 8.0 |: p.422 0.033 o
203 9.0 |. 0.477 0.030
204 11.0 |: 0.583 | - 0.026 o
205 13.0 | o689 | | 0.028 (0.027-0.030)
206 - 15.0 1. 0.794 - 0.031 ' ]
207 17.0 i gopp | VY - 0.033 (0.031-0.034)
208 1.0 0.053 |160 0.030 , '
209 2.0 - 0.106 ©0.020
210 3.0 |I' 0.159. 0.030
212 11.0 I g.583 |. Vv 0.024
213 1.0 | g.o53 |140 0.030
214 2.0 | 0.106 0.023
215 3.0 ) 0.159 0.030
| 216 9.0 |l 0.477 0.025
217 11.0 | g.583 | VY 0.030

28 -
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TABLE 3 (continued)

LEFT CANARD
o Thermocouples 111- 135 '
Y Measured along exposed semi-span w1th Y= 0 at 1 2 1nches from model center.
b/2 is the exposed semi-span of 1.565 -inches .
X is approximate. Thermocouples installed on ]ead1ng edge (LE) and 0.3 and
0.6 inches along the.surface from the 1ead1ng edge on the upper (US) and
Tower (LS) surfaces.

T.C. X | X/L lLocation Y . | Y/b/2] Skin Thickness

“No. o o B Inches
111 6.1 -| 0.323 LS 0.2 0.128 0.026
112 | 5.8 | 0.307 LS S ' 0.025
113 5.6 0.297 LE 0.030
114 5.8 0.307 us ' ' - 0.030
115 | 6.1 0.323 us -V oV 0.032
116 6.1 0.323 | LS . 0.5 | 0.319 | 0.028
117 5.8 0.307 LS ) S 0.027
118 5.6 | 0.297 LE 0.030 .
119 5.8 0.307. us v - ©0.031
120 6.1 0.323 us v V- 0.032
121 6.1 0.323 - | LS 0.88 | 0.562 0.031
122 5.8 0.307 LS ' : 0.028
123 5.6 0.297 LE 0.030
124 5.8 0.307 us 0.030
125 6.1 | 0.323 s Y V) 0.032
126 6.1 | 0.323 LS 1.14 0.728 0.031
127 | 5.8 0.307 LS T : 0.030
128 | 5.6 0.297 LE - : .| 0.030
129° 5.8 0.307 us o E 0.032
130 6.1 | 0.323 us - Y \Y 0.031
131 6.1 | 0.323 LS 1.38 0.882 | '0.032
| 132 ‘5.8 1-0.307 LS ' 0.031 .
133 5.6 | 0.297 LE 0.030
134 5.8 0.307 us : 3 0.030
135 |- 6.1 0.323 us R/ v/ 0.032
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1)
—

Thermocoup1é§

" Thermocouples

X is measured
C is the chord
Y is measured
b/2 is the fin

TABLE 3f(cdntihUed)

136-143 on outboard side of Left Fin
144-152 on-inboard side of R1ght Fin

from leading edge

length

a]ong the fin from the fin - w1ng Jo1nt

semispan .of 1.794 “inches..

T.C. X X /C Fin Y Y/b/2 Skin Thickness| .

No. ' C Inches.

136 ]0.341 | 0.30 Left | 1.56 0.870 0.033

137 0.113 | 0.10 1.56 0.870 | 0.033

138 0.397 | 0.30 1.20 0.669 | .0.030

139 0.132-} 0.10 1.20 | 0.669 | 0.032

140 0.460 | 0.30 . .0.80 0.446 | 0.028

1417 {0.153 | 0.10 0.80 0.446 | 0.033
1142 10.546 | 0.30 .| 0.25 ] 0.139 0.029

143 0.182 | 0.10 v . 0.030

144 0 0 | Right 0.029

145 10.182 | 0.10 ‘ 0.032

146 - |0.546 | 0.30 vV Y 0.031

147 0. 0 0.80 0.446 | 0.032

148 0.153 | 0.10 ‘ 0.031

149 0.460 | 0.30 \Y Y/ - 0.028

150 0 0 1.20 0.669 | 0.031

151 0.132 | 0.10 ‘ ‘L’ | 0.029

152 0.397 | 0.30 \% , \V - 0.030
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WING

- § is the’ distance a]ong surface from 1ead1ng edge para]]e] to veh1c1e

ThermocoupTes 153-173 Left Wing =
Thermocoup]es 174-191 Right Wing

centerline

Y- is measured normal to fuse]age centerline a]ong the w1ng surface from

the wing root. The origin for Y is’ 1.528 inches from the. booster center

' TABLE 3 (concluded) -

b/2'is the wing exposed semi-span of 4. 197 inches

T.C. S} 1 Wing |Location Y ..Y/b/2 Skin Thickness
- No. R o . Inches
183 | 0.8 | Left Ls | 0.64 | 0.152 | 0.031 N
154 | ‘0.4 LS - | 1 0.030 (0.029-0.032) |
1585 0. LE : 0.025 (0.028-0.031) |
- 156 0.4 us | | 0.027 (0.026-0.028)
157 0.8 us . : | 0.029
1158 | 0.4 LS . 1.04 | 0.248 | 0.030 (0.029-0.032) |
159 |- 0. LE | ' 0.028 (0.026-0.030)
1160 | 0.4 us é ‘ | 0.028 (0.026-0.031)
161 0.8 LS 1.44 | 0.343 | 0.030
162 | 0.4 LS 0.030 :
163 | ‘0. LE ‘- 0.028 (0.026-0.030)
164 | 0.4 us | 0.028 (0.026-0.031) .
165 0.8 Us ' \Y 0.030
166 0.4 - LS 1.84 | 0.438 | 0.029
(167 1 0. LE ' _ 0.029 (0.027-0,031)
168 0.4 Us é $ 0.028 (0.026-0. 031)
169 | 0.8 LS 2.24 | 0. 534 |. 0.032
170 |- 0.4 LS - ~0.031 .
171 0. LE ~0.029 (0.027-0.031)
172 | 0.4 - us - 0.028 (0.026-0.030)
173 0.8- | V Us . 0.028 .
174 0.4 Right LS 2,44 | 0.581 | 0.029
175 0. - LE | $ 0.028 (0.026-0.030)
176 | 0.4 Us & : 0.030 .
177 0.8 LS 2.84 | 0.677 | 0.030
178 1 0.4 LS : 0.030.
179 | 0. LE 0.029 (0.027-0. 031)
180 0.4 us - 0.030
181 1 0.8 - US v | . 0.028 (0.027-0.030)
182 -1 0.4 LS -3.24 | 0.772 | 0.030
183 | -0. LE - o 0.030 (0.029-0. 031)
84 | 0.4 us b 0.028 .
185 | 0.8 Us ; B 0.028 |
186 1 1.2 us v \/ ©0.030 (0.028-0.032) |
187 0.4 LS 3.64 | 0.867 | 0.031 (0.030-0.033)1
188 0. LE £ 0.029 (0.027-0.031)
189 | 0.4 USs 0.030 (0.028-0.032)
190 | 0.8 US . 0.028 (0.026-0.030)
191 1.2 Y uSs v V 0.030 (0.028-0.032)

31




REMTECH INCORPORATED

TABLE 4

PREssURE'TAP LOCATIONS ON FUSELAGE = -

Pressure X X/L 1 ¢
‘Number - :
g 2,25/ 0,119 | 11,5
2 2,75 0,146 | 1
3 3,25 0.172 9.5
4 3.75{ 0,199 9
5 4,25| 0,225 | 8,5
6 4,75/ 0,252 8.5
7 5.25| 0.278 8.5
8 2,75/ 0.146 .| 38
9 4,25/ 0,225 21,5
10 4,25/ 0,225 | 36
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TABLE 5

(Continued)'

33 .

RUN "LOG FOR LRC M=6 TESTS _

MSFC{LRC ‘LRC'Mode AX/AY  1Approx.| Angle of |Booster {Phase Change Temp.:
Run|Test [Run ' (3) |Re/Ft ‘[Attack|Yaw| Inst. Booster|Orbiter - | -
No.| No. |No.| U gi{Group (5)] F- | F

'1-1 16386] 5 {Booster| . - 1.3 . 0 o 1 .

1 .2 3 5.7 0 A
3 9 15.7 -5 : I
4y 8 5.7 +5 a
5. 4 8.0 . 0 1
6 163871 5 1.3 0 2
AN I 5.7 0 ,
8 4 5.7 =5 1
9 3 5.7 +5

10 . 131 8.0 .0 2
1 18 1.3 . 0 3
12 6 | 5.7 0
13 9 =5 1 i o
14 71 +5 0 3

- 1 0(1)j 0o} .5
- 12 R L
- 13 2 I
- 14 - -3
-1 15 5.7 - 0(1)- 4 5
- 16386 6 8.0 +5 047 1

2-1 16387|16 |Mated |-1.1/0 5.7 0 0] ?2(2) 0il1 Flow
-3 |6386(13 ~ -1.1/0 5.7 +5 0 1(2) :

3-2 1638718 [Mated {-1.1/0 (5.7 0 0 2 125 -] 150

-4 120 -1.1/0 - 5.7 -5 -0 2 125 | 125 ,
-6 - 19 | -1.1/0 (5.7 +5 0 2 125 125 ;

4-1 (6386{17 {Mated |-1.1/0 1.3 0 0 1
2 11 A 5.7 0 L

3 16 ‘ 5.7. -5 | I '
4 15 5.7 | +5 : N
51 |29 8.0 - ] ! 1 250 -
6 [6387]24 1.3 0 2 '
7 21 5.7 0 113 .
8 23 5.7 -5 I 175
9 22 5.7 +5 o 113
10 126 8.0 0 2 -
11 127 8.0 -0 3 -
12 28 5.7 -0
13 30 v 15.7 -5 | 1
141 129 ~1.1/0 5.7 +5 0-1 3
5-2.16386{27 |{Mated |-1.1/0.06(1.3 -0 0 4 175
4 28 : -1.1/0.0618.0 0 250
5 23 -0/0 . |5.7 0 I [ 175
6 25 | 0/0 5.7 -5 175 ,
7 24 - 0/0  |5.7 5 | 0] 4 175 |
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© TABLE 5 '(c_ontirjuéd_)

MSFC

2)

3)

LRC {LRC {Model | ax/ay |Approx. Ang]e of 'Booster Phase Change Tem
Run |Test |Run 1 (3) Re/Ft Attack! Yaw| Inst. |Booster 0?b1fg?

No. [No.” |No. ' S x 107° a B |Group(5)] F F

-8 {6386 | 19 (Mated {+1.1/0 5.7 . 0 0 4(4) 175

9 21 4 +1.1/0 5.7 -5 0 4 Rt 175

10 22 | +1.1/0 5.7 +5 0 4(4) ' 175

6-3 (6387 | 37 |Orbiter| - 5.7 0 0 - : o 150

4 41 E o | | | 113

5 39 -5 : : ' 150

6 40 -5 113

7 38 | +5 ‘150

8 42 5.7 | 45 113

9 - 36 8.0 0 200

10 35 8.0 o] o 150
NOTES: ]) Model rolled 90° c]ockw1se to /1sua11ze shock on canard and yawed .

using angle of attack adjustment. Negative yaw moved the nose to
the: r1ght_(or down with the model rolled 90° clockwise).

0i1 flow tests. Booster instrumentation uncertain on first run so

'LRC data must be used. Due to short run time for oil flow (=7 sec.)

pressures are probably not good on LRC Test 6386 Run 13.

Nominal zero gap was run with a 0 002 shim on the back of the booster,
and the actual gap varied from 0.002 to 0.005 before the run. On

some occasions the gap would open during the run or during model
retraction. On most runs this would only amount to a few thousandths,
but on LRC Test 6387 Run 19 (MSFC 3-6) the gap after the test was

. =0.02 and the orbiter was nose up. The schlieren p1ctures can be

8)

5)

used to evaluate actual gap dur1ng the test.

Dur1ngvMSFC Run 5-8, pressure P5 was noted to be above the 20 psia
limit, and a higher pressure transducer was added in parallel on

data channel 99. On MSFC Run 5-10 both P5 and P6 exceeded the 20 psia
gage limit, but data was obta1ned on P5 from the high pressure trans-

-ducer

Booster instrumentation groups are:

o Groug' ’ . . _Thermocouple Plugs - ' Pressures

1 1,2,3,4,6,78 - . . Pl thru P10
2 5,6,7,8,9,10,19 - : o

3 11,12,13,14,15,16,17, |

4 1.2,3.4,9,10 .

5 ©9,10,13,14,15,16,17 - P1 thru P10

See Table 2 for'thermocouple/plug wiring details.
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‘" TABLE 6
RUN LOG FOR -LRC M=10 TESTS -
MSFCILRC| Model AX/AY Angle of |[Booster [Phase Change Temp.
-Run JRunf. ‘ [Attack| Yaw |Inst. Booster | Orbiter
No. {(T) o 8(4)|Group(3)| F F
1-1 | 1 |Booster 0 a
2|2 ' -5 1
313 +5 1
514 1 0 2
6| 5| -5 2
716 +5 2
- 18 0 -1 2
919 0 ' 3
10 {10 =5 3
11 |11 +5 3
‘3-1°129 {Mated |-1.1/0.003 { O- , 4 7305 —|—350——
2 |30 ' -1.1/0.002 | 0 200 | 200
3 (31 | -1.17/0.003 | -5 .| 275 275 .
5 132 -1.1/0.002 | +5 - 275 275
-=- 133 -1.170.002 | 0(2) v 275 . 275
4-1 |12 |Mated |-1.09/0.003] O. 1
2 {13 ' ' -5 1
3114 +5 ]
5|15 0 2
6 |16 -5 2
7 |17 +5 2
9 |18 0 3.
10 |19 -5 3
11 |20 . 5 1. 3
- |21 v 0 +2 3
5-1 |28 |Mated |[-1.1/0.063 | O 4 350
3125 ~.{ 0/0.003} 0 ! 400
4 126 : -5 350
5 (27 ‘ +5 -+ 350
- |22 -1.19/0.003] 0
- |23 -0.99/0.003} O
- |24 -0.89/0.003; 0 5
Notes: ‘1) A1l runs.are part of LRC Test 78. The Mach number was 10.2 and
S the unit Reynolds Number was approximately 10°. The model was
rolled 0.5° left wing down for all tests due to support tolerance.

+ 2) Model rolled 90° to get indication from phase change pictures of

bow shock impingement on the canard and w1ngs
3) Booster 1nstrumentatlon groups are:

Group Thermocoupje Plugs Pressures
1 1,2,3,4,6,18 P5,P6,P7,P9
2 5,6,7,8,9,10,19 - '
3 11,12,13,14, 15 16, 17
4 -1,2,3,4,9, 10 P5,P6,P7,P9
See Table 2 for thermocouple/plug wiring details
t viewed from the rear.

4) Yaw positive with nose lef
o 35
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TABLE 7 |
THERMOCOUPLES OMITTED FOR SUPERSONIC TESTS

[tem Thermocouple Inoperative | Questionable‘ Deleted

Number v Operation

1 64 - X :

2 69 o _ X

3 114 - X

4 123 X

5 129 X

7 - 138 ' . X

8 - 153 - oo X

9 156 X _
10 ' 157 ' : X
11 160 X
12 165 o B S X
13 173 o X
14 177 o o ' X

15 181 o : X
16 185 ' - X

17 186 X
18 . 190 X
19 191 : , X
20 - 206 o X

Note: Thermocouple 46 has also exhibited questionable operation. but
has been retained because of its 1mportant 10cat1on on the upper
fuse]age _
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 TABLES
 RUN CONDITIONS FOR SUPERSONIC TESTS

MSFC
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=22
[«
. 3

LRC o.

—~ 0
N ot
S

AX/AY

Mach
No.

Approx
Re/Ft W
x10-©

Attack

_Angle of _

Rol1

“Heat
Transfer

Sch]ié}en

Shadowgraﬁgﬂ,

-—
]

N WM

o
-

w
-

Booster

3.7

X

N
]

")

o

Booster

W  oww—www
- . . L) L] . . L] -
o]l ocmomrnwo o,

_—x ’

O\ch-:;wt:\)—a
l
|

<

wl
2 b

CONON B WRN —
L

—

+

2.
s

N WN~O0ONHFOIHEWNOONO. | WN—OOI S AN~ WONO

.1/0

.1/0.068
.1/0.068

W~

3.5

90

90

>

> > > <

ONON WM —
NN | O

-1.

-1
-1
-1
-1

.075/0.004

1/0.003
.1/0.003
.075/0.004
.075/0.004.
.075/0.004

w—n

d-——-bﬁ»'md——.'

37



REMTECH INCORPORATED

TABLE 8 (continued)

MSFCJLRC'No. AX/A8Y - |MachiApprox|__Angle of | Heat BSchheren Shadowgraph
Run|RuniPt . No. {Re/Ft [Attack!Roll Transfer A '
No. 2) : x10-°¢ '

5113 |7  0/0.007{3.7 | 3.5 0 X

-2 8 S |- =5 ‘ '

3 9 _ +5

4 10 2.3 0

5 11 | ' : -5

6 12 | - : f f +5

1314} 31{-1.09/0.063 {3.7 0 - -
14 | 41 4 1-1.09/0.063 |2.3 v L 0 X

Notes: 1) Grit boundary layer trips were cemented around the booster and
orbiter noses approximately 1.1 inches aft of the tip for all runs
" at a unit Reynolds Number of 3.5 x 10%. One row of No. 40 grit
-(0.018 in.) was used with a spacing between particles of about 3
‘times the partvc]e d1mens1on

2) Occasionally double points were taken because of prob]ems.with
"~ the pressure recording. Equilibrium runs were made before
heating up the tunnel for all heat transfer runs to obtain the
true equilibrium skin temperature without non-steady conduction
effects from the heavy structure of the model. These runs are
not listed. ' .
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FOREWORD

Northrop-Huntsville, in support of Marshall Space Center contract
NAS8-26268, Shuttle Ascent and Shock Impingement Aerodynamic Heating Test, has
co-sponsored with vbn Karﬁan Institute an investigation of leeward heating
on delta wings. This study, which is partially funded under Nofthrop purchase
order 510-41036, Delta Wing Leeward Heating, is béing cohductedfby Wayne D.
Lanning, a Northrop employee currently on leave to atteﬁd the von Karman

Institute at‘Rhode—Saint—Genese, Belgium.‘
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. ABSTRACT

Results are presented of a study of thé pressure and heat transfer dis-
tributions on a 75-degree sweep slab délta wing. The wing hadiéylindrical
1eadiﬁg edges with a tangént sphere nose. The hypersonic flowfield study was
performed in the von Karman Institute's piston-driven wind tunnel/at nominal
Mach numbers of 15 and 20 at ReYnolds numbers per meter of 1.8:x 107 and 8.7
X 106,'r¢spectively. Thermaximum angle-of-attack investigatedgwas 25 degrees.
Nitrogen was used as the test gas. Oil-flow visualization studies were

~ included in the program.

The results indicated that fhe leeward sUrfaée flowfield was not conical
for the range of test conditionsvinvestigatéd. For angles-of-attack greéter
than 5 degrees, boundary layer‘separatioﬁ'occurred at the junction of the
leading edge and expansion surface. The feshlting vortex reatfached near the.
centerline inducing a regidn of high'pressure and heat transfer. The peak
heating rafe 6ccurred a short distance aft of the nose and tended to move
forward with increasing angle—of—attack. ‘The strength of the vortex appeared
greater on the aft part of the model. The effect of increasing the Mach

number was to increase the relative lee-side flowfield properties.
Based on the experimental results obtained during the investigation, the

dominant flowfield characteristics for the leeward surface flowfield over a

blunt delta wing were postulated.
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Symbols

s O 0

=

Re

(ng

o
g

r © < 'c OH H 3 o w

Subscripts
1
w

(2]

" NOMENCLATURE

Definition
One-half the span of the wing at each (L/t) station
Coefficient of specific heat at constant ﬁressure
Heat trgnsfer coefficieﬂt

Longitudinal distance measured from the geocentric
stagnation point of the nose along the centerline

Mach number

Static pressure
Recovery factor
Reynolds number

Spanwise distance measufed perpendicularly from the
geometric stagnation point of the leading edge to the

" centerline

Spanwise distance measured perpendicularly from the
centerline to the geometric stagnation point of the
leading edge :

Stanton number

Model thickness

Static temperature
Adiabatic wall temperature
Stagnation temperature
Freestream velocity

Ratio of specific heats
Density

Dynamic viscosity

Refers to local value .
Refers to wall value

Freestream quantity

vi
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Secfion | _
" INTRODUCTION

Reusable space vehicle systems are now nearer reality with the completion

of preliminary design studies on the Space Shuttle vehicle. Mission require—

. ments suggest that the combined weight of the vehicle structure.and thermal

" protection system will laréely influence the useful payload. Iﬁ minimizing

. the thermal protection system, the location and magnitude of the maximum
heating rates encountered during reentry must be known within some acceptabie
degree of accuracy and con}idence. The thermal prdtection system requirements

" for the windward surfaces;have successfully begnvdefined due to extensive heat

transfer investigations.

" The same conclusion is not, however, true.for leewara or expansion
surface. In fact; these éurfaces had nof really beén examined in detail until
‘packéging of instrumentation on the leeward surface was recentiylsuggested
duriﬁg the design of reusable systems. Conseﬁuently, thefe is.a‘dearth of
‘experimental data on leeward éﬁiface flowfield propérties, espécially for
.conditions approximating hypersonic flight. Available experimental data are
inconciusive and do not proQide sufficieht insight for the development of
 either analytical or even empirical prediétibn_methods. The purpose of thié
investigation is to perform a much néeded experimental study 6n a blunt delta
wing at hypersonic conditions in én éffort to fill the exisfing void of ex-

perimental data.

A description of the flowfield phenomena on the lee surface of a delta
wing at angle-of-attack, as illustrated in Figure 1-1, can be found in
references 1 through 4. Although these descriptions pertain mdstly to sharp
leading-edge wings at various flow regimes, the flowfield is esSentially.the
same for blunt leading-edge delta wings_ét hypersonic speeds although addi-
tional'entropy gradients exist, The similarities and differences will be
substantiated a posteri. The flow is characterized by a bow shock which
envelopes the entire wing, twin vortiées, and embedded shocks. Flow separation
occurs either inboard of.or at the léading‘edges depending 6n the leading-

edge geometry, sweep .angle, and freeétréam conditions. After separétion,
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EMBEDDED SHOCK

VISCOUS LAYER
REGION

VORTEX CORE " SEPARATION LINE

BOW SHOCK

~Figure 1-1. LEEWARD'SURFACE FLOWFIELD
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vortices are formed' in the:flowfield above the leeward surface which attaches
near the centerline pfoducing an appreciable increase in the pfessure and
heat transfer. ~ An embedded shock wave is located in the inviscid flowfield
above the wing contrlbutlng to the already 51gn1f1cant viscid-inviscid inter-

actions.

Cross (ref. 2)‘wasvab1e to obtain an excellent description of the complex
three—dimensioﬁal flowfield by interpreting both quaiitative and quantitative
experimental data. His in&estigation contributes significantly to the basic
understanding of the 1eeward»surface flowfield. "His experimental analySis
included the measurement df the static pressures,‘wall temperature, and impact
presaufes in the flowfield around a sharp leading-edge 75-degree swept delta
wing in Mach 10 flow. ‘More emphasis was placed on the measurement of surface
pfessure.than on-measurement of the surface temperature. The measured-wall! |
pressures,were'always less than the freestream pressures for aﬁgleséof—atpack
greater'than five‘degrees: Since the.bow shock and viscous bdundary were

» iocated along radial linea from the apex, Cross assumed that the flowfield was
essentially codical. Usiﬁg this and other assumptions, he was able to cor-

relate the impact pressures and viscous region thickness rather successfully.

Whitehead and Keyes (ref 3) studied the leeward surface flowfleld over
a sharp delta wing at Mach 6. Both leading-edge and off- -leading-edge separa—
tions were studied by analyzing’heat ;ransfer and pressure data and from the
results of flow visualization studies. AAlthough the model had trailing-edge
flaps, it was demonstrated that flap deflection was not sensed by the upstream
flow. Contrary to references 1 and 5, Whitehead and Keyes concluded that witﬁ
a detached shock wave at the leading edge, the Mach number normal to the.leading
edge and the sweep angle determine if the flow separates at the leading edge
or at.some position between the leading edge and surface centerllne ‘The
experlmental flowfield obtained by Cross (ref: 2) also supports Whitehead and
Keyes conclusion. An interesting comparison is that for ‘the latter investi-
gation, separation occurred at the leading edge for a sweep angle of 78 degrees.
In Cross' study, separatioﬁ at the leading edge did not occur fof a sweep ‘
angle of 75 degrees but did occur for a sweep angle of 70 degrees although the

test conditions were similar. Reference 3 supported Cross' assumption of a

1-3
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conical flow insomuch as the experimentai flonield“didxnot'ekhibit ndnconical
flow behavior. Similarly, only slight variation_in the spanwise pressure, ,
even though separated regions, was noted for angles—oanttack_of five degrees

or smaller.

- In reference 4, Whitehead again reported on the effect of vortices on

the delta wihg at Mach 6 but with separation occurring at the leading edge.
It should be noted that both Whitehead and Cross (ref. 2) used 75-degree

swept wings but separation occurred inboard of the leading-edge in Crosé'

iﬁvestigation. The centerline heating rates at Réynoids numbers of 2.4 x

10° were found to be almost double the values at the same axial location for

the smaller Reynblds numberf This investigation'is characteristic of leading-
~ edge separation data. For-higher Reyﬁoldé number flow, the data could be

correlated in cohical coordinates;' vawasbnoted that the centerline Stanton

numbers atvzerb degree éngle-of-attack were ten to fifteen pefdentrlbwer than

the Stanton numbers at five'degreeS’incidencé,for the same uﬁit REynolds number .

For Reynolds numbers exceeding 6 x 1063 the_centerline Stanton numbers were

correlated with a modified Spaldihg-Chi turbulent strip method;,

Bertram and Everhart (ref. 6) perfoxmed’aﬁ exteﬁsive.experimental study

of the pressure and heat-transfer distribution on a 70-degree swept slab delta
wing in hypersOnié flow. Although the primary consideration in this study

was the windward surface, the data for the leeward surface were also presented
but without any significant discussion. The majority of the data wés obtained
-at Mach 6.8 and 9.6 in air for a wide raiige of angles-of-attack for both sharp
and blunt prow wings. Wall pressure data were presented for incidence angles
of five and ten degrees at Mach 18.4 in'héliumE' A signifiéant observation can
be-made;conCerning.the_comparison of the rélative magnitudes of the 1oca1‘

| pressure and_heat,fransfer data for the two nose geometries. The general trends
for the blunt prow‘wing are slightly‘higher than the values for thé'sharp o
prow wing at the same location and flow conditions."A comparison of thiS’data_F:l
with the present investigatién is performed subsequentlyVWith'further dis- o

cussion pertaining to Bertram and Everhart's experimental study.
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Another NASA/Langley team, Stallings et al. (ref. 7) presented leeward

surface flowfield data in the form of pressure and heat-transfer coefficients

.. on a 70-degree swept delta wing éﬁ Mach numbers of_3{5 and 4.65. Leeward
surface data were presented for models having dihedral angles of 0 and 24

" degrees. The majority of the instrumentation were located on tﬁe nose region
and along the leading edgés. Both sharp and blunt nose_geometries were in-
.véstigated. The pressure and heat transfer trends were affected at stations
downstream for a distance‘of 4.5 nose radii. The local pressufé coefficient
was lafgér for the sharp nose than for the blunt noée along the 1eéding edge
and windward centerline. The trend was reversed for the heat transfer data.

I

The heat transfer coefficients were larger for the blunt nose.

The problems encountered when tryiﬁg to analyze lee-surface heating
rate distribution using sihple theories on axisymmetric models are described
in refernece 8. A multipurpose reusable spacecraft was also tested in Mach 10
flow and the data were attempted to be predicted using tangent-cone theory,
strip theory, and shock expansion theory.A‘In all cases the comparisons were
poor.  The authors suggested an empirical formulation in view of the extremely
complexity'df the flowfield. An interesting comparison between this configu-
ration and the slab delta wing models is that the data trends are similar at
appreciable angles-of-attack which positions the spacecraft leeward surface

entirely in the ekpanded flow.
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| Sectuon II
APPARATUS AND TESTS

o1

2.1  LONGSHOT FREE- PBTONTUNNEL

This 1nvest1gat1on was performed in the von Karman Institute's Longshot‘
free- plston hypersonic tunnel A descrlptlon of its. operating characterlstlcs
and performance may be found in reference 9 This tunnel is a form of gun
tunnel de51gned spec1f1cally-for s1mulat1ng very high Reynolds number flows. _
Mach numbers from lS'to 20*are produced with a conical nozzle using different -
sizes of throat inserts.-_Reynolds numbers-per meter ranging from 1.8 x 107 at
Mach 15 to 9 x 106 at MAch 20 using nitrogen as the test gas are obtainable;
These conditions are high enough to simulate turbulent heating on reentry con-
figurations at full scale‘Reynolds numbers. - The tunnel has prev1ously been
used to study boundary layer separatlon, heat transfer to flat plates and '
'cones, and free-flight stability of cones. ‘Theoretical performance of the

tunnel is described in references 9 and 10.

2.2 MODEL DESCRIPTION AND INSTRUMENTATION . : '
| Figure 2-1 shows photographs of the slab delta wing whiohﬁhas'a_75edegree
. sweep angle and cylindrical Ieading'edges, _The model iS'aSSembled from three
pieces of aluminum; a base with the instrumentation, a cover plate, and a
 sting attachment fixture. The length and thickness is.26.67.and 2.54 centi-
‘-meters, respectively. The apex is formed hy a sphere and tangential cylinders

" having the same diameter as the slab thickness.

The instrumentation is shown fitted into the‘base of the model in Figure
2-1b. The pressure and thin fllm gauges alternate along the centerllne and
along 6— and 12- degree rays ‘emanating from the model apex. The gauges lay

~along a 11ne perpendlcular to the lead1ng ‘edge in the spanwise dlrectlon -This.
partlcular arrangement was chosen such that boundary layer separation. and

' vortex- reattachment could: be measured.
The orientation of the model within the dump tank test section is shown

in Figure 2-2. The model was p051t10ned as near as possible to the centerllne

of the nozzle and slightly downstream of the nozzle exit within a. cyllndrlcal

2-1
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Figure 2-1a. DELTA WING MODEL (WINDWARD SURFACE)

Figure 2-1b. DELTA WING MODEL (LEEWARD SURFACE)
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Figure 2-2. LONGSHOT TEST SECTION

baffle for each test mun. The baffle was msed tto prevent disturbances from
shock reflections within the dump tank to seriously affect the flow. The
channel located on each side of the baffle leads to a viewing window for the

schlieren system.

The surface pressures were measured usimg commercially available Hydyne
type W and HR wariable reluctance diaphragm pressure transducers. The signals
are processed and recorded using a C.E.C. type 5-124 recording oscillograph
and type 7-361 galvanometers. Eight channels of data were recorded on photo-
graphic paper at a speed of 254 centimeters per second. v

The heat transfer on the leeward surface of the model was measured wsing
thin-film platinum resistance thermometers. These gauges were manuf actuned
and calibrated in the von Karman Imstitute llypervelocity Laboratory. The
transient surface temperature signal gauge was passed through an analogue
circuit giving a direct reading of heat tramsfer rate. This trace was recorded

2-3
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on a Tektronix oscilloscope fitted with a Polaroid camera. Eight channels of
heat transfer data were obtained for each test run. At least two runs were
required at every test condition to monitor all thirty pieces of instrumentation

in the model.

2.3 RANGE OF TEST CONDITIONS

Heat transfer and static pressure measurements were obtained on the lee-
surface of the delta wing at nominal Mach numbers of 15 and 20 in nitrogen.
The overall angle-of-attack range of the Mach 15 investigation was O degree
and 25 degrees in increments of five degrees excluding an angle-of-attack of
20 degrees. Angles—of-attack of 5 degrees and 10 degrees were studied at

Mach 20. Table 2-1 summarizes the test conditions.

Table 2-1. TEST CONDITIONS

M % NRe P0 To Tw

“ | (deg) | (per m) (n/m?) (°K) (°K)

15 | 0-25 189107 ok 5.8 2 10° 2400. 295 .
6 8

20 | 5,10 | 8.7 x 10 4.0 x 10 2500. | 295.

2.4 FLOWFIELD VISUALIZATION TECHNIQUE

A surface-oil-flow technique was used to examine the leeward surface
flowfield qualitatively. A mixture of silicone o0il and black dye was applied
to the model surface in rows of dots of reasonably constant sizes. A photo-
graph of the final oil pattern was taken after each test run to study the

location of maximum surface shear.

Schlieren photographs were taken at each test condition to observe
the bow shock configuration. The schlieren system utilized an argon-jet single

spark light source with a horizontal knife edge.

2.5 DATA REDUCTION
The heat transfer at each thin film gauge location was obtained by

applying the change-of-voltage signal from a Wheatstone bridge into an analog

2-4
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network as described in reference 10. . Tﬁis'nétwork solves the thermal
diffusion equation of the gauge to give the heat transfer as'a function of

time.

The heating rate data{were'presentedxip non-dimensional form as the
product of the Stanton numbers based on local undistributed freestream
properties and the square root of the Reynolds numbers based on thickness of

the model. The recovery temperatures were calculated from the relation:

aw 2

To 1 +

The recovery factor was chosen as 0. 896 for turbulent flow. The_Mach-number“v
‘was obtained using the ratlo of the local ‘measured pressure on the model
surface to an assumed impact pressure behind ‘the bow shock. The impacp pressure
iwas taken to be equal to 90 percent of the freestream total pressure at that
station. This simplification was based on experimental results of references 2
and - 11. Cross (réf. 2) measured the impact pressure at various locations .
above the delta w1ng centerllne. The variation of the impact pressure with
angle-of-attack was found to be one to eight- —tenths of the corresponding free-
stream impact pressure for angles-of-attack from zero to fifteen degrees.
Creager (ref. 11) measured the impact preésure-on the lee-side of a blunt
leading-edge flat plate and found that the total pressure was  approximately

nine-tenths of the freestream value for 75-degree swept flat plate.

The assumption is also considered adequate because a thirty percent
variationvin_the Mach number produces less than one-half of one percent error
in the recovéry temperature. Reference 12 also agrees with this fact that the
recovery temperature and Stanton number are very weak functions of the Mach‘_

number.

The*pressure“data'were*non:dimensionalized‘by*the*undisturbed*freestréam”"*******"*
pressure corresponding to the field position of the gauge in the conical flow-
field. In this manner, the conicity of the flow was eliminated in both the

pressure and heat transfer non-dimensional values.
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Sectlon III
RESULTS AND DISCUSSION o »‘

The purpose of this section is to present the experimentai'results in e

. manner which will contribute to determining the nature of the flowfield of a
slab delta wing in hypersonic flow. An assessment of.the flow. pattern is made
in Section IV. 1In attemptlng to explain the trends of the data, -.comparisons
of the present data with other data are mede to emphasize dominant flowfield
characteristics. First, surface pressure'and local heat transfer data are
examined and analyzed in some detail. Secondly, qualitative data obtained
from schlieren and oil-flow studies supplement the above quantltatlve results
‘to determine more accurately. the ‘locations of boundary layer separatlon and
vortex reattachment. Throughout this section, noteworthy d1fferences and
31m11ar1t1es between blunt and sharp leading—edge delta wings, the effect of
nose geometry, Reynolds number effect, Mach number effect, and angle—of—attack

effect are discussed.

3.1 PRESSURE DISTRIBUTION ‘
The variation of the measured wall pressure along the model centerline
with angle-of-attack is shown in Figure 3-1 for nominal Mach numbers of 15
and 20." The pressure is nondimensionalized by the freestream'static preSsure
that corresponds to the undisturbed value at the same location'in the test
section as the sensing,gauge. The pressures are plotted against the nondimen-
sional distance S/t measured perpendicularly from the geometric stagnation
" point, defined at éero-incidence, of the cylindrical leading edges to the
‘model centerline. The model thickness is denoted by t. The juncture between
‘the curved leading edge and plane leeward surface is at S/t = 0.785. The
angle-of-attack range is 0 to 15 degrees in increments of five degrees. The
solid line connects the data points. No useful pressure data were obtained A
for 25 degrees angle-of-attack. The wall pressure at this incidence'angle was

of the order of 0.1 psi and the electronic noise suppressed the gauge signal. -

- \

For all angles—-of-attack and Mach numbers the centerline pressure -decreases
with increasing angle-of-attack. At 15 degrees incidence the pressure de-'

creases significantly, particularly for the aft section of the model. This
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pressure behavior agrees with other data and signifies the decreasing effect

of the blunt leading edge with increasing distance along the model.

An empirlcal power law variation of the pressure could be formulated in
a manner similar to reference 11, but the usefulness of such a curve fit is
questionable since the results cannot be readily used to predlct the heat
" transfer variation. Simplified-theories were not applied to the'present data
because the theories do not account for vortical flowfield. Reference 13

emphasizes the limitations of lineéar theories applied to complicated flowfields.

The'pressure distributions in.the spanwise direction are shown in Figure'
3-2. The nondimensional pressure is plotted against the parameter S /c where
S0 is defined as S above but the origin is now taken at the lee- surface center-'
line. The variable ¢ is the total distance from the centerline to the geo-
metrical leading-edge stagnation point or onefhalf the span at each L/t.station.
The distance L is measured along the centerline from the geometric tip of the
nose of the model. The pressure data were plotted in this manner in an attempt

to locate'vortex'impingemeﬁt aﬁd>possibly boundary layer separation.

For 0 and 5 degrees incidence, the flow seems to be attached to the lee-
ward surface and without any vortices since the pressures are nearly constant
_in the spanwise direction as shown in Flgures 3-2a and 3-2b. An increase 1n_
the centerline pressure at 10 and 15 degrees of incidence is evident in Figure
3-2c¢ and 3-2d. The pressure is nearlyvcohstant along the span near the leading
edge where separatlon is probably occurring and the vortex is being generated.
"Thls is a low pressure region typlcal of vortex development (ref. 14). The
vortex reattaches either on or near the centerline creating the high pressures
" as shown in the above figures. The reettachment point cannot be accurately
"located without more dense pressure instrumentetion neer the centerline region.
The heat transfer data will be combined w1th the pressure data in locating the

‘reattachment region in the next section.’
A noteworthy difference between the flowfields of sharp and bluht_leadinge

‘edges delta wings is that for the sharp:models the wall pressure along the

centerline was- less than the ambient pressure for angles-of-incidence of
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Figure 3-2. SPANWISE PRESSURE DISTRIBUTION AT VARIOUS CHORDWISE STATIONS AS

A FUNCTION OF ANGLE-OF-ATTACK AND MACH NUMBER (Continued)
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5 degrees ot larger. Cross-(ref,VZ)'fouud that'the wall'pressure was apptoxi-
mately equal.to the freestream pressure’ at 5»degrees.iucidence and decreased

- for larger angles-of-attack for a sharp leading-edge wing. Similarly,
Whitehead's data (ref. 4) showed that the maximum wall pressure was approxi-
mately seven-tenths of the fteestreamlvalue for 5 degrees incidence. Both
investigators cohpared their pressure data to'Prandtl—Meyer expansion theory

and found the theory to underpredict the data by approximately 40 to 85 percent.

Supporting the observation of the present investigation that the wall
pressure exceeds the freestfeam value for blunt leading edges, Bertram and
Everhart (ief,s6) consistently fouud'this'observation to be true for both sharp
and blunt prow wings-. .This increase is probably the result of leading-edge

: bluntneSs and viscous effecte. The flow has passed through a blunt detached
shock inducing higher pressures than the obllque shock for the sharp wing.
The effect on the heat transfer data was more significant produc1ng extremely

large variatlons as illustrated in the next sectlon.

3.2 HEAT TRANSFER DISTRIBUTION .

Centerllne Stanton number distributions for the angle—of—attack range
for the two Mach numbers are shown in Figure 3-3. The Stanton number and
Reynolds number are based on the freestream conditions using the local heat
transfer coefficient and model thickness'in the respective definition.

The heating rate parameters are plotted against.the same parameters as were
the centerline pressure data in Figure 3-1. tThis.parameter Stv/Re is used to

give a basis for comparison with other experimental data.

A smooth variation in the data is noted for 0 and 5 degrees angle-of-attack:
Figure 3-3b shows a comparison of the data'with:crossflow and strip turbulent
' theoriest The Spalding-Chi turbulent-method was applied in these_theoriee
using the charts of refeteuce 15. ' The normal component of the Mach number
was used to compute the crossflow curve shown 1n the figure. The leading-
edge junctutre was assumed to be the virtual or1g1n for the turbulent boundary
‘layer. As evident from the flgure, the comparison is poor as would be
_ expected when one applies simple flat plate theory to an extremely compllcated

vortical flowfield. -The purpose of thlS correlatlon is to allow comparlson
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with other experiments. The lack of agreement merely re—empnasizes the need
for a more elaborate prediction method. Whitehead (refs. 3 and 4) similarly
obtained poor comparisons in applying the Spalding-Chi theofy to his experi-

‘ments. Lo

Figure 3-3c shows a comparison of the present data uith that of‘reference‘
6 for 10 degrees incidence at M = 9.6 and Ret =7.9 x 104. The trends are
'the same except where the”peaksloecur. This could be the result of different
instrumentation locations. The solid lines connect data”points and the peaks
shoun'in the figure do nog neoessarily coincide with the position of maximum
heat transfer.” The peak heating rate at any station could occur between the
gauges. More dense instrumentation is requ1red to accurately 1ocate the

maximum heat transfer locatlon.

Several peaks were also noted along the centerliné on tests on space
shuttle configurations as reported in reference 16. These heatlng rate peaks
exceeded the heating rate distribution occurring over the same model at zero
degree incidence. These peaks were also found to be more sensitive to Reynolds
number than to angle-of-attack. The present investigation>reveals that the _
peaks move slightly closer to the nose as the.angle—of—attack is_increased.
This is the same conclusion as reference 14 made for angles—of-attack exceeding
20 degrees. The magnitude of the Stanton number occurring at the first peak
was relatively unaffected. Only at the higher angles-of-attack did the heating
rate values near the aft section show any appreciable decrease. The 1owest
heating rate was found to be in the region of the.nose as was the case in

reference 16.

The Mach number also influences the occurrence of peaks along'the center-

' line. Figure 3-3f shows the Stanton number distribution for Mach number 20

flow at .5 and 10 degrees angle-of-attack. 'The peaks appearing in the Mach 20
tests at 5 degrees incidence did not occur for the Machzls flow shown in

Figure 3-3b. The peaks occur near the 50 percent chord which are indicative

of transition flow from laminar to turbulent flow However, transitional
flows would be more likely to occur at the higher Reynolds number at Mach 15.

The development of the primary vortex could also produce a similaf result.
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The strength of the vortex seems to'inéfeésé“withiincféésiﬁg Mach number. _
The magnitudes of the Stanton number parameters ar§<increased with increésing
Mach number. A comparison of Figures 3-3b and 3-3f for‘5 degrees incidence

- reveals that the level of St /Re is higher for the Mach 20 data. A similar
comparison of reference 6 data for Mach numbers of 6.8 and 9.6 will yield

the same conclusion..

The variation ofAthe Stanton number in the spanwise directioﬁ is shown
in Figure13—4; Ideally, the point of vortex reattachment would be located as
an abrupt rise in the Stanton number distribution. In order to accurately
locate the reattachment-point, the heat transfer gauges would héve to be
densely populated. Unfortunately'in-the present investigation limitations. in
the number of instrument channels pfevented'such a dense distribution. Heﬁce,
only the appréximate location:of reattachment can be determined. The data
points in Figure 3-4 are joined by a sdlid'line to aid in selecting the Stanton.
number peak location at each station. But due to the sparsely located instru-
. mentation, ‘a gauge may not be in the reattachment fegioﬁ and the results may be
cbnfﬁsihg. Therefore, the heat transfer results must be combined with ﬁhe

flow visualization studies to locate the reattachment region.

The spanwise variation for!O and 5,degrees incidence indicate that there‘
are no vortices or that they are extremely weak ones. At 10 degrees angle-of-
_attack there are more pronouncedApeaks in the data indicating vortex impingement.

For the remaining two anglés—of-attack, the peaks can be easily extrapolated
. using the data. The oil-flow results,bwhichiare discussed in the next article,
are very useful in locating the reattachment xegion. The reattachment band
obtained by using both heat transfer data and 6ilfflow results is shown in
.'Figure 3-5 for all angles-of-attack. The accuracy of the method was not preciée
| enough to reveal any significaht variation'with angle—of—attaék. All the data
obtained by extrapolating the spanwise data to find the peaks lay within the band
shown -in the Figurew. The broken lines indicate an extension of the results

along the model where instrumentation were not present.

The spanwise Stanton number behavior is further discussed in subsection 3.3.1

after examining surface oil-flow results.
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. The 1nstrumentat10n was located along- rays centered at the model t1p of
6 and 12 degrees from the centerline to determine if the flow was conical for
a blunt wing. Cross (ref.j2) and Whitehead (ref. 3) had individually concluded
that the flow was conical for a sharp leading-edge delta wing at high Reynolds
number and low incidence angles. After careful examination of the present data,
it was concluded that no conical flow existed for any combination of test con-
ditions and model angle—of;attack for the’blunt;leading—edge model. The data
from the present study was nondimensionalized in the same manner as was per—
formed in obtaining Figure 2 of reference 4. The spanwise Stanton numbersl
Were'nondimensionalized at_each station by the centerline value'and plotted
against the ray angle measured from the~centerline. The present data displayed
a very,erratic pattern and are not presented herein.. A plot of the local
Stanton‘numbers along the rays yielded in similar result. Hence, .the flowfield '

for a blunt delta wing at incidence is not conical in any manner for the range

" of conditions tested.

The effect of Reynolds number was not 1nvest1gated in the present study
_Although the effect of Reynolds number on. the heat transfer to the body is
catastrophic (ref. 4), more emphasis was placed on obtaining a Mach number endv
Reynolds number combination which was representative of actual flight tra-

jectories for the Space Shuttle vehicle. . A combination was chosen to insure

" the initiation of the vortex system and separated flow on the leeward surface.

Reference 16 found that by increasing the Reynolds number, the peak heating

near the nose was increased and the heating on the aft section of the model

- was decreased. There are not enough experimental data available at this

“time to precisely determine the effect of Reynolds number on the leeward

.surface heating.

The effect of nose shape on the heating rate distribution can be realized
from reference 6.  The magnitudes of the Stanton numbers for a blunt nose are
generally. larger than those for a sharp nose for the same test conditions.

__Intuitively, the heating rate level of a blunt leading-edge delta wing would.

be larger than the corresponding sharp leadlng—edge wing. This trend was
true for the pressure variation previously discussed. The induced vortex from

_ the blunt leading-edge is apparently stronger than the vortices generated by -
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sharp leading edges. The differences can be attrlbuted ‘to the different fluid

energies of the two shocked conflgurations

3.3 VISUAL STUDIES
Surface oil-flow and schlieren photographs were taken at each test condi-
tion and configuration to study the'leeward'surface flowfield. The results of

these tests are described in qhis section.

3.3.1 Surface Oil-Flow Patterns _

Figure 3-6 displays the resuits'for the surface oil-flow tests for all
angles-of-attack for Mach numbers of 15 and. 20. The flowfield at 5 degrees
incidence appears attached and without vortices. The flow is pafallel to the
centerline along the een;ral'region for ail angles-of-attack. At 10 degrees
angle-of-attack, vortices have been generated creating the outflow from the
centerline region of the model. The highest shear is along the centerline of
the model for the fore section shifting off the centerline on the aft section
of the model. This phenomena can possibly explaln the peaks in the spanw1se
'_Stanton number distribution for the aft stations shown in Figure 3-4. The
flow immedlately turns in the longitudinal direction at the juncture of the
cylindrical leading—-edge and the slab leeward surface. Hence, separation
occurs at the shoulder. The lowest shear region occurs just after separation.

Similar results occur at an angle-of-attack of 15 degrees.

There does not seem to be as well defined vortical flowfield for 25
degrees incidence as was in the previous cases. Although the highest shear
is still along the centerline in Figure 3-6d, the surface shear appears approxi-

mately equal over the remainder of the model.

Figure 3-6 indicates that vortices are present at 5 degrees angle-of-
attack for a.Mach number of 2b. The largest shear region is off the centerline
as previously described for the 10 degree‘and Mach 15 case.” An interesting
difference is that the flow turns in the longitudinal direction before the
juncture of the leading edge and slab surface. This phenomenom is easily seen
in Figure 3-6 (Mach = 20, o = 5 degrees); This flowfield pattern could be

induced by the oil dots placed on the leading edge.
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Figure 3-6. OIL FLOW PATTERNS
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Figure 3-6. OIL FLOW PATTERNS (Continued)
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The heat transfer data in Figure 3-4f supports the existence of a high
shear region on the aft section of the model at Mach 20. This seems to imply
that the vortical flowfield has a stronger dependence on Mach number than on
angle-of-attack. Cross has suggested that the expansion surface behaves as a
compression surface due to boundary layer displacement effects at an angle-
of-attack less than seven degrees. This effect could also produce the outflow
effect shown in Figure 3-5e. More instrumentation is required on the aft
section of the model to clarify the phenomena. Based on comparisons with the
Mach 15 oil-flow patterns, the Mach 20 flowfield has coiled vortices attaching
to the leeward surface at 5 degrees incidence. The vortices appear to be
stronger on the aft part of the model. This variation in the strength of the
vortices is probably a strong function of the state of the boundary layer on
both the leeward and windward surface. In fact, the character of the flow-
field on the windward surface may have an important effect on the leeward
surface flowfield. For instance, the location of boundary layer transition
on the windward surface could affect the leeward surface flowfield properties
since some of the fluid from the windward surface flows over the leeward

surface.

3.3.2 Schlieren Photographs

Figure 3-7 shows typical schlieren photographs for Mach numbers of 15 and
20 for angles-of-attack of 25 and 10 degrees, respectively. Not a great deal
of useful information was obtained from this visualization method. An
interesting observation is that the bow shock is slightly reflexed toward the
model near the nose of the model. The curvature of the shock is the result of
leading-edge hypersonic bluntness and viscous interaction effects. The phenom-

enon of leading-edge bluntness is discussed in some detail in reference 13.
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Figure 3-7. SCHLIEREN PHOTOGRAPHS
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Section IV
FLOWFlELD DESCRIPTION

Before an analytical %escription of the leeward surface flowfield can be
realized, a detailed understanding of the flowfield phenemena is essential.
Until reeently, the lack of experimental data Had.preveﬁted a qualified inter-
pretation of the flowfield. The experimental investigations which did con-
tribute to describing the iee—side flowfield were perforﬁed for;sharp'leading—
edge wiﬁgs. The-most'nOteyorthy flowfield description was postulated by Crose
(ref.'2).v ‘ ' | . | .

The purpose of this section is to systematically describe, in the author's
op1n10n, the principal aspects of the leeward surface flowfield over a blunt .
leadlng—edge delta wing at incidence in hypersonic flow. The postulated flow-
~field is obtained by analyz1ng the experlmental data obtained in the present
-blnvestlgation and by comparlsons of the data with other sharp leading-edge -

- .data. Another objective of this section is to resolve the pr1ncipa1 lee~-side

Efiowfield‘differences between sharp and blunt leading-edge delta wings.

‘ A descfiﬁtion of the lee-side flowfield of a deite ﬁing at incidence is

difficﬁlt due to the highly three—dimensional and viscous nature of the proBlem.

" The flow initially senses the spherical nose of the model and the detached bow
shock is developed accordlngly The flow behind the.stagnation point>of the -

- model expands around the nose remalning attached to the surface. Figure‘4—l

.}dlsplays a schematic of the principal flow characteristics that are described

in this section.

: Away'from the nose where the planform of the leading edge becomes cylin-

o drlcal, the flow 1n1t1a11y travellng towards the wing leading edge is first

-',accelerated 1nstantaneously outwards and upwards away from the w1ng. The flow
is then gradually turned inwards and downstream along the centerline by means l

___of the expansion waves around and parallel to the leading edges. Due to

. symmetry, the flow must finish parallel to the centerline; Two flow allgnlng )
' shocks, which are often referred to as embedded shocks because they are

a located between the bow shock and viscous reg;on,~are the mechanisms for
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turning the flow along the;centerline. Thus, invthe outer inviscid region
belou'the bow shock, there ex1sts a reg1on near the centerline which will have
a much higher pressure level than 1n the reglon outboard of -the flow—aligning
shocks (see Figure 4-1). rrhe boundary layer w111 not be able to cope with
this sudden pressure gradient ‘and the flow w1ll separate outboard of the em-
bedded shock. This separafion phenomena possesses some 81m11ar1t1es which are
characteristic of the two-dimen31onal flat plate with a ramp configuratlon
except for the strong cross-stream convection component causing the separated
stream to be swept helically along the surface toward the trailing edge. En-
“trainment causes the separated region to increase forming the vortex type flow.
‘Evidence for this flow description lies in the measurement of the embedded
1shock for a sharp leadlng-edge wing by Cross (ref 2), 1n the surface pressure
measurements given in Figure 3- 2, ‘and in the surface flow v1sua11zat10n results

“in Figure 3-6. ' ’

The above_description'also suggests the differences in the flowfields
between blunt and sharp leading-edge Wings. .In the blunt case, the develop4
ment of the vortex flow will probably begin several nose diameters downstream
of the attached flow region near the nose. For the sharp case, the vortex
‘&111 occurvnear the tip of the nose. The relative strengths of the bow and
embedded shocks could help to explain the reason for the local flowfield

_ propertles to be larger for the blunt leadlng—edge delta wing than for the
sharp wing. The flow behind the blunt detached shock wave has passed through
a strdnger shock wave produc1ng higher pressuresvand temperatures than would
.ekist for the fluid behind an oblique shock associated with the sharp delta

- wing.

v For continuity reasons the flow aligning shocks will probably begin close
together and grow further apart with 1ncrea51ng distance along the model. For _
‘the fore section of the wing, vortex reattachment w1ll occur very close to the
"centerline and the maximum flow properties may appear to be on the centerline.

" The reattachment line will not occur on the centerline because of symmetry A:

and-continuitylrequirements,-iThe;StreamlinesljustAOutsideiofitheidiyiding -

.streamline sheet cannot pass through the surface of the wing and must turn
'parallel to it. The reattachment region also occurs at an increasing distance

‘ .":from the centerline as illustrated in Figure 3-5.
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The boundary layer appeafs to remain attached in the streamline direction
along the centerliné as seen in the oil-flow photographs of Figure 3-6. The
flow probably becoméé-turbulent on the aft secﬁion of the model. Reference 4
predicted tﬁrbulent flow for Reynolds numbers exceeding 6 x 106. The thickness
of the boundafy layer has probably been reduced as a result ofvthe‘outflow
caused by the vortices. The thinning of the boundary layef can also help
explain the increased heat transfer rates on the aft section of the model as
shown in Figure 3—3.‘ The flowfield properties associated with the reattach-
ment of the vortéx,are not appreciably dissipated by the boundary layer and

the effect is transferred directly to the surface.

The location of vortex separation occurs either inboard of or at the
1eéding edge. Reference 2 indicated that for an attached leading-edge shock .
wave, separation will occur inboard of the leading edge. In the shock de-
tached case, the main parameters which determine the position of separation is
thought~to be a function of the model half-angle ‘and angle-of-attack. For
example, the high pressure region along the centerline produces a strong adverse
gradient in the spanwise direction. If the half-angle isbsmall, this gradient
is.sensed.at the‘leading edge and separation occurs. For separated flow, the
zone of dinfluence of a pressure disturbance is increased by increasing the
strength of the disturbance. If the wing has a low aspect ratio,'the dis-
turbance caused by the embedded shocks can influénce the ieadingfedgé region.

If the incidence is decreased the relative strength of the disturbénce is

likely to be decreaSéd reducing the separation region. There is probably a
limiting angle-of-attack at which the effects of the vortical system are sensed
on the leeward surface. 1In the present study, the effect appearéd significantly
reduced at 25 degrees incidence. Boundary'layer separation is an extremely
.complex phenomenon and is apparently a functidn of more than one variéble.

Cross (ref. 2) and Whitehead (ref. 4) obtained different separation locations

for sharp leading-edge delta wings having the same sweep angle.
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Section V
CONCLUSIONS

The purpose of this investigation was to obtain experimental flowfield
data on the leeward surface of a delta wing with blunt leading edges in _
hypersonic flow. This objective has been accompliéhéd quite successfully by
obtaiﬁing both‘quantitativé'and qualitative déﬁa on the leeward surface for
an angle-of-attack range of -0 to 25 degrees at Mach 15 and 5 to 10 degrees at
Mach 20. Based on the results of this experimental investigation and comparl—

" sons of the data with other 1nvest1gat10ns, the follow1ng conclusions are made:

e The leeward surface flowfield is not conical for Mach numbers of 15
and 20 for angles-of-attack of 25 degrees and less.

e Coiled vortices were generated at the juncture of the cylindrical
leading edges and leeward slab surface and reattached near the
centerline for angles-of-attack 1arger ‘than 5 degrees at Mach
number 15.

'_o Both the 1oca1 pressure and Stanton numbers are larger for the blunt A
leading delta wing than for the sharp 1ead1ng—edge counterpart.

e As the Mach number is incréased, the magnitude of the expansion surface
local flowfield properties are increased at the same angle-of-attack.

e Flat plate strip and crossflow turbulent boundary layer theories under
and overpredict the heat transfer to- the lee-side of a delta wing in
a vortical flowfield.

e The peak heating rate occurred off the centerline and on the aft section
of the model for a given angle-of-attack. The peak heating rate on
the centerline occurred slightly downstream of the nose and moved
forward with increasing angle-of-attack. '
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ABSTRACT

This report treats the resu1t§ of a:Six-mohth program to‘inVestigate‘roughnéss
effects on the location of boundary layer traﬁéiiion as well as the variations in
local aerodynamic heating caused by roughnéss. .The pfogram was restricted to two-
diniensional roughness,'in particular, sinusoidal roughness. A literatdre survey -
was made. Experimental transition data oﬁtainéd ffom the surveyed materia1'i§ '-7
bkesented. In an attempt to deve1op an'improVed cofrelation'fok_heaf transfer to -
a151nusoida1 Wall with a turbulent boundary layer, avfinite differgnée computer
brogram’of the Spalding-Patankar type‘was;mbdified_to‘treat the flow over a
sinusoidal wé]1. - Preliminary runs with tHis prdgram yield en@ouraging results
and indicate that a parametric investigation is féasib]e. Results for several

di fferent H/w ratios are presented and areasQfdr future study are outlined.
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General coeffiéients in difference equation
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Spec1f1c total entha]py
Height of wave

Mixing length constant

"Wave length of sinusoidal.elemenf'
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Mach number

Mass flux

Lamfnar (molecular) Prandt] number
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Turbulent Prandtl number

Heat flux
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Velocity in x direction
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width'of wave = H,

Coord{nate along body §urfacé
Coordinate normal t6 body sUrface'

Characterlst1c th1ckness of boundary Iayer

M1x1ng 1ength constant
Laminar (mo]ecu]ar) v1scos1ty

Effect1ve v1sc051ty
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0 | Mass density _

o Zero.for‘two-dimenSiOnal'f1ow; oné for axisymmetriczf1dw |
{' Shear stress -

¢ . Generalizéd dependent.variablg

v ‘Stream function |

w Norma]ized stream'%unctiOn

Superscripts |

- Fluctuation quantity
— Average with respect to time -

Subscripts

AW - Adiabatic wall

E- . Outer edge of boundary 1éyer
I Inner_edge of boundary 1ayer_
»w' Bbdy:surface of wall -

o Free stream




I.  INTRODUCTION

‘Compkessib1e flow 6ver'roUgh surfaqeé is a signifféant aérddynamic.prob1ém
aéSociated with ai] high.spééd flight. At Somevviewing level all surfaces may be
~considered rough. One need not go to the microscopic level to Jbéerve roughness
in moéf engineering surfaces, fn barficu]ar, thé skin 6f high speed flight
vehicles is generaliy macroscopically rough in the atmospheric flfght envifonment.
The'roﬁghness which is referred to i§ not the7roughnéss associated with fasteners
énd joints, but rafher thevbuckling which oécuré due to use of stressed skin
structures as well as the buck]ing_whicthCCUrs due to thermal stresses.

This type of»rpughhess méy be idealized in the form of sinusoidallroughnesé
HWithin a reébnab]e dégree.of,approximationL. The work which follows will treat

sinusoidal roughness in two-dimensions. .
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_research on the laminar incomprESSib1e problem was réported by Soprunenko

ke

CII. PREVIOUS STUDIES

A. Theoretical Studies - Lémihar,Bdundary‘Layék

The first theoretica]-studies of the boundary layer flow over a sinusoidal

wall appea} to be the work of Quick and Schrider |

. . These investigators

treated ]aminar’incompreséibie-fwa USing small berturbation theory for the
external flow and a humeri¢a1 technique (finfte differencé) to solve the boundary
layer eduations; It i§ interésting to- note that they limited the amplitude to
the waves of the wall to tha@ value.which céused a one percent variation (or iess)
in the free stream Ve]ocity.#'They found Velocity profiles characteristic of flow
éeparationifor this case'qs ye11 as in fhé 1imit of 1nfinitesima1 dmp]itude~waves.
It was concluded that sinusoidal disturbances of laminar incomprgésib]e flow
always leads to separation and in addition, it WaS'COnjéctured that this led to
transition to turbulence. A restricted éase‘bf small amb]itude waves where the
wave]ehgth of thé wa?es'is‘much smaller than fhevovera]] Tength of the wall wés

2,3

treated by Gortler “°°, who‘found that séparation depended on the geometry. Further

4, who 
showed that for a given wave (of thé wa]i) there is an amplitude, A* (of that wave)
such that for all A < A*, no Sebaration‘occurs, while for. A > A*, the boundary
layer will séparate at this ridge.. A finife;difference‘progrém was used by
P@shonov and Soprunenko s.to determine A* fof the first and second waves of a
sinusoidal wall. It is interesting tolnote that their results apparently agreed-
with fhe’resﬁlts bf a sepération prédiction-technique reporfed by Bam-Zelikovich 6.
Both the compressib]e-and incompressible laminar boundary layers were

7

investfgated by Fanneldop and FZﬁgge-Loiz USing the'FIUgge—Lotz-Blottner finite |

‘difference technique. Their solutions for the incompressible case were essentially

ih agreement with the results of Quick and Schrader‘]; however, they take issue

with thé'SQTution for the flow ih sepérated fégion and the conjecture that this .



separation leads to transitionfto turbu]encé. 'This investigafion also led to the
result that a laminar, compressible flow WQuld'resu1t,in sepération sufficiently
far down the Wéflﬂ A finite differénce progfam which inc]udés real gas effects

_ was'deveToped by Savage and NageZ,S.to treat sinusoidal roughness. The program
treats léminar compressible f]ows in a'straightfbrward.manner andvislapplied to
turbulent flows using an intégralvcorre]atibn_tecﬁnique. The correlation for heat
transfer to walls with'sinusoidal-roughhess and’]aminar flow presehted in Reference

[10] is based primarily on empirical work .

a 1.9

mEXo Y4 [M/sEH] o S ()
smooth o ' '
where
'émax = maximum Taminar heating to wave
ésmooth = laminar heating to flat plate at equivalent distance
'ML = local Mach number at first wave
62 = local displacement of boundary layer
H =-maximum height of surface protubekance
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B. Theoretical Studies - Turbulent Boundary Layer

The oh]y éttembt at a theoretical study for a furbu]énf'boundafy 1ayef over
sinusoida]“roughnegé appears to be the empirical correlation by Jaeck 8 based on
the ]aminaf theory of Savége and Nagél{ Based on this QOfk, Jaeck 8 suggests the
following correlation for heat'trahsfer té a‘sinusofda11y rough wall with a

turbulent boundary layer.

a4 H/w 6%, L STy 8,2 3
=50 (- ) - 2.5 +46.25 + 2o X(1 + 57) + [OF (1 - 5791 171 (2)
q L N . .
where
“F = Bl/(Y“MLZ) |
6; = turbulent boundary layer thickness oh an éqUiva]ent f]at*pTate.
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C; Experlmontal Studies

Exper1menta1 studies of compre551b1e boundary 1ayers over s1nuso1da]
| roughness appear to be limited to rather high Mach numbers. W1th the except1on
~of one study [9] of three-dimensional sihusoida]vbrotuberances cohducted‘at a
free stream Mach. number of 3 0, all of the exberiments'treat flows with free-
stream Pach numbers in excess of 6.0. The five studies [8,10,11,12,13] which.
explicitly treat two-dimensional sinusoidal roughness are characterized in Table
S I. 'It_should‘be noted that only the results for sharp leading eédge plates will
be presented and dichssed. Typical ekperimenta1'resu1ts’are presented in Figures
],'2 and 3iwhich‘are taken from Cary and Morrisette ]O.Since this study invbived
_tests at the lowest free-stream Mach numbers. Figure (1b)'111hstrates the results
for the pressure variations over the sinusoidal roughness as well as for a flat
plate-at zero angle of attack. | | | |

' The pressure rise upstream of the first viave: typ1f1ed by the rise to a
p]ateau fo]]owed by a subsequent rise to a _peak va]ue is character1st1c of the
pressure in the ne1ghborhood of a compress1on corner in separated supersonic ]am1nar
or trans1t1onaj flow. It should be noted that the pressure variation in the
neighborhood ofvthe first wave in Figure (2e) is typical of a compression corner
in supersonic turbulent flow. | _

In F1gure (3), again taken from Reference 10, the heat trahsfer to both'f]at
and sinusoidally rough p]ates with both 1n1t1a1]y laminar and 1n1t1a11y turbulent
'flow are presented. ‘

Based on these previous studteé one may chnc]dde:

1. The maximum laminar heating on multiple waves may'be cbrrelated with
equation (1'). Succeeding waves of a train may be treated.as a sing}e wave

standing alone.
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2. Fora ngen local Mach number, the éfféct’of_loca1 unit Reynolds

number on the maximum turbu]eﬁt heating for the first wave, orzsing1e Waveé,
was-similar to the Reynolds number effect on smooth fTat-p]éte turbulent hééting.
The turbuTent maximum heating for a series of waves sucéeeding a particular first
wave decreased almost 1ineaf]y with increasing localvReynd1ds'number. |

3. Tests on single waves and the first wave of the multiple-wave model
indicated that in turbu]eht flow the maximum heatihg on the waves increased
almost Tinearly with decreasing geometric width-height ratio of waves.

4. The correlation for turbulent flow is not satisfactory when separation

occurs.
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" III.  CURRENT STUDY

A.  Turbulent CompreSSib1e-Bouodary Layers'oh:Sinusoidal Walls ¥}A Model
From the point of vfew-of”the Shutt1e designer the most Sigmificant flow
'reglme wou]d be the turbu]ent compress1b]e boundary layer by v1rtue of the fact
that th1s will be the env1ronment of most of the vehicle in the atmospher1c
portion of flight. Cons1der1ng the Theoret1ca1 Studles Section of this report
it may be noted that the corre]at1on in this reg1me is based on the empirical
modification of the'laminar ?1ow computer model. - Considering the_Experimenta]’
Studies Section it may be noted that.this is also the regime of poorest correiatfon
In an attempt to prov1de an a]ternate correlat1on for the turbulent boundary 1ayer
case, a computer techn1que wh1ch treated the turbulent boundary 1ayer in a more
direct manner was. sought It should be noted that the attack on the problemAwas »
still modelled on previous studies inasmuchias a more or less c]désica] approach
to so]ving‘tbe-bouhdéry Tayer problem was initiated.‘ The potential flow so1otion
over the wall was assomed to be given by sme11‘pertorbation theory which is
consistent.with all previous.studies'[1—8].i A COmpdter program wnich .could treat
turbu]ent boundary layers and cou1d be modified to take both the sinusoida] wall
geometry and the sinusdida]]y-varying potential flow conditions at the boundary
Tayer edge was made avai]able by Dr. David Dyer. The basic.Spalding-Patankar
program wh1ch was mod1f1ed for this study has been used successfu]]y for pred1ct1ng
heat transfer to smooth f]at plates and cone/cy11nder combinations by other
"1nvestlgators [14,15]. The program was mod1f1ed.for th1§-study by :
1.  Modification of the external boundary specification to allow the
varfation in properties determined from small perturbation theory.
;__A;e_ﬁ,Z V__F1x1ng the_streamw1se Step-Sizes - mm e e
3. Spec1f1cat10n of the s1nuso1da] wa]] geomtry.
For completeness a description of the program glven by Dyer and Mayne & is

adapted and foliows here.



B. The Computer Program | ' 7

| The purpose of this section is to describé an analytical mddei which~has been
developed for application to turbulent boundary'layers on sinuSoida]-wa]]ed two-
dimensional bodies. -The theoretical mode],ié’based’on_tﬁe mixingélength_treatmeht
of the eddy—viécosity'hypotheéfs, whith has beén shown to be of rather wide
applicability. Thevpresent work is based on that of Patankar and Spalding ]6’]7,
although a number of modifications and éxtensiohs have been made to their technique

by Dyer and Mayne 1,

The. computer program used ih-thié study has the capability
of treating both laminar and turbulent boundaryllayérs, with an instantaﬁeous ‘
“transition from laminar to turbulent flow. The gas under conéideration is treated‘
as both fherma]ly and calorically ﬁerfect. Comparisons_with experiment are made
where these assumptions are réasonab]e.

The boundary-layer equations expressiﬁg the:consefvation.of mass, momentum,
and energy are transformed into a normalized von Mises coordinate sygtem and solved
using a marcﬁing, implicit finite-difference procedure. . The transport terms in the
equations for a turbulent bdundary layer are treatéd by emp]oyiné a two-layer
effective viscosity model based on Prandtl's mixing 1éngth and a modificatidn of
van Driest's analysis for the near-wall regibn. - | |

Basic Equations

The normalized von Mises coordinate system is shown in Figure 4; the cross-
stream variable ¢ defined by

oy

w .=

()

is introduced. ay/3y = r® pu and ap/ax = -r% (pv + 0'V'). p,u,v, etc. will
refer to time-averaged values of variables un]ess'otherwise noted. In the von

Mises system the boundary layer equations are:
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where ¢ = b for two—dimensioha] f]ow and é'# 1 fofvaxisymmetric flow. (In this .
study ¢ = o.) In (2) and (3) the eddy transport coefficients have been inborporated
into the effective viscosity and effective Prandtl number.

| Equations (2) and (3) are equivalent to the classical boundary-layer
éqUations with the exception that the éffects ofvtransverse curvature are inc]qded.
These effects aré sigﬁifibant for the caselof an axisymmetric body on which‘the
boundary—]ayer'thickness at a given point is'bf thé same order of magnitude as

the body radius at that point. Equatiohs (1) and (2) possess the common form -

y » 3 3 5 ..
Eiarnt-2 ()ee @



where ¢ represents either u or h.

Transport Laws

The shear stress in a turbu]ent boundary layer is treated here1n by the use
of a two- 1ayer model using Prandt] s mixing- length hypothesis and a modification
of van Driest's analysxs for the region near the wall. This results in a continuous
distribution of the shear stress_from the 1aminar ya]ue-at the wa]], through the
fui]y turbulent region ‘reaching zero at the outer edge of the boundary 1ayer.
The energy transport in a turbulent boundary layer is treated by . 1ncorporat1on of
‘the eddy conduct1v1ty into an effective Prandtl number which 1nc]udes the effect
of the molecular conductivity near the wall and goes to a constant turbu]ent
Prandt] number in the outer reg1on of the boundary layer

The effective shear stress may be written:

R T A - (%)
‘where the term - pu'v' is the Reynolds' stress and.represents the shear stress

1ntroduced by the turbulence Using-Prandt]‘sAmixing-length hypothesis one has

- pu'v' = pp2? g—; (6)
Wneré £ is the mixing length. Combining this With (5) yields
T=.A<u+>p£2 g_;> a.%:ﬁeff%;" . ‘.: | : B (7)
Assum1ng the turbulent contrlbutlons to the shear stress are much greater than-
~—-~the lamlnar contr1but1ons~—u~~f~4~*‘—~~m-;~‘~"—f—-—f~~~v : - — SER——
'ueff‘~ 23 gﬁ' ®)

After Escudier ]8,_Pdtankaf and Spalding 16 recommend the following variation
3-5 '



of £

"

c - . | e 9
Ayt, for Ayz/k <y ) (b) .

£
£

By.analogy with Stokes' so]utidn forian infinite flat plate undergoing simple

harmonic motion paka]]e]’to itself in an infinite fluid, van Driest 19 has
concluded that in the vicinity of a wall the sheér.stress in a furbulent flow should

be of the form

' . . o y‘\/ To 2 2 A :
T = u_%+ ok2y2 [1 - exp (- ""W:L——)] (-g—;'\ . ' : (10) .

This reéu]ts in an éxponentia] damping of fhe turbu]ent'part of the shear as the
| wall is approaéhed, and yields the laminar shear stress -form, T = u du/3dy, qtvthe
vall. Althougﬁ (IO)IWas originally deve]opedvfor incompressible flow, it is
appfied to combressib]e flow with thevadditional modification,'suggested by
Patankar and Spalding 8, that the 1qcal value of shear stress be used rather thén
the wa11‘va1ue. The‘éffective viscosity which has been used in this work is a

combination of (8), (9), and (10);

. . | 242 . _ ¥YV7ey4? |au -~ (a)
Mope = 8 ¥ okZy2 [1 - exp (- ) )ay .
for 0 <y f_iyz/k |
and ' | - _ ; . (1)
= 32y 2 (dup - | ot
Merr ™ P Yy ,ay o ‘ (b)

for ay,/k <y

The values used for the various constants were k = 0.435, A = 0.09, and A* = 26.0.
The value of y at tﬁe point where the ve]ocify in the boundary 1ayer was equal to
0.99 of the velocity at. the boundary layer outer edge was used for Y- These
values fo]]pw.Paténkar and Spalding, except tﬁat’the damping,constant A%.isvthat
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originai]y detefmined by0vah Driest. It mayzbe noted tﬁat~if théllaminar contribution '

to the effective vi;cosity'bécomes small as y = Ayz/k is appfoa;héd from below,

and the exponential term in.(lla) becomes small at the same time;‘then the efféctive'

viscosity given by (11a) will smooth]y.approa;h.that of (11b) andja coﬁtinudus

distribution of ﬂeff from the’near—Wa]] région.fhrough the outer fegion_wi]] result.
vThe_effectiVe Prandtl number‘used in obtaining the results presented herein

was determined from

ueff'; p pk2y2 " YVIEy 42 |3u _ ‘
Proer pr’ Pry 3 C e (- ae)] ,ISY - @)

and o B 4 - o . - (12)
Pr___=Pr - A ()
for Ayﬁ/k <Y

A constant value of 0.7 Was used for the laminar Prandtl number, whereas a constant
value of 0.9 was used for the turbulent Prandtl number. The laminar viscosity of

the gas was éomputéd using Sutherland's Law in. Reference 20.
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Finite Difference Technique

The solution of_the simultanedus; non]ineér, parébdiic partial differentia]'
equations (2) and'(3)‘wa$_performed by'obtaining,1inear‘finite—difference
'equiValeﬁts of the equatibnslahd so]Ving theée using a marching, tridiégonal matrjx
method. A brief descripﬁion of the So]ution techﬁique will be'given in terms of
the genearal form_pfesented_in Equation (4).’

In order to so]ye an equation of the type of (4) it is necessary to know the
variation of ¢ along the inner () and-the'extefnal () boundaries, together
with the variation of ¢ across the layer at some x Tocation. Thévsolution'can then
proteed downstream frbm the given x location. Réferring to Fig..5,-1f it is
assumed that the boundary conditions on ¢ and thé va]ues_of‘¢ at a given value of
x and a discrete set of Va]ues of w are khown, then the following procedure,
" devised by Patankar and Spa1ding, may be applied.. Let U, U+, and U™ be typical
Vupstream points where ¢ is known, and D; D+, and D” be downstream pointé wheré‘¢
is to be determined. lith UU+, DD+; DD, and UU” lying midway between the
indicated points, éonsider the control volume of which they are the corners.
Rather than truncating a Tay]or series expansién, as is usually .done, each term
in (4) may be replaced by a finite-difference form obtained by éxpressing that
term as an integrated average over the indicated'contro]’vplume. In order to
obtain more tréctab]e results, certain restrictions are placed on the quantitﬁes
involved: ¢ is aésumed to vary linear1y.between ) péints, and to'vary stepwise
in fhe X dire;tion, having the upstréamivalue}¢u from X, tox and taking on the
value ¢é:at Xy In order to insure that the resﬁltihg equations will be Tinear
in ¢ at the downstream location, the values used for a, b, and c are those at the -
upstréam location. Because of accurécyLand stabﬁ]ity considerations, Paténkar
and Spalding reéommend evaiuating the 3/3m-térm$ using the values of ¢'at the
downstream location. Finally, beéause it ié.sometfmes quite comp]icated, the source
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term d is treated as

BRSBTS MOS T T:';" , 03

~

After th1s treatment is app11ed to Equation (4), the resulting a]gebraxc expression’

may be rearranged as

6, =A¢

» e B )

o P

where A, B, and C are known quantities. There will be one equation of this form .

for each interior point.wnere the value of ¢ is to be determined, and at the two

extreme 1nter1or points either ¢r# or ¢ will be known from the boundary condition.

‘.Th1s set of N Tinear equations in N unknowns is of tr1d1agona1 form and can be A

solved eff1c1ent1y and eas11y by standard means .




Modi fications and Observafions,"
fhe'x steb size was fixed at a‘spécificlvalue, Experien¢e has Shown that
any choice of initial u‘and.h profiles which is not entirely unreasdnablé can be
used withia neg]igfble-effect_on the'ddeStream results if the computations are
begun near the leading edge or stagnation poin;;a
The cross—stream stép'size used waé computed by taking at the initial x
1ocat1on a step d1str1but1on based on a geometr1c progression in the y step s1ze
and comput1ng from th1s the corresponding w’ 1ntervals Typical values of the rat1o
of success1ve y steps ranged from 1.17 to 1. ]9, and typ1ca1]y 175 po1an were -
emp]oyed across the layer. This prqcedure y1a1ds a small step,s1ze near the wa]]
where the gradients are large;andlgives 1arger steps in the outer region where the
variab]es‘cnange more slowly. It snouldlbe,noted that w a1ways varies fromazero
td'unity, regardless of fhe-x.docatidn,_and‘tnaf'the'dTSCréte vaJues'df w chosen
at the initial x location are used a]bng the whpie bddy._ 
" The original tédhnique of Patankar and Spa]dfng achieved computational
efficiency and sti]]vmaintainad aéCuraty 1nvthe negion héan the wall by app]yfng
a Couette f]ow analysis to the flow very near the wall. This procedure has certain
shortcomings, hdwever; such as not being éasf]y applicable to flows with simultaneous
surtace hasa.tranéfer and longitudinal pressure gnadientS; In addition, some df
‘the assumpt1ons made in the Couette f]ow ana]ys1s seem un3ust1f1ab1e, in part1cu1ar,
the dens1ty was assumed un1forn near the wa11 where tremendous temperature grad1ents
are experlenced under many practical conditions. In view of these prob]ems, the
Couetté'f]ow‘technique has'been abandoned in favor of app1y1ng’the basic f]h]te—‘
difference schemo across the entire boundary 1ayer The use of the variable -
cross-stream step size yields accurate resu]ts near the body surface wh11e still
permitting computat1on to proceed eff1c1ent1y It m1ght be noted that the so-called

"slip-value” schemo emp]oyed by Patankar and Spa]dlng has also boen d1ccard°d
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The computation of the rate of mass entra1nment into the boundary 1ayer
“is essential to calculations in the x-u system Because there was no mass
transfen through the body surface in the cases considered here1n,«the quantities
@; and vy are'both zero for these calculations. At the outer edge of the’ boundany

1ayer the def1n1t1on of the stream funct1on gives o '_ Y

ﬂé‘_‘ =._r0' * i ‘ - - : (]5)
&« -7 - o , - _

and the variation,of'oE with x is determined by integrating (15)’with respect to
x. It s neoessary, therefore, to determine'the vaniation of ng with reSpect to
X. The entrainment rate may be determlned by app1y1ng the momen tum equation at

or near the boundary layer edge where w<1.0 and au/ax ~- 1/pu dp/dx. This

- resu]ts in,

.
: r° ouu

o1 337 P Verr dutb fau S - (18)
o 9@ wE *'ur w )/ dw

where it must be remembered that (16) is to be applied only at or near the boundary-
layer edge. At this point it should be noted that the.entrajnment rate does not

have a unique value; rather, it is sufficient that it be large enough that the

- resulting region over which the boundary layer equations are solved does indeed

"~ enclose the entine region over which the}dependent'variabies cnange~significant1y.
If an entrainment rate which is too small is used, the resulting solutions will
suppress the boundany']aye? artifically and yield erroneous resutts."ln Viewdof"
this, the'presentdsolutions vere obtained using an entrainment rate which was twice

that determined by equatlon (16); this yielded so]ut1ons in which, for 1nstance,

,-_the profiles-had-a much -more—asymptotic character at the outer edge than did so1ut1ons

obtained by a dlrect application of (16). On some ref]ect1on this procedure can
be seen to be valid, 51nce the entra1nment is "se]f—correct1ng If an overly
large quantity is added to the boundary layer at a g1ven step, th1s will tend to
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reduce the amount entrained at the next stéb;  Treatment df tHe-entrainhent in
this manner resulted in quite satisfactoryvresqlts‘in;ali cases coﬁsideréd;
In the supersonicvflow regime, bofentiaj flow over afsinUSdida13Wa]] is
described using small perturbation theory by: : |
u=U+ u'. H
v o=y
vhere the primed quantities represenf perturbations on the free stream values and .

" are given by:

u' s - — U s oMy - Xo o M2-1]

V' =lea  cos  afX - X VM21]

when the wall is described by
X2 = € sinaX; and a = .

This results in a pressure coefficient

Cp = EEEE:? ' cos [Xl - X V sz-]j—
yiuzay oo o
~ These conditions were used as the~édge'tonditions to be matched_by the’
‘boundafy iayer finite differenée program. TheAcohditions at the wall were, of
course, the usual boundary-layer bohndary conditions--that 15, the velocity at

the wall is zero. The geometry of the wa?lﬂis_shown in Fig. 6.
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EQUATION OF WALL:
Xy =& SIN aX;

L

oY l

e

Figure 6. WAVY WALL GEOMETRY
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Iv. COMPUTER STUDIES
A series of initial studies treated a_Sharp'leading édge_plqte”with an initial
.flat section 9.3 ft. long followed by a section of twb-dimehsioﬁal sinusoidal
roughﬁess The wavelength of the sinusoids was held at one foot whereas their
amplitude‘was Var;ed in the three increments: 0.033, 0. 050 and 0.067 ft
The geémetry is typified by Figﬁre 7.. Free stream flow conditions were:

M, = 3.0
628.5 1b/ft2

v}
[}

= 532.2°R

=3
!

FOr:convenience ‘let us label this series of tests as I(a), i(B); and I(c) for
the respectlve geometries. | | .

In order to start the computer solutlon ‘an initial guess as to the velocity
pfoflle at some point on the plate is requ1red. Integration was initiated at a
point 8.5 feet from the leading edge of the plate where a 1/7th power law was
assumed for the velocity distribution. It was assumed that the boundary layer

thickness at this point.waé given by
§ = x+(128.0 u/ (3.0 p'\{m'x));E

Computer results:for case I(a)'are presented in Figures 8 - 10.
Velocity profiles for eight stations along the wavy segment of the Wall are

.plotted in'Figure 8.> A definite retafding effect may be noted by -comparing the

profiles for stations 1 and 8. It isAconceivable that for a sufficient number of

waves (distancé down the plate) this would results in separ&fioh‘ hdwever this

was not examined due to the limited computer time- avallable for thlS study.

e Temperatuae proflles ~for-the-same-stations -are- plotted—lnﬁFlgure O A- strong-—*‘**;*

conduction cf[ect ‘can be noted at. the wall. Heat transfer to the wall, as well as

other paramcters of intercst, are plotted as a>funétion of distance along the wall

iﬁ Figure 10.-  The heat transfer rate is seen to vary more or less periodicaily'

41
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Figure 7

Geometry of the wall used in computer studies.
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after an initial osclllationﬁwhi;n is dne_to'the mismatcnsin the’tw0'eXterna1 flow
solutions. Heating rate appears to be correlated with the Velocity in_asvmnchdas
the peeks in both of these parameters occurs at the wall inflectlon point It
should be noted that all of the results presented represent a 51n01e computcr TUn
at each test eondltlon. No attempt was made to converge on a’ solut:on taklno into
account the displacement th1cknesswor an "effective wall". Qualltatlve comparlsons
- to be made with’the experiments of Cary andAMbrrisette 10 w111 involve only
discussi.on'of_ case I(a) sinc"e the essential features of cc)mputer runs 1(a), I(b),
and I(c) are‘qualitatively similar; The-effect'of increesing amplitude of.the waves
of heat transfcr is shown 1n Flgure 10b. , | |
Velocity and temperaturo proflles cannot be Compared with experlmental data
‘since none ‘are avallable The fact that the flow is accelerated as 1t expands
over the wave fbllow1ng the shock at the leading edge of the first wave is
1ntu1t1vely reesonable and the shapes of the profiles are again 1ntu1t1ve1y reason-
able. The temperature'profiles are also reasonable.

A qualitative comparison of the.calculated.pressure distribntion, Figure 11c;
and heat transfer distribution, Figure 10;'may be made with results of Cary and
morrisette 10 shown in Figure 2e, and Figure 3a. At an angle of attack of zero,

a Reynolds nunber of .260 x 10®, with roughness elements, it appears that
. the boundary layer ahead of the waves was turbulent based on the heat transfer
‘results. The peak heat transfer on the.first and each succeeding'wave'occurs
lSlightly ahead of the wave oeak in the experimental Situetion-whercas the computer
resultsvindicate peak heating at the'inflectionlpoint on the aft side of the wave.

Considering the calculated pressure distribution ~Figure 1l1lc, one notes that

»—fsmall—peltUIbatlon theory 1nd1cates a peak pressure 1mmed1ately follow1ng a
discontinuity at the leading edge of the_flrst wave followed by a decrease back to
thelinflection point on the aft of the wave where_a recompression,commences. “This
is in general agreement with an inviseid‘shoekePrandtl-ﬁbyer'expansion calculation
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7 VELOCITY AT B.L. EDGE
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Figure 10. BOUNDARY LAYER PARAMETERS FOR TURBULENT BOUNDARY LAYER
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INVISCID SHOCK + P.M. E R
:——--—— SMALL PERTURBATION-
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3.0 |
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Figure 11.- MACH NUMBER, TEMPERATURE; AND' PRESSURE DISTRIBUTION ALONG SINUSOIDAL WALL
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_which‘is;also shown in Figuré lic. iThis behaVidUr is also atfédds,With the
experimental résult shown'inéPigufe 2e,fwhere thé péakbpressure'if found to occ@r
i slightlY‘ahead>of the wave péak; |

Thé éinusoidal geométryﬁand‘flow conditiohs‘fbr these initial studies were
chosen betauée they were thoﬁght to be repfesentative of a Shuttle configuration.
Uhfbrtunétely, no experimentéi data exists égainst which a direct comparison can
‘be made. In view of this difficulty further studies were initiated.

The experimental data of Cary and Morrisette 19 appears torbe»most neérly
representafive of the requiréd flow and geometnyi For this reason the'compﬁter
program was modified to attempt to duplicate the conditions of fhis experimental
étudy. Unfértunately, somé difficulty was experienéed_in.attempting to define the
freestream temperature and p}essure which pfevailed during the eXperiments.
Estimated concitions correspéndiﬁg td the zero angle-of-attéck, Mach‘6.0, .26 x 10°,

- Reynolds number conditions tested by Cary and Morrisette are:

M_= 6.0
P_ =60 1b/ft2
T = 180°R

,The geometry of the wall was duplicated with ﬁo difficulty. A.cdmputation of the
heat transfer to a flat plate under these flow conditions was also made. The
experimental results of Cary and Morrisctfe for a flat plate and the computer study
- (11a) are presented on Figure 12. Thé results'fbr the sinusoidal:wail (11b) follow
in Figure 13.  The flat:platg,results are seen. to agree‘td a remarkable extent,
'.This could be a fortuitous result since the actual flow conditions of the expériment

were not known but rather estimated.

" The results.for the ﬁéét transfer to the sinusoidal wall are not in the

excellent agreement_found for the flat plate situation:. The pertinent question
at this point is '"does this technique for solving problems turbulent boundary
layer over sinusoidal roughness work at all in view of this poor agrcement?"
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First consider the problem of poésib1e f1dw sepafatiqn éhead»of the first
wéve.' Assuning a turbulent boundary layer the data pfeséntod in,Figure 14() may
be used to determine whether one would'anticipate separated flow. A wedge

deflection angle for the sinusoidal wall may-bc_detérmincd using:

i

1X1=0 X} =0

For the geomctries of tests'I(a), I(b)‘and I(c), one obtains» (:) = 11.88, 18.0,
24.12 degrees respectively. A calculation of Reso for these tesf conditions yields
3.6 x 103. Obviously for these cases one would not anticipate flow separation.
Calculation of Re60 for thg'experimental conditions corfespoﬁding to 11(b) does.
not appear'possible because of an uncertainty in So. It may be noted that Re, .
would have to.be in excess of 8 x 10* before one would anticipate separation.
The discrepan;y between the heat transfer and the pfessur@ distributions
dpes not appear, thereforé, to be due.to séparation at the beginning of;thevfirst
wave. The variation between the calculated pressure distribution and the 0
experimental distribution in the neighborhood of the beginning of the first wave
nust be due to viscous interaction. For a compression corner the pressure distribution
for several flow conditions énd deflection angies has'been_méasuréd.by Kuehn 21. The
first curve of Figure 15 gives a typical disfriﬁution in attacked, turbulent flow.
It is easy to see how this behaviour coupled with the decrease in pressure due to
the expansion over the wave could result in the experimentally observed distriﬁution.
That is, with the pressure peak 1ocated,some_distaﬁc¢ up the front face of the
wave. This is particularly tfue for the reiétively'short wavclength sinusoids
| used in the experimeﬁtal progfam [10]; Intuitively, one would expcct the peak
pressﬁrc for the situation in computer studies I(a,b,c) to»Be locatéd much closer
to the bepinning of the wave in tcnné_of percent'of the pcfiod a. Thus, for the
longer wavelengths, the small perturbation theory probably giﬁéé a botter represent-
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u s : R ‘ R
Reg = —=2 | where u is velocity, 6§ is boundary layer thickness, and
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for compression corners in tu1bulcnt flow [21]
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Pressure distributions illustrating the occurrence of separation with‘a change in
Mach number. for a compression corner; CC30°, RG = 4,4x10%. . (From Reference [21]).
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i

ation of the pressure distribution than found for conditions II.
Although small perturbation theory seems to be in reéasonable agreement with

the inviscid shock-Prandti-Meyer expansion calculation for the small W/H ratio,

it does not agree for the larger W/H ratios typical of the experimental situation

of reference [10]. "It should be noted fhat the peak pressure on the first wave

" found in these experiments can be predicted using inviscid shock-Prandtl-Meyer

expansion calculations although the location of the peak does ﬁpt agree with the

. experiments,
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| V. SUMIRY
To summarize‘thé resulﬁs'bf this‘sfudyg “
1. Viscousvinteraction significantiy affects-the.flow in the région of thé origin
of the first wave. |
2. This in;eraction dominates the'pressure distribution for 1arée W/H ratios.
3. The small perturbation %heory'appears to be in reasonablevagieemént with the
" inviscid shock-Prandtl-Meyer calculations only fbr<thé'smaliést W/H ratio
, considered; | 4
4. The results of computer study I(a) éhould.bé-in the best agreément'with the
Aphysical situation of all the stﬁdies'conducﬁed. ' |
Further studies should include an interaction on the ”effectiye wall" which
should reéult in better agreement. The larger H/W ratios will reqﬁire a better
solution for the exterior flow than small perturbatioﬁ thébry affords. A simple
fechnique for‘including the effect of viscoﬁs interaction at the first wave needs
to be incorporated in the analytical technique. Extension of-the ﬁethod to handle

separation on the aft side of the waves seems posSible.
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APPENDIX I

Computer Program °

a) Input Data




"WALLGEO"

The listing which follows is a program which uses the incomplete elliptic
integral scientific subroutine and a 1east'squares curve fit to obtain a tenth
order. polynomial expression for the value of X; as a function of xu. For a

s1nus01dal wall descrlbed by the equation

=F % %
X, = E sin;(a “xl),
‘where
.2n
o = =T

'the‘required ihput‘is.E (amplitude) and XL (wavelength). This information is.
input on catds 3 and 4 of the main program.(units are feet). The output con-

. sists of a list of the 11 coefficients of a tenth order polynomial listed in
‘ascending order. Following this list is a check of the value of Xys xl

:generated by the polynomial and xu.

X2_

\

Input.data for the computer program is eonteined_on nine data cards. The

“first card is a test description card which may contain any title for the



output which the programmer desires. Variables associated with the wave

geometry are input on the second card which contains (in order):

EPSILO - wave amplitude

WLENG - wavelength

WSTART -~ distance from leading edge to fhe-beginning'of the wavy wall.
WEND = - distance from the leading edge to the end of the waves.
COMPIN2 -

twice the value of the complete elliptic integral for the
geometry under consideration. ' :

On the third and fourth data cards, the coefficients from the tenth order

polynomial for x, are input. The fifth card contains output data parameters.

In the first fivi column field is the value of IFLUX,.which indicates the
number of steps along the wall for each printing of the fluxes in the output
data. IPROF appears in the next five column field and indicates the number of
printings of the fluxes desired for each. printing of the profiles. With

IFLUX = IPROF = 1, fluxes and profileé_are printed every step. With IFLUX = 3
and IPROF = 1, the fluxes are printed every third step and the profiles are

printed at- every third step.

The sixth card contains the problem boundary conditions in the following

order:
‘TINF - temperature of free stream
W - temperature of the wall
PINF - pressure in the free stream
MACH - free-stream Mach number _
Xu ~ distance from the leading edge at which you desire to start the
solution.

XL - total length of the plate you wish to integrate over.
KASE - wall index - |
. ALFAD - cone halffangle‘(zero for plate).

Input on the seventh card consists of the constants for fluid specificaﬁions:
cp - specific heat | |

EDK - E/K

SIG - sigma

ECON

gas constant

AMW - atomic weight.



On the eighth card we find ,
KRAD - 0 for two-dimensiomal, 1 for ax{isymmetric

NEQ - number of équations to Be solved (2-momentum and energy)

\

N
KR

number of stations normal to the wall

\

-dummy = 1 (neglects rédiatiqn);

The ninth card has the value of YKK - a normal spacing parameter (mot equal to

one).




SPALDING-PATANKAR COMPUTER PROGRAM




PT #c ) 05/363 FORTRAN'H
PILFE CPTIANS - NAME= MAIN»”DT nZoLINF(NT 59 §I7F OO”WKv
' SNUeCE, ERCDIC, NOL]QT NDDECK,LOAD MAP, NOFHIT NOI D, NDXRFF

PEAL MAFH

LOMMON/GEN/DET,AMT, AMF pnx,poFF(951),09(1),DEN,AMu,xulxn,xL ox, RONCONES
1 rSALFA,PPT,INTG i AGAPAC N3
' r“““ﬂN/rWPIT/IFlUX.'PRnF YWPTT o NARRDONN

CneNDONrS
Tt TaTataY.

COMMON /CFLUX /NRAGC, STNC, TAUUTW,0W ' o
Fn““CN/rnrlﬁr(551),AU(‘SI).RU(SSI),CU(SSI),A(1'55’) RE1,551),

—d

C(1,551)

LOTARNeNT

HONDNNNE

CAMMON/COL/AK, AL MG
COMMON/CNPR Z7UGYU, UGN

COMMON/COROD FHF(1),CP, TP,”N TV :
COMMOM/NATA/VINF, DELTA, T Wy TINF 3OS, MACH, KR

COMMON/ Y/ (251) yF (142510, R(251),PHO(2=1),0M(761) Y(?<1) TFMD(?“l)

COMMON/CTNT/OWT, FDR

CAMMON /NPT /M NPT ,NEQ ,NDH LK RAD, NH,KASE

AFEROrNC
arneneTr
nrAnr Y
el TeTeR ¥
rEAnpPRTe
oarnnr

- CNMMON /CWREN/EPS LN, ALPHA, onF.wLFNG,

FOMMOM/ONDM/ . YMD(SD) UND(S“) HND(SO’)YT(Zsl)

COMMON/NDATA/PHPINF

WSTART JWEND, COMPTNZ ,COE(11)

pronopls
NeENNNG] ¢

’PﬁMMOM/RAP/AMUINF
- QEAL%R TIME ‘ , CNNNNONf
ENMTH(TC )=28n 51, 6%(=1,452014( 248. 2521 24(-21.5T7262+( arnnanyc
1 19,56108-13, 80043*TC)*TC1*TC)*TC) ' ' SLBCARNR2T
S NIMENSION TNNAY(R) ATBANDA2T
“CALL DATE(TANAY) rnooen?;
: 'worTr(e,onqoo»(TnoAV(x).I 1,8) Rsiaalatalardc
0C000. FAPMAT (X, PA4) OANAND 24
SCALL SPEXIT _ NOnCNC 28
277 C FNOMAT(2EXC, 6) NFARAT 28
10 CONT INNE - NeNNON2 T
¥ = £.0 akalaatslalr d:
FAR = 1, n PANNONDC
WT = non aEshY oY Yol Vo
16 CNNT INUE £eN0OC3)
INTR= ERBITI Y.
CALL CONST NACACE 3RS
FALL RFATIN NrNNPNaYL
AMT =0, nERDN3E
AME=", AENROP 3¢
60 TN 2« ALY,
15 CALL RFEADY EGLIEY:
P& CNMT INIE : poNCANAC
B TWRIT = TweIT 4 1 FAnEACLT
CINTA=INTC#) : arpcansd
r . '**4***«**¢*«***#**<TART LENGTH**************** e Ialatal Y,
C dkddk YL = Y(NPLY NNW TN YERF okkdokdokk B Rl L TR VA
CALL FNTRN ’ - BASUANT
£ CHNICF OF FORWARD. sYEP REARERGE
FRA = ~ rE OONLNNLE
NX=Y (NP1 )% § LronNacaes
NX=",25%Y(NOT) TIANONNC4E

_DX=0,"">
T XD= YU+NY AREDNNAC
CIF(XPLLT, XN AN T 77 NDONQNSDN
= XL~ X alalalelatelly
TS(XU-BN.YL) IWRIT = TELUY ANLOONS?
IF(DX . FO, N NYDX=Y (NPYLY alalalatalal ne
XNz X114ny I

NERNNN5L
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T7 cAnT IME

¥ ala¥atalal Y.
Annnnneg
talalatel ol
SN RS

. CPEFJETES FNRM NF FOFF CTREAM VrLOCITY
r eEDgILN=Y, 4 /12, FT, ' '
r 1=1 "~ F7T.

Rt = tien

Hnn = VYINE

TF(XD.LT,WSTART) N TN 87

E=£DpSILO

ALPHA=(2.,0%2 141 8020) /WL FNGR

HAASRARET SR
nrAnGAal

l}n.'

AMINE=VIME/(SQRT (1,4%*513. 1*2?12*TIMF11
APP=( AMINFk%xZ~=1,N) k%" &
NIC=(XN-WSTART)/COMPIN?
XPART=NTCXWLENG/2, O
XY= ( XD=WSTAP TY=NTC&CAMP I N2
YPNE=XDARTHCAF(1)+CNC(2)%XXY+COE(3) *xv*xv+ch( YA XYHx2
THCPS(S) XY %44 COF( L) XX Y% X040 OF (7) %XY *%6+COE(R) XX Y*R%T

DArOC (AN EYY I AEQRCOE(]N)RXYRRQ+CNF (1] )R XYk4 N
XTWN=C TN {ALPHAXXDNE)
AARG=AL PHAY (XONF=XTWOXAP D)
HERF = VY“C-(V[Nt*E*A[DHA*CDQ(A&pF))IAPD
VERE= VIMF*EXALPHAXM NS (AARG)
NCD=CORY (1)FRE* %2 +4YFRE*% 7 )

nEANDrAS

a ¢ HAJT YN! 1=
C ********#**QUBDﬂUT]MF DO FE skl ol siode e e e o vl ook e dk %
neRY =l LN
IF(YN. LT, WSTAPT) BN TN o

NODXO=-RHAINFXVINFXY TNF = AL PHA® %2 OXEXSTN (ALPHAH ( XNNE-E*SIN(ALPHA

IAXONE) *APD )Y %(] , O-F* AL PHAXCOS( Al PHAXXNONFYXAPP) /APP

NreARCAC

NYODX=1.0/SORT(1,N+E*ALDHAXCNS (ALPHAXXANE) ) _
NPNX=NoRXNENXDNDX
o CONT INUE o '
c Hrkkpr e kxR SQURROUTINE MASS, SPECIFY AMI TF MON ZERD #dkwxsk

APARAR T

PAONONTE
CALL WALL nennnnTe
26 TE(TWRIT, 0, TFLUX) CALL QUTPHT NN

"CALL CNEFF

N(MDLY = uUnD
CALL SNLVF (A, BU, Cliy )
IE(MEN.EN. 1) GN TN 30
NN 4% J=1,MPU
NN 46 T=2,NM01

ﬁ’ﬂﬂﬁn7§

NOEANOTTC
ATnpAngn
[aatatalal ol B

SSalatubatey ),

ACTYI=A(), 1)

PU(I)I=R{J,T)
LE LT Y=C(d, 1)

DY 47 T=1,NP1
¢7 SOLT)=F1d, 7).

frrrrrg2

rARRAA

SEal T Yo -1
orrrnnacg

BT Y Y-

HI = N1 2(F(NH, NDl)—ﬁ S#U(ND’\*H(NP‘l Y/2B2 8. 6
HI=0, 1%H]

TEMP(NP1) ==2". B43T7444513, 25491 %H[~1204 SATARKHIAHI+ADT. 65683 .

T AHTxHT&HT+11 G, 7’4‘°*HT*HI*HI*HI
CALL SOLVF (AU, R, C1), SCY
NN 4R =] ,N
te F(J, 1V=SC(T)

AnArGARS
ARARNRRAC

CANTIRUE
THTIS PPNoRrAM NDNES NOT tFFEDT FLUXES AT WAIL—-APP HEPF
CALCULATION OF AUXTLULAGY PARAMFETERS

nn 108N 1=7,N
HI=0,7 1% (E(NH, 1) =",

D

EX1I(T )L 1)) /25750 &

rrAnnol
fennArg;s
NANC ARG 3
ateleRataYal.¥)
fnAnneor
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Hl=, 1%41

TEMP (T 1=-20.

"ﬁf\('\(‘ﬂ 9¢

84274445172, ’5491*Hl 1294 53738*HI*HI+6?7 65693*H1*H1*H“*1nc~°n

1T+110, 734K OKHT *HT*HT %HT APA NN OE

16 CCNTINUF - gelgialslalAll
2% CONTINGE AreAN] AT
Xt = xn ‘ ' nrnnny ng

" PEY PET + nY*(P(l‘*AMI R(NPl)*AMC)_, Tl alaka S ek

THE TFRMY NATION CONDTTION CrNPNINgG
__TF{XUI,LE.XL) GO TO 15 anrnnyne
cornme AT AN CE

PR sTne ARCANY T
ENA AnAnny fg
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T 2o NG /2g  ENRTRAN H

NAME=  MATN,ADT=N2,L INFCNT=6Q,5T ZF=0000K,

SAURCE, ERCNTC,NDLIST JMODECK o LOAD, MAPy NOEDIT,NOLR, MOXREF
r cvphnHTTNr PENSTY

TLFD FDTTANS -

AnmApr1nc

. ARONNTAD
SLRPNIIT INE PFNQTV mnonrm Tl
COMMOM/COT /N NPT G NEO GNOH ,KRAD, NH, KAQE N1N0CY12
rnuMnM/rDPPD/HF(‘) CD,T2 ,HW,TK : ~Tonn1na
COMMON/AEM/DET g AMT , AMF, npnx,ppFF(257\,DR(1) n:M,AMU,xn XD XL 4yDXy NONHNTT4

1 CSALFALPRT,,INTC JEPAE R
COMMON /V/U(251) ,F (1,251) 520251 ), RHO(251) ,0M(251),V(251), TF"‘D(?‘S” poacm e

NN 45 T=Y, MDY R

RHA(TY = DFN&(TR/TEMP (1)) coprnyn e

AL CONTTINUE ' oroamas
RETIIRM nharcaon

FND RN
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Yy - nS/zso

T &¢ FnPTRAN H
1LSP CPTTANS - NAME= MAIN,nPT~0?,LINFCNT-SO.SI7F Oﬁoﬂk,
STURCE, ERCDIC NOLIST, NODEfK,LOAD,MAP NO‘DIT NOID MOXREF. .
c - SURRNYT INF nUTDUT v poenn122
C ' ; - fandNny22
SURPNUTINE OUTPUT nnNnnny 24
REAL MACH ' L 0onnol 2%
f COMMON/CHWRT T/ TFLUX, IPPnF,pryr : nnnNn1 26
COMMONZCTOT/QWT, FOR : . nogon127
CIMMON/CFLUY/NPAGC, STND, TAqu.ow 20000128
COMMON/CROW/ QW2 ~nenel29
COMMON/CGEN/ALFA _NO0N1 3G
CﬁMMﬂN/Cﬂ(/SC(SSI),AU(5*1)'RU(€51).CU(551)'A(1 551),9(1 5519, ocnne1 2]
1 C(1,5%1) nennEl2?
rnMMﬂN/COI/N sNPY1 4NEQ NPH,,KRAD, NH, KASF cANCNY 32
CAIMMON/CPPND /HF(1),CP, TR yHW, TK nINNAN] 34
CCMMON/CSHE /SHE(S51) ' nANNNY 35
COMMON/DATA/VINF,DELTA, TWy TINF,0S,MACH,KR NNANNIL2A
COMMON/GEN/DCT, AMY ,AME, Dpnx,PPFF(ZSI),PP(l).DEN AMU, XH,XO,XL DX, nornn13y
1 CSALFA,PRT,INTG : nenCOl 28
COMMON/INPCONIDINﬁ ﬂHK,SIG.erN AMY , 3 nronnl 29
COMMON/ZV/U(25) ) ,5(1,251) ,R(251), PHO(ZS!),GM(?%!) Y(?ﬂl), TEMP(251) o0NON14C
CCMMON/CSEMJ/SEMU(SST ) , . ' nnnnnleal
COMMON/C NW/ONE W nonnG 142
COMMOM/NDATA/RHOTINF
COMMON /RAD/AMYINF
IFCINTAR,NF,Y) A0 TO 15 alataleJab NS
JPRF = TpeNF - 1 ~ ' NNONNI 44
WRITE(%,50)KRAN, KASE \NFO,N,KR, IPRnF IFLUX NRNNNT4S
ALFAD = ALFAXIRN,(0/3,14159 S NANDPNY 46
WRITE(6, 15" )TINF,TW, pync,MACH.xn,XL,ALFAD NONANIGT
WR ITE(K,250)EDK, %IG GCON y AMW . - nArNN148
CPN = CP/P8NSY. .5 - rrennag
WRITF (64,2501 CPN,DEN, AMU, TK = - alalaloleh B-1e
RO FOPMAT(2Y, *INDICES~ KRAD=',14, GX,'KAGF-4414,5X,'NF0",I4, Xy 'N=1, " NRN] K]
VIS, SY IKR=Y, T4, 85X, *IPRNF =, T4 ,5X,'IFLUX =,14/) , noREN152
e CFENRMAT(3X, *RNOINDARY CONDTITINNS- TINF=?,FR.2,% R, 4X, ' TW=1,F6,1,' RANANNLS2
WLX G IPTNME=S ,FB, 1, PSFE? 44X, "MACH NUMBER=",F6,2/24X, 'XU=*,F5.2, nNannGcl sa
PV OFT, 4%, XL="yF5, 1, ET4,4X,"ALFA=",F5,1,' DEGREE CONF HALF-ANGLEN20NN155
20/ . : ' 0NanNN1 56
PEM  FNRMAT(3AX,95AS CONSTANTS- F/K=',F6,2," K'y4X.'SYGMA="F7;3,' pidalaled 10
1t ANGSTRNOME 4X ,1GCON=,F 7.2, ¢ FT-LBM/LBF=RY 46X, "AMW=',F7,2/)" npnnng g
8¢ FDRMAT(2¥,'GAS PPOPERTIES- €P=',F7,3,' BTU/LBM=R?,4X, 'DEN=',F7 4, N350N]159
1YY LRAM/CU=FTY 4 X PAMU=,F12 4,1 LRM/ET-SECY, 4X,'TK=",F7. 4, ' nONNNY 60
3. RATU/HR=FT=-Ft ) S eoNNM 6]
- WRITE(R,49) (OM(T),T=1,NP1) NOANNY 62
40 FARMAT(24HNATHE VALUES NF OMEGA APF/(IX 11({1X%,F10. ﬁ))) nornf163
18 CONT TMUE nRICNNT AL
' IPRF = IDRF 4 1 . ~ NRRNN1 65
c IPRTF IS PROFILE NPITE INDEX. IHPIT 1s HFADINP INDEX Ealat ealeh NoY
TWPIT = 0 o S DNECN167
NRAGC=5b4 . A*TAUIN/(RHn(NP1)*U(NPI)**?) - ' NENNDNY 68
-C —THIS STANTON_NUMRER IS RASED _ON ADIABATIC WALL FNTHALPY + R=.915 N°ONNY6Q
' RECF = ,915 poaepalL T
NELH = F(NH, N91)+(RECF 1, n!*(U(pr)**?)/? n- p(NH 1) noNNNI M
. STNO = OW*778, 0*3207I(RH0(N91)*U(NPI)*DFLH) onpNe172

PEX=(RHDINFXVINFxYU) /(AMUINF)
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2

-

WRITE(6,81) X1,
CODMAT (/) 95X 4 X1Y
TPET] =1 ,F12.4,6X,'INTA

PEX,PFI, INTH
ZH

WRITE(A,55) NRAGC,STNO,TATW,OW -

'\FT

94X 'REY =

YeE11.2,4X,

ANNNDAY T

S ANeNGY T

NORDOY T
nneeo) T°

Tarc

f

WO TTE(L,87)
FARMAT (1Y, 02
FOPMAT (1X
We ITE(A,1009)
FARMAT (1704 ;

2PE)3.4,0HL RF/SO=-FT,qH

3, 4410H
OW =

STND:

€12 7,'RTUIFT7 SEC)

=2DE13. 4,1 1H

TAUTW

NODAGY TS
neANNY 7
pARNGY AL
annpr1a]
nNrenol8;
NSO EE

ca7e

wRrITF(6,

FNOMAT (22X
vET2w4v/7/)
TF(IPRE LT, TPROF)

$AME =V

IPRF

WP ITE(A,%2)

B 76) QNT FOP DX JAME
E16 6,15 X,hHFﬂP—,FIG 910X, 'DX ="', F14.5,17%,

RDEJBJQ,JSHRTU/(SQ-FT SEC))

AP ANANY AL
afeRalalon -0

NApNRY ag

ANCnG1R7T
NANNNY AR
GNNNNY AC

€3

[

cApMAT(RY,
1% ,3HRHN,
WRITE(L,5N)
FROMAT (X q4H(FT) s TX 8HIFT/SEC) ,3 X, 1“H(FT9/SFF?),4X,7H(DF 3=R),
24X, " (LRM/FT2) v
ENRMAT{TIY,1PINFE12, 1)

111X, 0000,

YL (L RFE/ET2),

s 10X, Y T,11X, 'PR?
EX 3 EHSHEAR,, B X, QHFMU,QX,'HCPV,/)

10X, THY

arnpnyar
npennyal
foNNNIoC
ARDNN19T
ANND G G4
NCNNNYQF

MDIM = MPY

nno1eo o)1=t
J2=NP1 =14}

HEP=F(NH, J2)-".
HCP=HCP/2BNE&], 6

I J2Y/SORTL2402, TR4XTEMP()2))

AMACH =

SHUI( J2V % ED

ARNANY 96
nrAeNY 97
ANANCY QF
SpAanAtac

EALEI alalaliede

neennp ey

1A

WRITE(EL453)Y(J2),U(J2),F(1,42),TEMP()2),
DPEF(J?‘oA”ACH RHﬂ(|7’,SHC(]?\9aFMU(J2) HC P

CINTINYE
Tl

NN Y11 J1=NPIM NPT
J2=NPI- 141

AREAROD 77
S aalaFiek
AnpnN2°4
NEORO 2GS
BAORNDCE
NNANEC DT T

oy

HCP=F(NH,

AMACH =

T2V, B (J2) 5% 2
HCO = HCD/2SrEY 6 |
HOA2V/SORT (2402 TE4XTEMD()2))

WRITE (Ay53)VIJ2),U002),F(1,J2),TEMP{)2),

DOFF (J2)JAMACH,RPHN(J?),

CONT ITMUF

SHE(J2) o SEMUI2),HCP

(e s AT Al
Srnnnyna
nonpn21r
"ANC021Y
AENGO21 7
CronGi212

TF (KP.FOQ,T
FORMATIEY,, 2AHR ADTATIOCN
TE (KPR, NE. 1)
ENRMAT (AX 4 12HNN RANTATION,Z/)

WRITE (A A2

CFERCTS INFLUﬁED)
WRITE(A,62)

&k*#*ﬁ*%#MﬂM—nTMFM([pMAL PRAFTILES FALrULATcn HE RE 3ok de ool

QFTUQN

LI ESY?
sl LN
FEONO21
nANNDP 217
neENN2Ye
AGONG21S

cAn

EGLIg
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T ¢

TLEP NPTINNS - NAME=

)

MAIN,OPT=02, L INECNT=59,STZE=000K, - o
SNURCE,ERCPIC,NOLIST, NODECK,LDAD ;MAP, NOEDIT ,NOTD ,NOXREF

nS/3en

FORTRQN:H

S onnp022)

C SURRNYTINF SNURCE _
c E nnNane222
SUPR CUTTNE cT]UP(‘F(J I, CS,DQ) : oronn2232

C FOP COANSERVATION NF STAPNATION ENTHALPV CANONC224
C CAUTIOM= USE CONSTISTENT UNTTS nONCD22%
PEAL MACH ' S ANNO0N226
rﬁvupwlrotlﬁrtsﬂl),AH(SSI) RU(‘SI),CU(551).A(1 55]).811,551). neanNN227

) _C{1,551) AINNN228
CAMMON/GEN/PE T, AMT , AME, DPDX,DPFF(?SI’ PR(1)Y, ﬁEN.AMU’XU,Xﬂ XL DX, ON2OQON220

1 CSALFA DPT,INTG . oNRON2 310G

© COMMON/V/1I(25) ) ,F (1,251, P(ZSI) RHD(ZSI),OM(ZSI) Y(ZS]),TEMP(251) noeonz 3
CandkxaTE( J.MEL1Y) GN TO 2 ADD HERE FOR NTHER THAN ENERGY#*okdkkk ©annNnn23z
CS=SClI)*(U(T1+1)*%U(T1+1)~ U(I)*U(I))/(OM(I+1) -0M( 1)) nNNNN233
CS=CS=SCT-1) % (ULI)2U(T)=U(T=1)*U(I-1))/7(OM(T)I~OM(T-1)) nnnnNnN23a
CS=(1.-1. /PDﬁF(I))#CS/(nM(I+1|-0M(I 1) anNenp23as
Ne=0,n NoONN226

C *****Ann QOTHER SﬂURrF TCRMS HFRF*********** nNNNN227
RFTURN 002NN23e

END S 0Nenn239
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T AC ) o 'nc/zﬁﬂ' FARTRAN H

TLER NPTINNMS - MAME=  MATN, hoT—-o'lINFrNT RQ.SI?E P”“W"v
SNUBCE ,FRONTO, NOILTST, NO”FCK LOAD,MAP NOCDIT NDIU NOXQ‘F

r SURPRNUT (ME REATN | _ : apnne24n
C o o L AL LS|
SUHRRPONTINE REGTIN ' ' - o - o ARACND LD

REAL MACH ‘ ' . . o : AOANAD41
COAMMON/COT /NGNPL NFQNPH KRAD, NH, KASF , o NnprRYLY
COMMON/COREOP /HE (1) 40 Py TR yHW, TK : NAGON245
COMMON 7 SHE/SHE (557) A : ACARND 4
(WMMONIHATA/VYNC DELTA, Tw,r;mt,gg,unrH,Kn ' L . NNNEND4LT
COMMON /GEM/DET , AMT AME nonx DPFF(951) DP(I) DEN,AMU,XU,XD,XL.DX, rFARNN24A

1 CSALFALODPPT,,INTL . ) ARrRr24Q
COMMON /Y /111281 ), F(l,?GID,R(?RY),PHD( GLQ.OM(ZG’) Y(751),T¢“°( 51) °Oneg25C
COMMON/CQEMY /S EMUI( S8 _ nANGDRY
COIMMON/CEAC/ YM ' ' ' ' ' s lakelst sl )
ENTH(TCY= 15(85 3411642112 45368%TC4233 ?svaa*rr*rr 26. £3394xTCHTCONANNRES
T*TC+] 24R27XTCXTCRTCATC )¥25751 - 6 , A
NPH=NF N1 . : o o NNCC2 S

“C  penRlEw QDCCTFYCATV”N : S ) L AnRPNISE
’ ND 1= A4 : o 0npN287
C Y <vEo ST7C ACCNRDING TN DYIT)Y=YKKxNY({]~ 1) - {YKK NDT EOQUAL TN 1 ) ALNNC2RR
ymM=r.0 - . nnnpNgee
READ(SR,50) VYK¥ . - - : : - NRANQ2 6N

E7 FNRMAT(FI~,n) o . : ARARNAD AT
WRITE(A,INLY VKK e ARANN24D

140 ENRMATIIX/2Y ,'YKK =' F& 4/) ' _ - : ' " ANPACDE
: nY1=1(1. -Ykk!/l]~—YVK**(?LﬁAT(NP1) 1o ) )=DELTA ST EAstalalar T2
v{iy=o.n . . K - rANP N LR

nn s T=2,MP1 . — : NEDRR2 ¢ R

5 Y(Y)-Dvl*(lw-vkk**(ﬁLﬂAT(I 11Y)7(1.,-YKK) - B - : DANNADAT
ITF(NFO.,FQ., 1Y RO TD 45 , : : : ' NNONN26R

C INTTIAL VFLOCITY PRPNFTLF ' S MNNN260
' TEMP (1) = TV ' . . - . ANGAN2 7
TEMD(NO Y Y=TTINF . . cNoan2 T

ey = v - S - - ' o CrANN2T?
HH=ENTH( . 1. TW) T - : ’ ‘ SONADRN2 T2
HE=ENTH(,, FR1%TINF) - ' , ANprN2 74

EUNH 1) =HY S : NABNG275
S(MH,NDY )=HT4+", SXVINFEYTINF ' S AARNC2 TR

DE=F (NH,NO1) - (AH,1) o _OLNeNR 77

urly == 0 , - ‘ ~OANDD TR
TI(NPY)=VINF ' . ARRNE27Q

C INTTIAL PRAFILES OF DTHER ﬁFPFNDFNT VAR YTARL ES - : atalaladal g is
na 261 1=3,NMP1 ' ANONN2R1

TEM= (YT )/VINPL)) %%, 1&7ﬂ=714 o : ARANODPAD

Ul T)Y=VINFXTEM » : ‘ ' Coannneo2g2

FINH, T)=TEMXDF+F (NH,1) ' ' o NANG0D B4

271 CONTINYF ' : . ' ' feOrND RE
45 CANT INIE : ' AnnnNY Re
r TMITTIAL VALUES OF ANXTL L ARY PARAMFTERS . _ AnARRDRT
NN 301N T=2,M ‘ _ ’ ANNN2ag

HY=" ﬁ‘*(F(NH I\-ﬂaq*u(l)*ﬂ(l))/7ﬁ”51 6 L _ NMANNPRG

MT= | 1&H] : ' NrrrONDOr
TEMP ([ V==21 8437444513 28401 *U1-1294 ., 5?738*HY*HI+6?7 656RAXHTRHIXHGRNANSOY
TT4110. 7244 G HTXHTXHT RH] . ArCAC202

37 COMT ThUE ’ ' ' AnrAND Q3
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rALL ncm<Tv

ArrD0294

C - INTTIAL DISTRIRUTION OF EFCECTIVE VISCDSITYu; DONNN2as
GCAM=,1S INOCN206

NEL_= Y(NPY) n/nrnn297

TAUW = VISCO(1) = U(?)IYIZ) nNRNCN29R
SEMUY(Y) = VISCOU(Y) nnpnop299

NO. 50N 1T = 2,MP1 gooneanp

ETA = Y{I)/Y(NP1) alalalalscIeh)

neELp = (Y(NPT)/VISCOLT)) * QORT(RHO(I) * TAUH) ano0e3Nn?

: Dy = (UEIV-UCI=-1Y) /Y (T)=-Y(]I=1)): NENNOIANI
s QﬁMU(I) = VISCO(I) & PHN(T) * (DEL * (D.4 * ETA NS % ETA INO0N3ANG
1 *%2 ¢ .2 ¥ ETA . **3) * (1.0 -”EXP(rGAM * DELP * ETA - ))) onpenoaAns

2 ®kD + ABRS{DY ) ' ' poenniees

DN 805 1=1,N oneoo3ny

G‘SSS. QHF(Y)— FMU(!)*ABS((H(J*l,-U(I))/(Y(I+l)-V(I))‘

ONC0O3NS

SHE (NP1 )=SHF(N) nnpfinicg

C CALC'HLATTION 0OF RADIT neENNO3NG
CALL PAD(XU4R(1),CSALFA) T onnee3l
IFICSALFA,FO.N.ON.0OR,KRAD . FQ Ny YmM=0.0- S onn0n31?2

- NN 28 1=2 NPI Co - nennoils

?8 R(I)-R(l)*YM*CSALFA*Y(!) narnnill s
CALL PREFF ANHNNAI S

c FAlCULAT'ON NF OMFGA VALUES At laleXoalc B 'S
oo oMYl Y=En L0 islalalaTak B I
DN 49 T=2,NP1] AL RN
RR=(U(T)-t{T=31))7(Y(1)-V(I~1)) neonen3tg
AA=U(T=-1)=-RR%Y(]-1) nrnNe32n
RHOA=(RHAD(I)+RHD(I=-1))%N 5 anNnpN32]
DI=PHNAX{R(1LIXAAX(Y(T)-Y (T~ 1)’*(YM*CSALFA*AA+R(1)*BB)* oNNGr322

T IY(DIRY(T)-Y(T=-2)%Y(T=-1)) %0, 54 . o neennl23

2 YM*CQALFAmpp*(Y(I)*Y(I)*Y(I)—Y(I 1)*Y(I-1)*Y(I 1‘)/1 D) S RrNco324

¢a NM(T)=0M(T1-1)+D1 - oonenN22s
PET=NM(NPT) noeN0326

nn §¢ 1=2,MP1 nnn00327

“EQ NM([1=nM(T)/PFI , ' ONNDN3I2A

C SEF MAIN IF INDI IS CHANGED NONNC329
- RETURN . oeenn3zn

eNn ornn033]
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5T A£G ns/36" COPTRAN H-

'PILLTR OPTICNS - NAME= MATN,(PT= ”?,LYNFCMT 59 QI?F r”?ﬁx o
' SOHRCE, CRCDVC,NQLIST NP“FCK,LOAD MAP, NﬂEDIT NOIP NOXREF

c SURPOUTIMF COEFF - ANENN33
r s rAnnr 3y
QHRDT‘HT]M;— (AN S ’ Lo o : f‘("‘ﬂ’\33
COMMON/CAC/SCLESL) JAULSST),AUIS5T), rU(SSI),A("55?).R(1,551), ronpN3a

* C(1,881) ’ ' ArDNN3R
COMMONZCPT /N GND Y, NFD GNPH K 0AD, NH, KASF rENCN32
COMMEN /001 ZAK, ALMC ANANO23
COMMCN/GEN /DFT, AMI, AME,NPDX, 08 FE(251), PP (112 DEN, AMI, X113 XDy X1 40X, 7773033

T CSAIFALPRT,INTH ~ANRN3L
rnmmnmlv/n(oq1y,F(l,zq’),P(?=1),Pun(zﬂlv,nM(ORw) Y(7R1) TEMP(251) Nronfas
COMMOM/C SEMUI/SEMII(SST) ANNN34
NIMENSION 61 (2611,62(2511,6302501,0(1,2511,S1(2511,52(2511,53(251)020n034

C CALCULATINN NF SMALL C S neNNN3e
NN 9P T=1,M ANROP34

RA= Sx(R(T+11+R(1)) NNNNC24

QH= B (RHN(T+1)+PHNI(T)) nonnnl4

M= SE(U(THII4U(T)) EARAI N AR

CALYL VEEF(T,T+1,FM) ARENARL
SEMUT Y =EML A IARALAN 1)

aa SC(1)=PA%PR A*RH*”M#FMU/(DFY*DEI) ,’5"‘!\(‘(\3‘;]

C THE CONVECTINN TERM ASANNTS
ccvn(\o1)-c:un(q' . ~mnAnag

rALL PREFF .nrApnag

SA=P (1 )XAMT/PET rRORA3S
SR=(R{ND])#AME_R(])%AMT ) /PF] ArANnAS

NX= ¥ D= X1 frrrnas
P?=—SRx. 28 ANNAN2G
S3(2)=". 8 nrEAGN3s
nooTY T=2,M nANNANRI4
COMPEOM(T4T )= (T=1) NOCON36)

02z 2R/DK Al aLblETS
_02=02/0MN NMINNN3A
DI={CMIT+1)=-rM(T)) %P2 NLANN34

O3= (MM (T )-CM(T-1)1 %P3 frenn3e
°2=3,#P? Sh DI VY
N=SA/NMN SalaE TS
Pa=p2/OMD nentn3e

Pl=— (CM{T4)) 42, %0M(T))*R 2 Arannag
RI=(CM(I=-] )42 %NM(T) )% 2 ACARART
FYI(1)=P140+R] Arnanay

G201 )=p2+P2 nrAAnaTY
AR(11=02-04713 | APRNeaT
CH(I)=-P1*U(T+1)*DZ*U(T)-PB*U(I-l’: S alatale iy

r TUE DIFEUSTIAN TERM ' ‘ : APANCY
A TY=2. rOMD - ALRENRT,

RU(T )= Sr(Y-‘)*AU(!’I(O“(T)-““(Y 1YY ~TTNCT
AV(T)=SCLINXAN(INZ(OM{T+Y) 0”11‘) neoneay
TE(NEN,FN,)) 6N TN 32 ’ el lalak 4

NN 34 1=1 ,NPH

CDN0ONAR

C(Jy I)--DI*F(J,I+1!—D’*C(J,i)—Pﬁ*F(!,I 1Y annnnig
CALL SPURCE(J,T1,05,D0J,1)) : ACRON3R
CeIy D)==-ClJ,T)+CS~ F(J,I)*D(J,I) noNNNA3R
ALYy 1)=AN(]) /PREFI(T) ~ACDR 3R,
(.0, IV=BULT)/PPEF(]) ~rnnn1n

B-10
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24 CONT INUF : o
SNURCE TFRM FOR VELOCITY FOUATYON i

nAPpNDa Bk

C - DN0N03RT
32 S1LT1)=DPDX*NX ‘ T annen3as
S2(11=P2%S1 (1) /(RHNCIVE (1)) NGA0O3 89
IF(1.£Q,2) GN TN @09 nONOO39C

. SAI)=P3RSU(T) /(RHN( I~ 1)*U(I 1) ANRNA3Q)
coc.  CONTINUE ongnN3e?
LSU(T)= PI*GY(I)I(RHH(I+’)*U(T+])) onnNo392
CUCT)==C( 1)=2, *tsv(r)+<2(1)+<=(1)) nOrr0394
SY(T1)=SY(1)7U(T+1) NNCND3 0K
S2(1)=S2(1)Y/7UC 1) ICRLGLLERD
TIF(T,E0,2) 60 TO 200 APCNN397
S3I(1)= SQ(I)IU(I-‘) ~aon03ag

- e TNTTY it - - — — APNNN3Q0
20 S2(1)=n," lalaalaks /N AT
$S1{11=n.n A TaTaY VALY
S2(1Y=1. ”/(QH0(7)*U(?)*U(?))*DDDX S TR

71 COANTINVE alolato¥ PRk

r . CNEFFICTENTS [N THE FINAl FOPRM o Ialalal oV AQNA
N o1 ¥=2,N ' Ealalalata VAL
Rl'1./(r7(f)+AU(I)+RU(T‘-¢7(I)) NEAGDLNE
AT Y =CANCTY4SYI(T)=6GLET ) IxRL NECNAGNT
RUCTY=(2 (T +S 30TV =G3(T ) )*RY_ AEOONG PR

O1 CULTIV=CH(T)*RL = ARNAANLNQ

-~ IF(NFO.EN.1) "N TN Teé kel ol Tal S Ko

NN 92 J=1,NPH nNNAnNng1

nD- 02 v—?.N - o OnrOng1?2
RL=1./(G2(TV+A(J, I)#R(J'I)—D(J,TWV' onrensy

ALy T)=(A G, IV =RYLUT VYRR . ORRDG4T &

A(S, I)=(R(JyT)=G3(T)I*RL’ ARELNGTE
ClJyT) = CUJ,TI%RL. ARRARGY A

Qn? COMT TNUIFE . : NANNNLIT
74 CONT INUE alaks e YA !
DETURN CARR ALY ©
. END Arrre o7

* AUBURN UNIVERS



nT £C

PILE®

)

revTTpNeg -

nc /360

MAME =

ﬁnnTRAN H

MAIN,PPT= ”Z,LINFCNT 59,ST72E=D00NK,
SPUPCE yERCOIC,NILIST JNODECK LnAn MAD,

NWFDIT anﬁ NGXRFF

Sl TePA 2

C SURRNIIT INE SN VE

C _NACANL D
SHRD AT INE SOLVF(A,R,C4F) NANNELD?

c THIS SPLVES FOUATINNMS NE THE FORM . AOENPRNEL D

r EOTY = ACTIIEE(T+1) + BUID)XFIT-1) + C(T) NOONC4 2!

'y FND T=2,MD7 NRCON4G D¢
'“MMPerﬁY/M,Nni.NFO NDH K PAN,NH,KAS E A A o
DIMENCTNN A{ND]), B(NP]’,C(MDI).F(NP1) NENGD L2

2V:F(1) + C(2)

—-B(I)*A(1-1))
TI%T

(R(I)*P(T—1) ¢ CUTVIET

rPARNAE D¢
[eXaka¥ sla¥ Ak
frAL 43
mj_-;nn!\t»f%;
ARAG043"
nINR04 2

(])*F(J4’\+P(J)

R(2) = R{
N 48 T=2,N
T = 1./(1.
ALTY = Al
PLY)Y) =

NN 8N T=2,N
J“”p1-I+1
FLJ)=

oF TUDN

S ANDLra3s

NNNRNG ¢
DoNNNL 2T

ARG C4AS

B-12

AUBURN UNIVER!



pinQaM H

Toem ns/a6s

Mre rprYInNNS - p,AME-, MAIN,DPT= P?,LTNF(‘NT SQ,QIZF"‘P’D”K' )
' SPURCE,ERCNIC,MOLIST NONECK, LnAD MAP,NO EDLIT, NDYW NDYPFF : _ :
c SYR2NMT IME PEANY - o pnrnrg a0
r N ONr 0660
gqaoluTrMF n:pnv NLNNLL)
COMMIN/CFACT YM AROCN4L 42
rﬁ“MFN’FnI/M.NDI,NEﬂ,NPH KRAD, NH, KASE neEAnnNg 4
COAMMON/EEN/PET o AMT , AME, nPDX Dpfﬁ(?ql),PR(w),DFN AMU,XU,XD,XL DXy F"OOND44L4
1. CSALFA,DPT,INTG A T RNACOLLS
' FOMMQN/VIH(981) =(1.2“?.91251).PHO(751140M(451’.V(?€1) TFV°(751‘ nenrn4ace
CALL PENCSTY r~CoNCLa
CALL RAND(XLY, 9(1\.C<ALFA) NeCNCLL P
TF(KOAN NFE; Y G TN 15 nRONNL4LQ
] (7)—‘;‘#DFY*nM(7)/(PHﬁ(7)#U(2))' ALk Y o YA 4
o7 NN YNTTEI MDY - - : . e nrrap4E
i YT =v({1- 1‘* =*9FI*(1,“/(PP”(I-‘)*U(lo})*P(I- NEANGG 52
T4+ 1. 'I(QHP(I)*U(I)*P(T)\)*(DM(!)—GM(! =11) NCRCNGE3D
AN TA 28 ArrNOLSL
18 CONTINNFE QOrArNAGSS
PHAA=Z . GR(PHN( 1) +RHN (21 ) NOCNNLSA
PAV=", G2 (RIT)+R(2))Y ' ‘ NEPPNGRT
Y(2)=_ _SORTI(D. “*PFI*F”(”)*V‘7)/(°HﬁA*PAV*U(7&’) nennnLSa
A= Ql])*Y(’)*P 5*v(7)*v(7)*r§ALFa*vu ' LY T
’ nf =n_." f"""(”‘&fﬁ
nn 23 [=2,MP) nonnca6’
AR=(UCT Y= T~ ')‘/(PM(!)—FM(Y—1)) ALAAY 6T Y
AA=SUI(T =) ) =RR%ECM(T-1) ‘ . DANNN4AT
NI=DFT* ALNPAI{AA+RREOM( T ))/(5A4pn*nu(7-1))’ ORrND4AG

RHNA =, B (EHN( T=1)4RHN(T))

NARNARGEES

Nl= ﬁt/(nD*cHnA)+ﬂI pronnase
r=A+ny ' annaatl
'!p(yv”;nQPA“) Gn T ar ‘ . : ' T ARNNNLAR
v(I\-(-°(7)+(P(!)*P(1)49.ﬁtvM*CSALFA*Cl**OWS)/(CSALFA*YM) parpngea

on TR 2% ' ' AL AN

2 Y1y = rlptﬂv rreanaTl
e PANT INYE R MARAL
28 NN 40 T=2  NDY prorrer

Lr (T YVY=P(?

RETUIRPN
NN

YEYMEY (T)X¥CSALFA

[EANERARAY Ay F'A
~noe h.r_xl;?;
ACENNLTE
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DT £

TILFe PPTI”\]Q - NAMC= MI‘Y'\
CQNURCELERCDPIC, '\H)[IQT Nnr)FCK,[_ﬂA[\ MAp NOFDIT, ann NOXRFF

Ns/36n  FNRTRAN H

,APT=02 L INECNT =50, STZE=LORNK, |

r SURRQUTTINE VEFF ANNCNa 7
¢ : N . PANTO4LTE
SHRRNONITINE VEFF(] ,IPY,EMUY NONNALTC
COAMMON/CRT/N GNP JNFQ GNPH K RAN, NH  KASF NENNNG AP
cwvvcwlcﬂtlhx,hLMG I ' : AreeALl
CoOMMON/CSHE/SHE(SE]) NONGR4AR)
F”"“”N/VYHT"T’yC(‘ 2510 ,R(251Y,RHO( 251, ON(?SI),Y(?RI),TFMP(?S1) AINC0487

f THEIS SYRROYTINFE UUSES THE MIXING-L ENGTH HYPOTHESITS NNAONN4LRAE
YI = YINPT) NONNNL AT

AL =ALMORYL- ‘ ALONNLRE
RRAR=CHFE({ JTI*RHN(T). nnenfg Al
EXP2=F YD(-Y(I)*QOPT(RRR)/(VIQCH(I)*27 5)) - ACOCN4L AR

NAMP =1, -FEXP 2. NONNN4 RC

TE(Y (1), LE.ALZAK) AL=AKEY(T)%DAMP _nhpagaor

G F“U-A=*!DHﬁ(Y\+RHn(Ip1‘)*AL*AI*ABQ((H(I)—H(IPI))/(Y(I)-V(!D1))\ ANARRLGY
EMU=FMU+ (VISCO(IIFVISCOUIPI) Y 20 & NANNNG 0D
TRF{T.EN,NP1)Y) GO T Y ‘ ANNALLQ2

SHE (I)‘F"U*(U(I+1)-U(I-1)\/(Y(I+1)-Y(I =1y, ArANRLAL
SHE(I)=ARC(SHF(I)) ARNAC 405

cnTC 2 NENNNLAE

1 SHE (NPT ) =CHF (N) NAANR4O T
2 CONT INUE fANR04OP

RETHIRN
=T

ArARNG QO
Islabalatel Yol a
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. TEQM2= Q(ND!)**(?*VPAO)*PH“(MD?)*SpMU(NDI’

CTRQMA=TERMO% (1LINP] ) %2 —1) (M) %% ) /.12,

TEPMOI=TECMILRINY (k& (2%KRAN) XRHN (N )XSEMUIN)
nx (OMANPT ) =OMEN) )
TFPM4=P(N)**(?*KQAD)*RHOLN)*SFMU(Ni

Vo » .ﬁ(liﬁﬁ CnRTﬁAN n
LER PPTIONS - MAME= MAIN,NPT= "?,[IMFFNT 50,8125 ﬂﬂrﬁK
SNURCF, FB(DIC.”QLI‘ToNDﬁFCKqLDADvMAD NﬂFDYT MDIDLNOXREF
c SURRNUT INE FNTPN . ALCOOSN)
(s NCOrNsEN
SHRRQOUTIME. CMTpM : ' ‘ ' nNOATN5N2
CPAMMON/CNT /N GNPY (NED MDY KRAD,NH.KASF preensng
COMMON/REN/PET AMT , AME ,NPDX, PREF (251, PR(1),DFN AMU,XH XD, XLyDXy NANCNSNS
"1 CSALFA,PRT,INTG ArAANBAL
rﬁU“nNIV/H(yqv),F(l 251),P(251), 9H0(2R1),0M(?51\' (251\,Tsmp(2s1) NOANSNT
COAMMON/C SENMI/SEMU(S5] ) ' LrORNANA
MM =N=1 nrreosnoe
TERMYI=1.0C/(R(M)%XKPAD®PETY . arrnOgsIN

nenncRY)
nNenNSY 2
NEOrASY 3
narpnele

TEOMA=TERMLER(NM] ) x% (25K RAN) XRHO(NMY ) XxSEMI(NM] )

TERMAS TERMAH (1) (N)%%2=11(NM1 }&x%2)/ (2. 0%(OM(M)=OM(NMT))) -

TEOMP=(TERM2-TERML ) /(MM NPY)=NM{NMT) )
TFRM?-(U(MDl»—u«~v1)a/lnM(Nov)-nM(an))
TE(INTRLFQ.. 1) AMFE==n, g-

nreNANS] g
NAPANE Y e
rennAngY 7
9'.‘-"!‘-!1'\".‘1 o]

‘ﬁpnﬁh§1o
CARONNG DT

AMECL D=AME

KsMD1-ts ) .
DATIN=( F(1,K)I=F (Y, 1))/ (F(1,NPI)=F(1,1))
IF(RATTI, rFa~9°9)A"F=A“EDLD/190q

Creons2y
ACCErNS22
pENLnB22

TF(RATIN.G(E,.©Q9)6N TN1D , NRROAG DG
TE(TERM LT, 1 (F =30) AME=1, SxAMEN] N NrNNAs 2R
TR(TFR¥2,1 7,1, NE=30) GO TN 16 fRNNA526
A“¢=TFQ"1*TEPM2/TEPM3 AEAnNGS 2T

 AME=[ AMELAMEQLN )%, 5 arnnnsoe
TRUAME.GF,N,7) AME=AMENLD ‘ . nerAanRp0
IF(ARS(AME), REL 1, 5%ARSIAMENI DY) AME=1.5%AMEOLD neerns3c

v CONT INNE, . ST elalehelal ich ]
RETIIRM prenes53p
ANAANG 23

~ BN

B-15-

 AUBURN " UNIVERSI



PT A0

)

NS /736" FARTRAN H

50,S17E=0r0NK,

DY LER CRPTTINNG ~ NAME MAIN,QPT=N2,L INFCNT= :
CDUDPC,FanTr N TSTZNODECK, LDAD MAD NOEDTT, NOIP NOXREF

C SHR2ANTTINE WALL alatalelalonc
C ; [Sa¥alsTa e ¥
CHRER OUITIME WAL L noNQNsaY
CIMAPN /CEL NIN/DRAGC ,STNN, TAurw.ow NeACNSR
CAMMONZCROW/ QWD nNNANS3,
COMMAOM/GEN/PET , AMI, AME, nPr‘x PREF(251), DQ(!) DFNyAM”.XU XDy XL, DXy, 7CADAS3

N CSALFA,PPT, INTG NINANS 4!
rﬁmmnw/v/n(°51) F(l, 251\,Q(9=1),RHﬂ(?ﬁi),DMf?R‘l,Y(?S‘\yT‘MP(75’\ nEANNS4S!
COMMON/C SEMY/SEMU(SS]) S AI00O08L]
COMMON/CPROD /HE( 1) ,CD,T0 ,HW, TK NOGONS4:
CAMMON/CTOAT/OWT 4 FDE rRnNAs54d
COAMMNON/C MW /ONEW ANONNE4H!

NATA NC G CNJAE, RO/ DROONS4LL
SiMy=r, ' AANOORST

QUMT =N A~ ACONNKLY

QUMY Y= NN ORG

UMy T=n, ~ NEAL LGRS

N1 T=1 N0 ArONNER]
SUMYT=SUMYT+Y(T)*TEMP(T) PPONNSS:
SUMT=CUMTH+TEMD(T) NerONRR-
SIMY=SUMY+Y( T} IRy

1 SUMYVY=SUMYY+Y(T)1*Y () ANCAQARES
A= (CN*QUMYT—SUMY*SUMT)/(CN*QUMYY SUMV*SUMY) NN NG5
AMEW=TK*A/ 260N 0O AR AT AR

c ASSUMES {EWIS NO=1 AND MO BLOWING alslelel 1Y
TANTW = SEMUCLI®I(2)/(232.2%Y(2)) N ANNRKS
EDR=FNP 44, Z8*R (1) XDOXATANTW REL T LYY,

NW=TKE{TFMP (1) =TEMP(2))/(Y(17)-Y(2))

NMW=OW/ AN 0 DEOCNGEA]
M2=TH((TEMP(3)=TEMP(I) V2V (2)#42=(TFEMP(2)=TEMP (1) )Y (2)%%x2)/ LOONNSES

TOoAY(2)RY (I R(Y(2)-Y(3) ) %2460C, () ‘ IONNE 6
NWT=OWT+6, 29%R (] ) *¥DX*OW NONENSA!
RETURN NI REYY.
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T ey AT FARTRAN H

TLER CPTTINNG — MAME= MATN,OPT= “?.lVMFCNT 50,S17E=0rnNK, -
' SriRCceE, Fncnvc,wnlTST.NonFrk,LnAO MAP, mncnYT Nﬂtn,NﬂYQCF

£ SURRNANTINE VI SCH nrANNGEP
c . ARLAQKEG
FUNC TINM VISCN (1) - NANNSTr
COMMON /TNPCIN/P INF L EDK, S 16 ,GCON, AMW. ARACASTY
COMMON/V /11281 ) 4 F(1,251),2(251), RHn(?SI) DM(2R1‘,Y(’=’>,TFV°(7=‘) ArRMNNGSTD
TSTAR=TFMD (1) /(e RXEDNK) NAINNNST3
ﬁvpc-c.41464+zc4=qz/T<TAP Ca 97)21/T§TA9**?+Q&67916/T<TA°**? ANPNETL

h [ 23V /TSTARK®RL+ N, N2TREE/TSTARX %5 AAISALALY 453
\'ISP"'-H JO""’»E—M*QOPT(AMw*TFVP(H/] B)I(ﬂMFﬂ*\ S16G¥%%2) ACNNNETA
QETIIPM - NCRCNRTY
N neONNSTS
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epT 20 v T NS/3€7  FNRTRAN H

MDY ER FPTIONS — MAME=  MATN,NPT=N2,| INECMT= :0'917# npendk,
SQIRCE,FRCDIC, MD[YST NonErK,LnAD MAD NOFDIT,NPIﬁ MOXREF

r SURRNUTINE CNNST _ _ o annAng:
C ] . o _M Do R _ ArNONSY
SHRRCHTINE CNNST ’ o ; o o o CAnNNNGY

REAL MArH . ' ' S ANONNS|
COMMONZV/ZUY(2RY ) ,F(1,251),R(251), RHn(ZS;).DM(?S'),V(?Rl),T=MD¢7=1) el FedaL Y
CAIMMON /I REN/ALFA _ - , ‘ oapNnsy
CAMMEON /CNL JAK, ALMG o Connnonst
COMMPN /CNDR /11GH , UGD . nNNG0S!
COMMON/CPROD /HF( 1) 4 (P TR yHW, TK ‘ ‘ nnNann sy
COAMMNON/DATA/VINF S DEL TA, T, TTNF , 0S5y MACH, KR oRNNOSS
COMMAN/OEN/PET AMT , AMEDPDX, PREF(251 ), PR (1) ,DFEN, AM, XU,YD.XL nX, N"PONASE

1 CSALFALORT INTG . o ‘ ANNNNARC
COMMOM/CWRIT/TFLUX,IOROF, TWRIT ' nINNNGK

COAMMON /COT /M NPT GNFQ JNPH ,KRADy NH, KASF ' ' nrense
COMMON/TNPCON/PINF (EDK,S I6,GCON, AMW : ' - ALNLDsT
COMMOM/MOATA /RHNTNF : neRONSC

COIMMAOM/CWGEN/EPSTILN, ALPHA,  XOME WL NGy WSTART,WEND,COMPTN2,CNE(11)
COMMONZ/PAN/AMIINF B :

NIMENSTNN TITLFE(25) ARNBOGC

C UNTTS-TEMP(R),NEN(LRM/FT2),AMI(LBM/FT- SFC) CP(FT2/SEC2-R) - AnAnnGe
"C 1F KR=1 RADIATINN EFFECTS INCLUDED, OTHERWISE THFY ARE NOT T DArnnsge
€ THFERMAL AND VFILNCITY BNYNDARY CONDITINNS . - Annnese
DEANIS,27) (TITLE(TL) ,1=1,20) : . AnNNaNsc

2 EREMAT (202 4) - . NONNNAT
WRITE(&,2M) (TITLF(I).I—I 20) . I NoOn0n6(

2n FORMAT(IHT , 20X, 200A4/ 7/ /) E ‘ 2ANNNKT

READ (5, ?"?“) EPSTLOZWLENG ,WSTART, NEMD,FDMPIN?

2020 FORMAT(SF1N,N)

READ(S,2721Y(COE(T),T=1,11)

2721 FNRMAT(RFEIN L)

 WRITE(A,2022VFPSILN,WLENG,WSTART, wcmn,rnMPIN?

2022 FORMAT(2X,'WAVE GENMETRY- EOSILN= ,F]h-G,'FT‘,QX,'HLFNG"QFl"»‘
YJVFTO ,4Y, VWSTART=",F1%5, 8, "FTY /1 OX, TWEND=",F10-5,'FT',
2ICAMDPIND =Y ,F1IN_ &) » : o

WRITFE(6,2023V(COE(T),I= 1.11‘

2r 23 EARMAT (22HATHE VALUES NF CNE ARF/UIX, 11(1X,F! . 4))) :

PEADIS,INC) IFLUX,IPROF _ ' ATARNAT

tRals FORMAT(215) : : Al aIalal %)
TWRIT = TFLUX - 1 ' ' : TARNNCET
PEAD(S, QN0 ) TINF, TW,DINE , MACH X1/, X1, KASE, ALFAD S, aennner
oro FARMAT (AF1M . 0, J3,F17, 1) ' _ ALENOLC
C CONSTANTS FNR FLUIN SPECTF ICATINN ' nANANAN
REAN{S,0"R) (P, FDK,SIF GCONy AMW : : : . ' . ANDARAKC
oC P FOOMAT(&F1C, Q) C NONNNAK ]
REANIL(S, 1ﬁ1r)§_gp NEO N,KP i - S a ; NRRCNel
Yy FORMAT (4 TR) ialalalel el 0|
C NENSTTY AND VISCOSTITY REFS FENCE VALUF< IF REQUIRFD, - o Dennng)
r INTTIAL STWINDARY LAYER HETGHT - _ CAICANGT
’ ALFA=ALFAN®3,14) 597180 2 R ‘ ooNNNgd
MP1=N4+1 ' NENNNAT
TP = ®37.0 ~ 4 —" « : ADNDNGT
NEN=PINF/ (GCNNXTR) : - ' nennnel
VINF=MACH%ESORT (1, 4*K3, 1*27 2ETINFY _ : , ACRNRORY
uen = VINF . v . ANCONNG D
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RHOINF = poF/(Gan*TINF\ ¢ ConNne?)
TEMD (MDY ) =TIMF . ’ - . ' ACNGNR2?
AMUINF= VISCO(NPY) ANrONg 23
AMU)= AMI)INF rRCo 0624
NEL TA=12R . .CXAMUINF/( 2, "*pHnyNF*vINF*xn) CONNNARDE
NELTA = YIRSORT(NELTA) GADONEPFA

MM = Y
AK=. 428
ALMK =, o
PRT=r.0

ArNCNEDT

ARRANG 2R
nanreg20

AARANADLC

PR(1Y)=.7
TK =N '-‘67

. _etTuon
END

nnNnNg 2
nranNg3D
NERANE3
LT
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EpT 50 ) , © NS/36n FORTRAN H

MPILEP MPTINNS - MAME=  MATN,PPT=R2,L INECNT = 59, STZE=7PAK ,
= SALP CF, ERCDIC,NOLIST, NCDECK,LOAD MAP, NOEDIT, ann NOXREF

c SURPAUTINE RAD : ennnneg
r e . norree
SHRRONITTME RAD(XY,R),CSALFA) : ' ' S o nannneg
r. fPPLICAPLc TQ DLANE FLOWS - R : Lo o ANCONG
COMMON/CCER/ AL FA o ANNNOG
COMMON/CHGEN/EPSTLO, ALPHA, XONE JWLENG, WSTART, ENO COMPTN2;CORE(LT)
R1=1N.7 : ' ' , nnnnrg
[F (YU 1T WSTART) GO T0 10 - R ,
D1=10,T+FPSTLNXSIN(ALPHAX( XONE )) : o L —
1% CANT INUF B ‘ , - nooree
 CSALFA=1,N - ‘ : NeONRe
PETIIRN ‘ : : ' NNNNNEA
EMD o , » anNnNNNg
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Y £

) o | : NS/267 “FARTRAN H

PTILSF FOTIONS - MAMF— MATN, nDT~”?,LYNECMT sq ST 7F=N00NN,
cAuRCeE, :anxc NULIQT,NDPECK,LQAN,MAP,NnFn!T,NOIn NnprF
CIIRRMIIT TNE DPREFF X ] nALNNNELS
COMMON/CN| /AK,ALMG ' CALDNELC

Fn”“ﬂN/V/”(’S‘)sFlly?“’-P(75]).QHU(?‘?),ﬂ“(?ql),Y(Z“),TFMD(?SI) nCnnnk e’
COMMCN/GEN/PET, AMT , AME DﬂPx.DPF=(?=1) PR(1), PFN,AMU XUp XDy XL 4DXy  ALOLRAE)

1 CSALFA,DPRT,INTH , NANNQEKS;
CEMMAN/E SHE / SHE (551 ' ‘ N ’ NCOORAS?
COMMAM/CSEMU/SEMI(ESY ) ‘ - nrApNgSe

COMMON /COT /N, MPY ,NED MPH,KRAN, MM, KAQF . ' NArRNAEE

20 PREF(IY=PP (1) ‘ : NNNCE6E5E
nN. &7 T=2,NDP) : o AR AT A1 L

_ TE( NAT. IY(I).OT. V(Mp1\*A[MG/AK)) Pn TO 8N o NNROINARS

4t ppfRE(I)=pPRY _ , o ATNPALARBC
IURRNENEY -~ B ¥ - T V-SRI  T T Do Y Y 3o
en p1~vrsrr(7)/oo(1) : : - NINNNN6KE]

P2 = DHﬁ(I)*AK*AK*V(I)*V(I)/DRT*APQ((U(Iii)-U(I SRR VARAREAREAA R ED B IR RalahatareY ¥ e

nac Y(T)*QOPT(QHr(I)*RHﬁlI))/(VIQC”(I)*27 £). : LA S AT X0

- D2= lag-Fxo(-pz) , . A NneNNE a4

P3=D2xD7 . : P . ) S ‘ﬁ“ﬁ?ﬂﬁbc
~DDFCGY)-SFVH(I)/(P1+D7*03) - . NNCNGALE
Xs Cnmy{mnc L neNNRERT
C : : o . ' o : S NNrDDA6R
‘pFTuRN _ o ' : ' - : . Qrennaea
£nN o _ N : ‘ - INCLNETE
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APPENDIX II -

Elliptic Integral .

TI-1



"The output of this prbgram is eleven“céeffiéients,which afetused to
characterize the wall geometry in the main progrwn
- The input to the program requires spec1{y1ng the amplltude of the waves in

feet in statement 4. That is:
4 E = 0¥
Also required is the wavelength in feet in statement 5.

5 XL = XX

I1-2



I

c CALCULATES, XU(HAVY DISTAI\CE) AND PCLYNU’HAL COEFFICIFNTS

1 .
2 " DIMENSICN RES(99),XX(99).Y(99),CX(ll)
3 P1=3.141592965
4 E=0.050 | : .
5 XL=1.0 . | //;77
6 CALL COMPLETE (XL E, XLC) -
7 ALFA=2.%P1 /XL
8 EA=EXEXALFA%%2
9’ D=({1.+EA)*%.5)/ALFA
10 A=1.0 :
11 B=1.0-EA/(1.0+EA)
12 CMOD=B*%,5
13° DO 10 1=1,49
14 “XX{I)=(XL/200. C)*FLOAT([)
15 PHI=ALFA*XX(1)
16 ARG=TAN(PHI) //)7
17 CALL ELIZ(RES(I),ARG CNOC,A,B) S
18 , RES(I1)=D*RES(I)
19 10 CONTINUE
20 DO 11 1=50,99
21 XX{I)=(XL/200.0)*FLOAT(I)
22 IF(1.EQ.50) GO TO 12
23 RES(I)—XLC/2.~RES(IOO 1)
24 ‘ GO 7O 11
25 12 RES(I)=XLC/4

26 11 CONTINUE
27 MX=10
28 NX=99
29 NNX=11
30 CALL CURFIT(RES) XX9MXyNXyCXyNMX)

3] CO 16 1=1,69

32 F1=Cx(1)

33 F2=CX(2)*RES(I )

34 F3=CX{3)*RES(I)%%2
35 F&=CX{4)*RES(1)%%3
36 FS=CX(5)%RES(1)%x4
37 g F6=CX(6)%RES(1)%%5
38 © o FT=CX{TISRESI[)t%6
39 © FB=CX{B)*RES(1)%%7
40 FO=CX(9)*RES{1)%*8

41 F10=CX{1C)I*RES(1)%%9
42 F11=CX(11)%RES{I)%%10
43 Y(I)—F1+F?*F3+Fa*F5+F6+F7+FQ+F9+F10+F11
44 16 CONTINUE
45 " WRITE(6,6017)

46 607 FORMAT('1' 41X, '"POLYNOMIAL. CDEFFICIENTS ARF GIVEN BELOW')
Z7‘*f—’—“"rklr&(6“ro4)(thJr*UsJ"l,NNx:_ - B
48 604 FORMAT(' *,El4.7,5%x,12) .
49 " WRITE(6,606)

50 606,FORMAT(1X,'Xl‘,OX,'XlP',l?X,'XL')

51 - WRITE(G, eo JEXXCE) YOIy RESCI) 41,121, 99)
52 605 FORMAT(' ' 3Fl4.T91X,Fla.T41X3Fla. 741X 13)
53 . STCP : o . :

54 eno I1-3



VNN WN -

13

28

29

30

21

22

401
400

405

410

500
301
300

710

700

SUBROUTINE CURFIT(X,Y:N Ny C NNY :
DIMENSION X{N),Y(N), A(ll 11),8(11), C(NN) P(?O)
DO 5 I=1,NN

C({1)=0.0

MX2=M*2

DO 13 I=1,MX2,1
P{I)=0.0

DO 13 J=1,N,1

AR

P =PI+ X(J) *%]

L=M+1

DU 30 Izlngl
DO 30 JU=1,1,1
K=1+J-2

IF (K) 29,29,28"
A{I,Jd)=PlK)

GO TC 30
Alls1)=N

CONT 1NUE
B(1)=0.0

DO 21 J=1,N,1

BOL)I=B(1)+Y{J)
00 22 I=2,L,1

B(I)=0.0

DO 22 J=1s4N,1 . A
BOIY=B(I)+Y(JI) =X () =X (I-1)
NMI=L-1

00 300 K=1,NM1,1

KPl=K+1]

MX 2=K

DO 400 T=KP1l,L,1
IF(ABS(ALL,K))}-ABS{AIMX2, K))) 400,400 491
MX2=1 .

CONT INUF

IF (MX2-K) 500,500,405

DO 410 J=K,0L,1

TEMP=A(K,J)
A(K,J)=A(MX2,4)
A(MX2,J)=TEMP

TEMP=3(K)

BIK)Y=3(MX2)

BIMX2)=TEMP

DO 300 I=kP1l,Ls1
FACTUQ"’(I,K)/A(K,R)
A{1,K)=0.0

00 301 J=KPl,L,l

ACLy 3)=A01 4 J)-FACTCR* AtK,J)
BOIY=BR({[)-FACTOR%B(K) -
ClLY=B(L)/A{L,L)

“I=nNM1

[Pl=1+1 -~

SUM=0.0

CO 700 J=IP1,L,1
SUM=SUM+A( 1,J)%C(J)
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54
55

56 -

57
58

COI=(BCII-SUMI/ACL 1)

=1-1

IF(I) 8CC, 800,710

800 RETURN

END
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P e et et et Bt e et s et
VOOV DWN~O

CO~NOVLDWN -

300

400

SUBROUTINE CUMPLETE (XL,E,XLC)

COMPLEYE ELIPTIC INTEGRALS

WRITE(6,300) ' :
FORMAT(*1',*CUMPLETE WAVE LENGTH(FT.)*,3X, 'EPSILON(FT.) ")
P1=3.141592965 . ' :
ALFA=2.%PI/XL

- EA=ESESALF A%%?

C=({1.+EA) #%.5)/ALFA
A=1.

B=1l.-EA/({1.+EA)

AK=(EA/(1.4EA) J%%.5

1ER=C S
CALL CEL2(RES,AK,A,B, IER) -
RES=RES%*C* 4.0 :

XLC=RES

WRITE (6,400) RES,E -
FORMAT(Y *,7X;F10.8,14X,F6.4)
RETURN |

“ . END
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PCLYNCMIAL COEFFICIENTS ARE GIVEN BELOH Lo

-0,71130¢0E~03 1
Co1005421E 01 2 ;
-Co1292982E 0C o2
-C<11957€2€ 01 4 i
N414457<0F 02 5 3
-Co5429271E 02 6 !
Go12522¢9E 03 7.
-(+3080117€ 03 ] \
0.37499S3E 03 S 5
(Ge91913C1E 02 . 10
-Ca 39’1694E 03 11
X1 X1P xu
0,005 0eG044213 0.0051084 1
(,010 (e (095461 €.0102167 2
0e 015 . 040146623 €. 0153245 3
- 002G 040197693 €. 0204317 4 -
0,025 020248664 0.025538Q 5
0.030 000299536 Co0,306432 6.
0.035 0.(250306 Ce 0357473 7
C.C40 0.04006975 €Co0408500 8
00045 0.0451542 0, 0459509 9
0o 050 0.0502010 Ce 0510501 10
0. G55 0,.0€52382 00561473 11
Lo 060 00602662 0.0612424 12
Co065 0e0652852 0.0663350 13
C.070 0.0702662 -Ce0714252 14
0,075 0,0752566 C.0765130 15
¢, 080 0.C802659 C. 0815980 16
0,085 _0,0852859 C.0866801 17
8. €9G 0.0502699 0.0917591 18
0,095 0.0652461 0.0968351 19
(e 100 041002238 C.1019080 20
00 105 01051947 . Co1069776 21
Cell0 001101632 C. 1120440 22
Call5S 0411512914 Co117106S 23
0. 12C Ce 1200936 0.1221¢666 24
0,125 0e1250571 - 061272228 25
Us 130 0.13002¢5 0.1322756 26
Us135 061249841 0.1373250 27
Co 140 Ce 1399490 0c1423710 28
_Uo 145 01449152 01474137 29
Go 150 061498836 0. 1524531 130
06155 0.1548544 0.1574892 31
€. 160 Oe. 1598281 0.1625222 32
,0» 165 041648050 - » Co 1675521 33
0.170 241697853 Co1725787 34
0,175 0.1747657 0.1776026 35
(o180 061797580 . 0.1826238 36
0,185 0e1847505 01876424 37
Go 190 0.1897470 0.1926583 38
Col95 001547479 0.1976720 39
- €, 200 00155753C " Ce2026836 40
_0s205 02047622 2076932 41— ——— —
. 210 362097751 1062127007 42
0. 215 002147919 Ca2177066 43
(5220 0e2168120 0. 2227113 44
0,225 = 0,2248352 Co2277144 45
(230 . " 042298611 042327166 46

0,235
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U Ce 240 062399195 0.2427186 48
- Go 245 D¢ 2449510 Ce2477188 49
C»259 De 2499838 (22527193 50
0,255 0.255017¢ Ce2577199 51
6260 002600454 Ce 2627201 52
00265 0,265C811 Ce2677208 53
Ce 270 Ne2701113 0o 2727221 54
' G, 215 062151366 062777242 55
| 0,280 0o 2801654 Co 2827274 56
C e 285 0,2851883 C. 2877321 57
' (o 29C 0.2902C75 Ce 2927380 58
. (9295 042952229 Ce2977455 59
€. 300 0e3002342 0.3027551 60
" Us 308 0.3C52407 Co3077667 61
S (,310 0e 3102422 3127804 62
" 04315 Ue3152385 Ce3177963 63
0, 320 03202299 Oe 3228145 - 64
0e 225 003252159 Ce 2327836C 65
Lo 330 063301372 0.3328€60C 66
' €e 335 0e 3251732 C.3378866 67
. Ca 340 Ce 3461450 Ce3429165 68
" Co 245 Ne 3451129 €. 3479494 69
[ (, 350 0.3500775 Ce 3529856 70
. 0,355 03550392 0.358025G 71
L Lo 36C Je 3599693 0o 3630677 172
' 0o 265 Oe 3645586 Ce 3681137 73
Ce 27C Je 3699180 Ce 3731631 74
0,375 Ne 374878G Ce3782159 75
. J¢ 38C 063798424 . C.3832721 76
_Ce 385 0,3848¢97 (0. 3883318 77
- (s 390 0.3897822 Ce 3933947 78
' 06395 0o 39476C8 003984611 79
" Co 400 003597474 C.4035307 80
. 0,405 Ve 4047430 Co 4086035 81
- Co4l0 Co 4C97481 Co 4136796 B2
05415 0e4147643 Co 4187586 83
S G 420 Go41979G7 Co 4238407 84
0425 Ue 4248266  Ce4285257 85
Co43C Ne 4298770 Ce 4340134 86
Vo435 0e 4346352 " Ge 4391037 87
. Gs 440 De 4399590 Ce 4441563 88
{0,445 Co 4450703 0e4492513 -89
(6 45C De4501428 C.4543686 90 .
0,455 Ne4552387 Ce4594877 91
C.460 Ne4€02668 C. 4645887 92
00465 06 4653056 064696913 93
(2470 064703167 Ce 4747953 94
00475 064752883 €e4799007 95
Lo 48C 0. 4802085 " 0.485007C 96
Go 485 0o 485C541 Ce4901142 97
Go 49C De 4898065 De495222C 98
Co495 Ve 4544543 - ' (5003302 99
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The Effect of Roughness on Transition Location
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Heat transfer dafa on Shalp leading,edge:flat.plétes'at zero angle of attack
ffom two investigations [11, 12} was used to determine the 1ocation of boundary
layer transition for smobth flat plates and smooth flat'plafe 1éading sections
followed by.sinusoidal roughness for a limited range of Mach nurbers and Reynolds
nurbers. The heat transfer data was fit with three straight lines using a least
squares fit: Several approachgs to fitting the data over the region 6f sinusoidal
roughness were used. | |

Two locations related to transition loéation were determined. = These have
been termed ”fhé transition onset' and ﬁfu11y developed turbulent" locatioﬁé_(see
Figure 16). | .

' Heat transfer dataAwere_inpﬁt to a least squares fit cohputer program which
'trééted the data in two distinct ways. First;:all of the data were used to.oBtain
the three straight lines shown in Figure 16. Tﬁe.data were then treated ﬁsing
only the éxtreme points. Results for both of~theé§ studies are'presented in Figure
17. .Here it seems thaf transition onset is delayed while the fully deveioped
turbulent location is either waffected or moved slighﬁly‘for&éfdg iThé“ébparent;
delay of fransitionVonset'is probably a result of‘thévéeparation which occurs
upstfeam.of the first wave if the flow is laminar;4 Baséd.on,thc_limited_dafa.
.available'and_recognizing that it is all for relatively high Mach number flows, it
may be conciuded.that transition 1ocatidn‘is not siénificéntly éffeétcd by sinusoidal

roughness in the case of sharp 1eadiﬁg edge flat plates at zero angle of attack.
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Table II.

I11-4 °

TRANSITION AT 0° ANGLE-OF-ATTACK FOR SHARP LEADING EDGE
VARTATION OF Ry WITH Ra/Cm
Te~ ) .j' ' _ :
Point | Ra/Cm L | RT Wall | Refnark ;I'ransi.tion_ ' Mo }
Oy | .11x 10%25 cn.|2.75 X 109 Wavy | NASA-TN D-5937 on Set_.| 8.0
Oy .11 x 10%22.cm.]2.42 x 1084 F1at | wasa TH D-5937  |on Set | 8.0;
O, |.13 x 10% 22 cm.|2.86 X 108 wavy | nASA TH D-5937 OnSet | 8.0
(32 .03 x10%04 e} 1t82 x 109 Frat | WASA TN D-5937 . |On Set | 8.0
O3z "|.20 x 10° 11 cm.}3.19 x 109 wavy | nasa T D-5937 lonset | 8.0
Cla | .29 x 10%10 cm.| 2.9 x 109 Flat | HASA TH D-5937 on Set | 8.0
O |-nx1° B Mavy | NASA TN D-5937 eveloped | 80
, 6 v . Fully fi
Ay | X0 | Flat | nAsA TH D-5937 beveloped | B0
Oy |13 X10% 39 cusf5.07 x 109 wavy | s o503 LY ) 8.0
Ay |13 X10°% 35 cosf 4.55 X 107 Flat | NASA TN D-5937 )£3l§fpea 8.0
0. |29 x10% 27 cns| 7.84 X 109 Wavy | HASA TN D-5937 Dgﬂl}énno 8.0
Ay | .29 x10% 26 cus| 7.54 % 10 Flat | NASA TR D-5937 Dggl}gn | 80
[, [137 % 10°% 25 cnsf 3.56 X 10§ Flat | A& Oct. 1967,p.1766 On Set | 6.0
. 3 ‘ v ) Fully T
Ay 137 X110 | CFlat | aran oct. 1967,p.176CDeveloped | ©C
O, 137 X 106 25 cms| 3.62 X 109 Wavy | AIAA Oct. 1967,p.1766 On Set | 6.0
O, |137 % 10 Havy | AIMA Oct. 1967,p.17660232§gped 6.0
- r' . . -
Os l.266 x 10%50.2 il 2.7 x 109 wavy | AIAA Oct. 1967,p.1763 On Set | -6.0.
& NG : : Fuill .
O |-260 X 10725 Cus| 6.6 X 10] Wavy | AIAA-Oct. 1967,p.1763p0v01hp0d | -0
Os_|.260 x 105 9.5 cif 2.51 x 107 Flat_| AIM Oct. 1967,p.176%.0n Set | 6.0,
Ag 266 x 108 20 cus| 5.3 X 10§ Flat. | AL Oct. 1967,p.1763 fgl}%g? 6.0
 Oc |.083 x.109 20 cne| 1.6 % 10§ Uavy | AIAA Oct. 1967,p.1763 On Set 6.0
: : 6 . . " i, - Fully ‘
“¢§?Iiw .083 X 10( 25 Cus| 2.1 X 10| Hawy | AIM Oct. 1967,p.17630001Y 0 | 6-0
¢ 1.083 x 107 20 Cus| 1.6 X 10 LElat | ATAA Oct. 1967,p.1763 On St | 6.0
Ao . o 6 L Fully
AT B B | ?__LX__]_O Flat | A Oct. 1967 P16 vottped | 60
07 113 x0%2.9 el 2.95.x 109 wavy | nrsacoct. 1967,p.176% 0n Set | 8.0
- aq - _ Fully
Oq {32109 || Waw | NI Oct. 1967,p.176: ’Lu,m”,nt 8.0




Table 1I.

TRANSITION AT 0° ANGLE OF-ATTACK FOR SHARP LEADING EDGE
VARIATION OF R NITH Ra/Cm (Conc]uded)

Point 'Rct/CNl ‘ X RT ' 'Wall_ Reinark : Transition Mot
: i : G ' : ' - . — :
| O |.03x 10 h7.7 e 2.3 ¥ 10°_Flat | AIAA 0ct.1967,p.1763] On Set 8.0
13 X 10%. . ' Flat .. 1967 Fully A

A A 6 L N FTat‘ AlIAA‘ 0ct.1967,p.1763 Turbulent 8.0

Og. ].033 X 10°28.0 €m9.93 X 10% wWavy | AIAK 0ct.1967,p.1763 Onﬁct 8.0
o~ o3z v 108 N O 4 . Jra] FUlly .
Og_ 031107 Havy | ALAA 0ct.1967,p.1763) {1y Fen 8.0
" [y 1033 % 10%8.0 cr0.93 X 109 Flat | AIAA 0ct.1967,p.1763 On Set 8.0
A S 5 : T - e Fully

Ag 033X 10 Flat' | AU 0ct.1967,p1763 1y Jont | - 8-

: ' e




SINIOd IWIYLX3 40

NOLLONNS ¥ SY 3GWON WOJoz>mm NOTLISNVYL 40 NOILYI¥YA /L 34nbij
wa/oY " —————— | o
| gOLXGE"  GOLX0E" - c0lXG2" RURIANEN IR goLxoL’ g0L¥g0" 0
| 0
&, __ gOL¥L
| — |
X
g0Lxe
Ly
X
gOLXE
034013A30 A1IN4 .
0°8 = PH{ R | QO LXY
: = TIVM LY = === ==
3 SINIOd IWIULXT HLIM AAYM ——-—
N | TIUM AN ———— OLXE

III-6



. Appendii E

* SATURN S-Il BASE
ENVIRNOMENT REVIEW



N

REMTECH Inc.
1744 Oxmoor Road
Birmingham, Alabama 35209

DRAFT COPY

- SATURN S-I1
BASE ENVIRONMENT REVIEW

B F{naI Report
on
Subcontract 510-41028

1 December 1971

Prepared for

Northrop Services Inc.
6025 Technology Drive
Huntsville, Alabama 35805

S .. Prepared by
John E. Reardon

~ RTR 003-2



REMTECH INCORPORATED

yim s A

6.1
»‘6;2

6.3

6.4

6.5
6.6

6.7

6.0 SATURN S-II BASE ENVIRONMENT REVIEW
TABLE OF CONTENTS

S-11 CONFIGURATION

J-2 ENGINE CHARACTERISTICS

PREDICTION METHODS

MODEL TEST AND PARAMETRIC DATA

'FLIGHT TEST AND PARAMETRIC DATA

COMPARISON OF MODEL AND FLIGHT TEST RESULTS

REFERENCES



" REMTECH INCORPORATED

| 6.0 SATURN S-II STAGE
6.1 S-II CONFIGURATION |
_ " The S IT stage is the second stage of the Saturn V vehicle. Separation
from the S- IC stage is accomp11shed using a-dual-plane method The first

separation plane is at station 0 (16 inches forward of the engine:exit'p1ane) .

_and separation at this point may occur at altitudes as low as 53.4 km. Approxi-

mate1y 30fseconds after'first plane separation, whenvdynamic pressure has

dropped to a negligible value, the interstage skirt is separated at station 196

. and fa]]s away without any mechanical gu1dance

| ' Propu]s1on for the S Il stage is prov1ded by a c7uster of f1ve rocketdyne
J-2 engines arranged as shown 1n.F1gure 6.1-1. A heat shield located at station
44 (aft face) protects the_components and structure in the base region from_the '
recirculating exhaust gases ofhthe engine'c1uster; Flexible curtainsvbetWeen

the eng1nes and the heat shield perm1t engine movement, and the outboard engines

are g1mba11ed for control. Extreme engine movements from null (1nclud1ng over- -

shoot) are 11m1ted to 7.5° in both p1tch and yaw or 10. .6° resu]tant toward or

away from the center engine (or in the plane norma] to this movement). Because‘

- of engine and stage misalignments. and deflection (compliance) of the thrust

structure under load, the exact a]ignment'of the engines is difficult to define.

‘In order to assure that the thrust structure compliance does not cause engine

deflections which increase the severity of the base environment, the outboard

engines are'precanted outboard under no load so that they wi11 not be canted

7toward the center engine when~thrust-is app1ied The in1t1a1 precant angle was

1.8 degrees d1rect1y away from the. center engine, but this has been changed

to account for changes in the thrust structure f]ex1b111ty. The precant angle was

.increased*to~2~3'degreeS“on*the'504‘vehtc1e'to*COmpensate'for‘thelnewfthrust***“'

structure which was expected to be more f1ex1b1e Subsequent evaluation of the
thrust structure comp11ance 1ed to the reduct1on of the precant angle: to 1.3

degrees on AS 505 and a further reduct1on to 0 6 degrees was requ1red on AS 510

to orevent ‘possihla 1n+erstaoe co1’~v'on
' - 6.1-1
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6.2 J-2 ENGINE CHARACTERISTICS e ' | ,

The J-2 engine used on the S-1I stage was uprated dur1ng development by
increasing chamber pressure and prope11ant f10w rate._ The final flight verf
sion produces 230,C00 1bf. et altitude with a nozzle stagnation pressure of
718 psia and an overall mixthre ratio (bxygen/hydrogen) of 5.5. A]though‘this
mixture ratio is maintained for most of the'§tage operation, the engines are
started at a propellant mixture (PMR) of 5.0 then switched to 5.5 with a later
shift to 4.7 near the end of the f1ight; Another propulsion system.variable

which has been added in later f11ghts is the center engine cutoff (CECO) to

'reduce the veh1c1e acceleration. 'The operation of the propu]s1on system_can

be varied to_su1t_part1cu1ar flight objectives,tand some %epreéentatiVe’vaIUes.
of f11ght t1m1ng are outlined in Table 6. 2- 1
TABLE 6.2- 1
Representat1ve Flight Schedules
: T1me (Seconds) from Ign1t1on

Condition . Shift to Interstage, CECOH Shift to  Shut-

PMR=5.5 Separation PMR=4.7 Down

- Design Nominal -~ Case 1 2.5 30 - 280 374

: Case 2 2.5 ' 30 - 295 351"

Design Engine-out Case 1 2.5 . 30 - 350 467

: Case 2 2.5 e 30 - 367 437
504 Flight ' N/A 28.3 - - 287.3 - 371.0
95.5 324.4  388.5

505 Flight N/A 28.2 2

The J-2 has a regenerative1y.(hydrogen) coo]ed‘nozzle with an area ratip of

27.15. Turbine exhaust gases are introduced through 180 orifices between the

tubes which form the nozzle wall in a plane approximate1y 48 inches.fdrward of

the exit (aree ratio = 13.2). Typical data which i]]ustrate’theIMixture‘ratiq

effect and mass flow v of the turbine exhaust are g1ven in Table 6 2 2

6.2-1
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TABLE 6.2-2

Nominal J-2 Engine Prbpe]Taht'F1pw1Rates

Combustion - Turbine - Overall

Chamber . Exhaust ©  Engine

Oxidizer flow (1bm/sec) 454,39 . 3.49 . - 457.88
Fuel flow (1bm/sec) : 79.54 3.71 83.25
Total flow (1bm/sec) 533.93 7.20 . 541.13
Mixture ratio (0/F) 5.7 0.94 5.50

Exhaust plume characteristics vary with miXture ratio and‘chémber pressure.
Typical gas properfy variations for an overa]]_mixture ratio of 5 are presented
in Table 6.2-3,’w1th corresponding plume isomachs shown in Figyre 6.2-1.  These
data from référence 6.8 were obtained using thé last'right'runnihg.chéractér-v
istic as a start line with smoothing of. the f1ow.directidhs-near the.hoiiié |

centerline to eTiminate.negative flow angles. The Mach Number along the start

line varieslfrom 3.39 at the 1ib to 4.1 on the axis.

6.2-2



REMTECH INCORPORATED

TABLE 6.2-3

<j> ' o Thermodynamic Properties - J-2 Engine Plume

Mach Number - Pressure (PSF) Temperature (°R) Specific Heat Ratio

5 63.4 1654 - 1.2937

6 16.7 1207. 1.3184

.7 5.5 915. 1.3342

8 . - 2.3 - 721, 1.3438

9 0.97 579. 1.3503

10 0.40 466. 1.3551

12 - 0.05 331. 1.3603

15 o 0.002 ' 214. 1.3642

- 20 - 0.0002 ' 121. 1.3670

* Mixture Ratio = 5.17 Chamber Pressure = 680 psia Chamber Temperatiure = 5958°R

Molecular Weight = 12.423

Pfope11ant analysis bésed on equiTibrium compdsition'during expansioh{

6.2-3
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6.3 PREDICTION METHODS | _

-Pre-flight base heating predictions for the’ S- 154 stage were based on modei
test resuits for convection and anaiyticai predictions of radiation Since the
S-11 stage operates at aititudes which cannot be convenientiy,dupiicated in con- -
tinuoUs_fiow.test faci]ities; the short duration'base heating test technique deéi
Veiooed by‘Corneli Aeronaoti}ai Laboratory was used; This technique had been
applied successfully to the gix-engine S-1V configuration which'ooerated under
similar aititude conditions.? Experience with the S-IV indicated thatffiight
measurements were in reasonah]y good agreement with unscaied resuits from the
0 1 scale short duration model, so the same technique of u51ng unscaled modei
data was chosen to define convective heating on the S-II. Although an increase
in scale normally leads to & decrease in the heat transfer coefficient there
hae.been experimentai and anaiyticai evidence (ref 6.9) to. indicate the recovery
temperature will increase w1th scaie (w1thout turbine exhaust 1nJection in ‘the

nozz]e) The opposing effects of scale on the heat transfer coefficient and re-

-covery temoerature produces characteristics simiiar to those depicted in'Figure

6.3-1 in which use of the model results would produce a conservative heat shield

: design. ‘Because of problems with the turbine exhaust'simulation on the model and

the apparent predominate effect of the tubine exhaust in cooling the reversed
flow, the prediction method proved to be too conservative. |
During- the modei-test'program'it was. found that any inboard deflection of an

outboard‘engine would cause an increase in conveCtive heating in the base region

A full actuator movement (in one piane) of 7.5 degrees combined with the corres-

ponding trim deflections from other engines caused the heat shield convective

, heating to increase approximately 400 percent. Even moderate defiections of iess

“than "1 degree indicated significant increases in heating. Due to the sen51tiv1ty

of the heating to gimbelling and the inability to characterize the defiection

- effects so that they could be systematically investigated,’it was necessary to_'
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test failure cases and the resuiting trim-defiectiohsifOr éach faiiure mode
1ike1y to be of interest Initiaily, generous 3o controi movements were in--
cluded with trim and faiiure effects in the test patterns but the high heating
encountered caused a change to more realistic conditions These included the
| failure condition to be tested w1th 3o engine misaiignments added aiong with the
resultant trim‘defiections. After a time, the sensitivity to defiection caused
a more thorough investigationIOf engine defiections and it was found'that struct-
ural compiiance~of the thrust cone caused significant inboard'defiections which
were added to the misaiignment and'trim def]ections .The resulting high heatingv
rates for the nominal and outboard -engine- -out conditions caused concern that the
heat: shieid deSign might be marginai, 50 the engines were precanted outboard as
described in the preVious section (6 1). - |

Because of the Significant scaie effects antiCipated in the water vapor
radiation from the exhaust_piume, it was necessary to re]y on anaiyticai tech-
niques to estimate the radiance to the heatvshieid{ Two independent radiance.
estimates were.made,using different techniques. The;design'environment (ref. 6.6)
was calculated by NAR using total emissivity data of Hottei;'and ]ater spot'
" checks were made uSinc a band mode1 representative of the water vapor radiation
With data averaged over 25 cm™ l_spectra] intervais. In spite of the differences |
in the two methods and the approximations required in predicting the plume proper-
ties, goodeagreement was obtained.between both prediction methods andfmeasured
flight data. | | |

In the estimate for the design enVironment Hottel's apprOXimate method of -
"~ total emiSSiVity gradients was used in a computer program to evaiuate the radiant
intenSity along 1ines of Sight passing through the piume predicted for the 5 engine
ciuster (ref. 6 11)." The incident radiative fiux at a p01nt of interest was ob-

tained by integrating results from various 1ines of Sight over the soTid angie

6.3-2



~indicated error of less than one percent based on'the typical line of sight
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representing-the field of view subtended by the p1umes Th1s program used a
table of em1ss1v1ty data taken from Hottel's data (ref. 6. 10) for a total
pressure of one atmosphere and,a water_vapor particle_pressure of zero.

Exhaust plume'properties requiredhfor_use with the radiation‘program were

predicted using a method-of{characteristics program for the free-p1ume with

estimates of the properties’dn the interaction regions between plumes. The |
pressure and temperature in the 1nteract1on regions was assumed to be uniform
normal to the 1mp1ngement p]ane with var1at1ons in the axial d1rect1on These

var1at1ons were estimated by using the va]ues-wh1ch-wou1d be produced by an

'ob11que shock which would turn the und1sturbed stream11ne into the 1mp1ngement

plane The boundar1es of the impingement region in a p1ane normal to the
1mpingement plane were - est1mated to be approx1mate1y e111pt1ca1 in shape The

major axis was equivalent to the cord formed between 1ntersect1ng po1nts on the

“circular plumes and the m1nor‘ax1s was estimated from photographs of model

- plumes.

The 1ater‘verification'of'the design radiation environment (ref. 6.7) was

made using an analysis based band model representation of the water vapor

~radiation and a different method of approximating thedeXhaust plume.

.The radiation program integrated radiation along various lines of sight

over the field of view visible at any particular point of interest. It used

a method of calculating the gas transmissivity based on random (or statistical)

band'mode1s with a modified Curtiss ~-Godson approximation.to account’for property

var1at1ons along the 11nes of s1ght A1though"the data and’computer program

‘

used provided for 1ntegrat1on using spectra] 1nterva1s of 25 c¢m™! and spatial

_intervals along the 11nes of sight of 3 inches, 1arger 1ntervals were used to

reduce computation time. Spectral intervals of 100 cm~! were used with an

6.3-3
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illustrated fn Figure 6. 3-2. Spat1a1 1ntegrat1on was carr1ed out by averaging

property values taken at 3 1nch 1ntervals along the 11ne of s1ght as 1ong as

the temperature change was 1ess than 200 R. This procedure essent1a11y trans-

L3

formed the 1ine of_s1ght 1nto-a.ser1es of 1sotherma1 slabs of vary1ng th1ck—

ness. The slabs were terminated whenever the temperature.varjation exceeded
200 R or the slope of the temperature curve (dT/ds) changed sfgn.«This'spatial
integration procedure reduced the computation time 75 peréent for the typical
line of sight (Fig. 6. 342) compared with.a constant 3 inch integration interval.
The indicated error was 1ess than one percent.. o .v

The exhaust plume for the five- eng1ne c1uster was approx1mated by us1ng an
axisymmetric method of—character1st1cs program with the flow conf1gurat1on shown

in F1gure 6.3-3. The flow was expanded into a cone at the nozz]e exit then

" turned into a cylinder With_a radius equal to the distance from the nozzle aXis;

to the impingement p1ane. It was necessary to use a 45° angle.cone rather than
one approximatihg the Free boundary so that an ob1ique.shock could exist at the

cone/cy11nder corner The arrangement of radial p1anes used in the f1ow field

.approxwmat1on is shown by Figure 6. 3- 4, and a typ1ca] sect1on of the exhaust

plume is.illustrated in Flgure 6.3-2.

The points in the base region at which the.radiant f]uu was calculated
are -illustrated 1n Figure 6. 3-5 and a compar1son of the results with the prev1ous ‘
calculation (ref. 6.6) is presented in Tab]e 6.3-1. In genera1 the pred1ct1ons‘

of the two methods are in.good agreement.

6.3-4
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i

o TABLE 6.3-1

Results or Rad1at1on Predict1ons

Point ' - Coordinates!- inches Radiative Flux - watts/cm?
. X Y ' Total Em1ss1v1ty Band ‘Model
4 . o Ref. 6.6 - Ref. 6 7
Heat Shield - HS-1 .~ 52.5 0 60  0.90 BERE
' HS-2 70.7 -70.7 -60 '1.18 1.14
Nozzle Exit?- NE-1 66.6 0 0 4.20 4.4
_ o NE 2 66 6 0 -0 2.04 : - 2.58
 Thrust Structure TS-1 1400 -140.0 <212 0.17 0.15
E - Ts-2- 124.5 -124.5 -212 - 0.07 - 0.05
. Interstage - IS-1 : 140.0. -140.0 -6 0.73 0.79
‘ 18-2 "~ 140.0 -140.0 . -16. 1.25 111
‘Notes:

1. See F1gure 6. 3-5 : ' '

2. Surface at NE-1 faces aft at the nozz1e ex1t while NE-Z faces Tat-
erally inboard. _

3. Without the interstage skirt in place. .

6.3-5
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NOTE: ALL TEMPERATURES N A

¢ ~moas

RADIUS FROM CENTER NOZZLE

| 2

100 150 200
ODISTANCE FROM NOZZLE EXIT, Z= INCHES

(b) Typical flow field sectwon across
three nozzle ex1ts.

~
— ]

%
38
2
3 g
g3,
’ )
3000-y ~0.3
: 20 MOLE FRACTION I3 0.69 |
» .
. ¢TEMPERATURE .
£ ' ' o2
T
w
; :
=) 3
3 ' §
. . . X I e —
. v . ) "s~~~ 2
M I T R S
. C 8 = MEVERS ’

: (a) Propert1es and Accumulated F]ux ' -
Figure 6. 3 2 Typ1ca1 line of s1ght for S-II rad1at1on pred1ct1on.
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- " ja—FREE BOUNDARY PREDICTED .
. -FOR 240,000 FT. ALTITUOE  ~

’ / —45° BOUNDARY ASSUMED TO OBTAIN OBLIGUE SHOCK

>z, wenes

ENGINE
' . EmT

Figure 6.3-3 Configuration for axi'symmétric' flow field approximation.

338 —,

PLUME BOUNOARY
Z=300IN.

. SYMMETRICAL
SECTOR _
pe
o .
@  RADIAL PLANES USED IN FLOW

FIELD APPROXIMATION

Figure 6.3-4 Location of planes used in approximating the S-II flow field.
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NE-1

NORMAL TO SURFACE:
NE-2 < o .

DETAIL A~

IS-i

SECTION.A-A .- . " SECTION 8-B

Figure 6.3-5 Location of po1nts in the base reg1on at which band mode]

T “—*——“‘*——*‘ca]cu]at'lons were-made;— — o o
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6.4 MODEL TESTS AND PARAMETRIC DATA ‘ _ L
Cﬁ) : A11 base heating tests on the Saturn S-II were conducted us1ng ‘short-dur-
.ation tests with no s1mu1ated externa1 flow. Two models were usedc First, a
model in which the base geometry could be*varied was tested in 1962 (ref. 6.1)
to evaluate the-effects of the number and spacing of the engines. Subsequent’
testing.Was performed’using a model of the pnototype base region Tests of'this
model were conducted first at Cornell Aeronaut1ca1 Laboratory during 1963 and
- 1964 (ref. 6 2) and then at the Impu]se Base Flow Facility at MSFC in 1964 and
1965. Both of the test mode]s were 0.04 scale and used scaled J 2 nozz]e con-
tours (area ratio of 27 5 and ex1t diameter of 3. 08 1n ). ‘
Data from the two tests: W111 be presented a]ong with br1ef descr1pt1ons of
the models.  In present1ng the data, effects of parametr1c variations will be

emphasized rather than distributions of heat1ng rates’ in the base region.

 Parametric Model Tests

‘-,The_parametric test‘model, ngure 6.441, was.designed so that the engine
and base'spacing cou]d.be'varied. ‘There was a movable cy1indrica1 skirt to
simulate the interstage strdcture and a flame deflector to simulate the type
heat‘shie1d under consideration for the S-II stage. In addition to the para-
metriC‘variatiOns avai1ab]e in the five engine‘configuration, the center J-2
model nozzle could be'remoned for 4-engine tests; Due to the large number of
variations.tested, much of the data available comes from. a single.rUn with no

‘repeat runs to check the validity of the data. Since repeat ronS'of a given
mode] contiguration often exhibit data scatter of t20-percent about the mean,
' caution should be used in’evaluating the data as being an abso]ute'indicatfon

—— of the-parametric-variation-under consideration. .

Model data were recorded by photographing osci11oscopes and was.usua11y

RatN

\oo! limited'to about 20 measurements per test firing.: Instrumentatibn on the mode]_
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base consisted of 36 caiorimeters and 41 surface pressures In additionta
contoured strip was avaiiab]e for attachment to the exterior of the nozz]e5>
which had 27 ca]orimeters arranged 1n three rows Caiorimeters were the thin
fi]m type with a p]atinum resistance e]ement dep051ted on a Pyrex substrate
Pressure measurements were made using piezoeiectric transducers mounted to
minimize acceleration effects from the mode] firing ’

. Parametric variations during the. test included engine spac1ng, base
location, interstage length, flame deflector position, ambient pressure,»and
combUstion chamber pressure. Results of these VariatiOhs taken from' reference
6.1 are presented in Figures 6.4-2 through 6;4;]5. Brief‘comments on the re-

sults of each variation are presented below.

" Engine Spacing - Results of varying the'engine mounting_circie diameter
presented in Figures 6.4-2 and 6.4-3 illustrate the different characteristic.
distributions of heating and pressure and show a marked reduction of heating
w1th increaSing engine spaCing on the four engine configuration ‘The trend
in heating rate on the five engine configuration is not weli,defined due to
lack of dataé hut;the trend invbase pressures indicate that the heat rates
should be expectedfto'decrease with increasing’engine spacing;

Base Location - Effects of varying the?position of the base forward of the

‘nozzle exits are shown in Figureu6.444 for the Five-engine configuration. This
i1lustrates the increasing base pressure and heating rates which occur as vent
areasfbetween the engines are reduced by moving the base toward the'nozzie'exit
plane. Resuitsiof the'four-engine configuration, Figure 6.4-5, foi]ow the same -
trend except for the case where the base is located at the-nozzie exits. The
shift in pressurehdistribution at this.point and the siight-reduction in heating
rate may indicate a'significantvchange in the_base flow pattern, but since the
data represent only one test'run and the heating'and pressure trendstdo'not |
agree, no conclusion seems justified. | | |

6.4-2
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‘Interstage Length - As the interstage'1ength’is_inereasedvfrom f]usn with

Ej} the base to a position in the plane ot the‘nozzle exits an increase in basepressure
would be expected“particuiar1y in the outer portions pf the base.  This general

~ trend is evident in the ftvéeengine results;_Figure 6.4-6, but'inrthe outer areas of
tne four-engine base, Fiduré 6.447; insufficient'pressure data are availab]e |
and the trends in heating ar; not.consistent. Much of'the variation'in the inner
region of the base is 1ike1y to have resufted from runftoérun variations rather

than the effect of the interstage.

Flame Deflector Position - In this configuration the flame: deflector is-

sealed around the nozz]es'and represents'a neatpshfeld‘while the modeI.base can
be considered to represent the vehicle thrust-structure.'vThe’important effects
vare~the variation in base heating rates near the edge of the base and”tne effect
| ~of the interstage in increasing both base pressure ane neatingjrates.‘ These
.effects are illustrated in Figure 6.4-8 for theIS-engine configuration,,but
since data on the 4-engine eonffguration in Figure 6.4-9 are 1imited to the
inner region of the base, the trend near the edge of the base was not documented

Amb1ent Pressure - Base pressures and heating rates are presented 1n Figures

6.4-10 through 6.4-13, but no effects of pressure are apparent except in the outer
base reg1ons, This result is not unexpectedlsjnce_the range of altitudes for

S-II operation did not go low enough for the ambient pressure tp»have a signifi-
cant influence. | - | |

- Combustion Chamber Pressure - Simulated model combustor'pressure was .varied

frpm approximateTy 300-to 700 psia with representative effects on base pressureA
and heat transfer rate as shonn#in'Fiépre 6.4-14, 'The indicated variation of
f—wqf»—base recovery~temperature with—chamber | pressure and” typical data taken for recov- -
ery temperature are illustrated in Figure 6.4-15. The_var1at1on in neat1ng.
?3 rate at each base temperature‘ts an indication of the'unqertainty in a particular
measurement. Because'of the.uncertainty in reeoyerxltemperature,on this‘test,

6.4-3 -7
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results of the chamber pressure effects are not con51dered ‘to.be as accurate

as those obtalned later in the research test program reported in reference 6.9.

" Prototype Mode] Test

The'prototype;test model;dFigure §t4;16,‘was'designed to simu1ate the
ftight configuration as c1ose1y as possible. Severai components were stmu-
lated on the conical thrust structure and a removab]e 1nterstage sk1rt was pro-
v1ded to simulate the base’ conf1gurat1on during the time between first and secondv
'plane separat1ons. The model was initially intended to operate at a propellant
m1xture ratio (PMR) of 5 w1th a nozz]e stagnat1on pressure of 632 ps1a but
dur1ng the tests m1xture rat1o of the mode1 was var1ed from 4 5 to 5.5 with
nozz]e pressures of 546 to 715 psia to cover the range of PMR planned for the
prototype ’ '

F]ex1b1e rubber boots were used-on the mode] to s1mu1ate the f]ex1b]e
'heat shield curtains on the prototype and allow eng1ne g1mba111ng to study :
various m1sa]1gnment and malfunction contro] patterns Pre11m1nary tests were
conducted with round heat sh1e1ds*represent1ng fu]] scale dtameters of 210,

228, and 246 1nches before the final 256 inch. conf1gurat1on shown in F1gure

6 4-16 was chosen '

| The prototype mode] was f1rst tested at Corne]] Aeronaut1ca1 Laboratory'

(reference6.2) in a program con51st1ng of approx1mate]y 350 runs and then it

was transferred to MSFC for a test ot approximately 700 runs. (MSFC resu1ts

~ were used;for design, but have not been pub]ished.for other use.)_Tests were pri-
- marily for heat transfer with conparatively little baseppressure data taken.

" The 1arge number of runs were required by the.greatdnumber of configuration

- variables and the policy of making seyeralvrepeat'runs in tests.at MSFC in an
attempt‘to assure the data was representative. The regions of interest for
heat transfer data were the nozzle wa]js, heat'shfe]d, engine components,forward

of the heat shield, and the thrust structure. Tests,withvthe interstage skirt

6.4~4
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indicated that its preSenceahad~a 1arge,effect-on the. thrust structure and region

:forward‘of the heat shield,’ but effects on the heat shleld and nozz]e wa]]s

were not significant and often d1ff1cu]t to ‘define. The parametrlc variation

which had the greatest‘effect on heating rates on the nozzles and heat shield

- aft surface was engine deflection. - ApproXimately'30'def1ection patterns were

tested which represented engine and gimbaT adtuator fai?ures as welT as normal
engine misalignments. | |

Since most of the engine deflection patterns represented asSumed mfsa]ign4
ments‘and actua] control responses, there was genera]]j'no;steo by step varia-
tion of a single gihba] angie to eva]uate_its-effect,so the resu]ts.are difficu]t
to characterize for genera1‘apb]ication ‘Considering this problem, the results

to be presented are intended to demonstrate the generaT effect that was observed

. without going lnto details of spec1f1c def]ect1on patterns. The parametr1c varia-

tions to be rev1ewed include the effect of heat shield size, interstage structure,
turbo- -pump exhaust simulation, out- board .engine fa1]ure, s1ng]e gimbal actuator

fa11ure dua] gimbal actuator failure, and variations:in mixture ratio.

Heat Sh1e1d Size - Heat shield size was 1ncreased in an attempt to reduce

heating rates in the thrust cone (structure)'area_since no thermal protection
was planned for the structure and components mounted on the structure had rela-
tively low_temperaturevlimits. Initial experiments used heat;shie]d diameters

of 210, 228 and 256 inches (full scale) with both flat and turned edges as shown -

in Figure 6.4-16. Based on the results of these tests, the 256 inch trapezoidal

heat shield was chosen for the prototype and wasvused.on almost all of the model

tests at MSFC. During'tests‘at CAL it was doubtfu1 that steady flow was achieved

~_on-the--thrust structure andﬂthemresultsﬁofmheatfshie}d—size_onsheatingsrate,ﬁ-4!"__“

shown in Figure 6.4-17, did not present a consistent trend.‘ However, there was
a general indication of a reduction in heating with increasing heat shield size,
and tests indicated that heating with the smaller heat shield was more Tikely

 6.4-5
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to increase with incfeasing altitude whiie the-Tafge heat_Shield did not indi-
‘cate this trend. Later tests of. longer dUratfen'affMSFC7gaVe more eonfidence of
steady flow being attained on the thrust cone- and the measured heating rates |
were slightly h1gher, but there was no 1nd1cat1on of ‘a: better definition of heat
shield size effects. |

Interstage Skirt - The interstage strUcture extends from the first sepa-

rat1on plane, Station 0 to the second separatuon plane, Stat1on 196, as indi-
cated jn Figure 6. 4-16. Although there sometimes appear to be effects of the
'interstageaon.the heat shield aft side heating distribution, there was no con-

- sistent indication that the peak heating increased. The primary effect of the

interstage is on the thrust cone heating katessas ii]ustrated in Figure 6.2-18.
It s apparent that the interstage'trapsAthe Tlow off of the heat shield and
.difects it toward the thrust cone. The data shown is on a radial Tine between
outboard ehgines whefe the heating 1is the highest, Lowest heatihg‘on the
‘thrust cone is on a radia1viiﬁe through aﬁ outboard engine, but'heating in this
1ocat1on is also increased s1gn1f1cant1y by the 1nterstage.

Turbo-Pump Exhuast - The turbo -pump exhaust injection into the J-2 nozz]e

described in Section 6.2 was s1mu1ated on the nozz]e by fifty 0.067 inch diameter
holes drilled normal to the nozzle wall. Hydrogen heated to the estimated tur-
bine exhaust gas temperature (1140°R) was uséd in the model simulation. The
mass flow rate was simulated assuming an orifice discharge coefficient of 0.88
with sonic flow and a 16 psia-stagnation pressure, Simulation of the mass flow
rate with the lower molecular weight hydrogen causes an increase in the injection
velocity and momentum and fncreases the re]afive vo1Qme in the base fegfoh. -Sim-
ulation was also doubtful because of the probable different effects the in- |
jection would have on.the nozzle and full scale bouhdary 1ayer.and possible sepaé

ration and reattachment. In addition to these theoretical inaccuracies in simu-

L 6.4-6
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~lation, it was also difficult to'time,the5f10wiof'heated‘hydrogen to correspond -

_to the short test event. hvathe'hydrogen.arriued'too soon, it flowed into the

base region causing instrumentation problems and required more time for the in-

itiation of stéady flow when the combustor fired. This is particularly impor- |

tant. in regard to the thrust,cone'heating.- Because of the piping the das
passed through on the way to the manifo1d ‘around the model nozzle ‘there was a

tendency for the gas to coo] ‘but three turb1ne exhaust qua11f1cat1on runs indi-

Cated the des1red temperature could be ma1nta1ned by using a supp]y reservoir

“temperature of 1460R. - The effects of thefsnmulated turb1ne exhaust in ]owering

the peak heating rates are i]]ustrated,invFigures”6.4-19:through_6.4-22, but-

‘possible increases in some regions are also indicated in Figures: 6.4-21 and

~6.4-22.  Although turbine exhaust injection is expected to Tower the base re-

~ . covery temperature:since it»cools the pTume,boundary, it was decided to base

the S-II thermal environment/on testing'without'the simulated -injection be-

o

~cause of the difficult and questionable simu]ation'and the expected increase

in recovery temperature with sca]e due to boundary layer effects

Qutboard Engine Fa11ure - The s1gn1f1cant effects resulting from an out-

board engine‘failure are due ‘to the eng1ne deflections required for trim rather

e than the absence of the outboard exhaust pTume. Experfmenta]:outboard engine

failure patterns and the resulting increase.in‘peak heat shield heating are

111ustrated 1n F1gure 6 4-23. As the eng1nes def]ect the ]ocatlon of the

'_'peak heat1ng on the heat sh1e1d moves in the d1rect1on of the 1nboard def]ect1on

component and occurs at a sma]]er rad1us from the base center

- Single Actuator Fa11ure - Def]ect1on patterns wh1ch were tested as - belng

' representative of a single actuator fa11ure at 7 5, 5 and 3 degrees are shown

~in F1gure 6.4-24 as cases 3C, 5, 6 and 6A In add1t10n three var1at1ons of

comb1ned engine m15a11gnment and thrust structure comp11ance patterns (Cases 9,

6.4-7
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‘9A and 98) are conSidered as: being representative of ‘the type of flow pattern
_resu]tingvfrom‘Sing]e actoator fai]ures As the gimbal angie increases, the i
peak heating moves acrossithe'heat shie]d (towards;the outboard engine at.
which the.maximum\def]ection‘component is pOinted)-and finaiiy occurs on:the,
f]exible curtain attachment flange at the nozzie for the'makimum angie'tested.
 To illustrate this effect, results are presented in Figure 6.4-24 for both
the rigid heat shieid and the f]eXible curtain attachment f]ange The resultsv '
presented for the heat shield illustrate the most significant effect of a
singie-actuator fai]ore, butlother effects have been observed; Heat’rates on .
the nozzle wall increase for faiiures WhiCh direct the engine,inboard;and‘
increases in thrust cone heating have been noted when the faiiure directs the

engines outboard.

Dual Actuator Failure - Movement of both actuators in an inboard direction
causes significant increases in heating on the:heat shield and center_nozzle.
in-the extreme case of 7.5° def]ection'in pitch'and yaw, plume impingement on-
the center nozzle was_evident on the modei,'and good correiation was obtained
between the peak measured heating ahd_predictidns using stagnation point heat

transfer analysis. The effects of dual actuator deflection on the heat shield h
are i]]ostrated in Figdre 6.4-25. As’in the case of"a sing]e_actuator fai]ure;
the point of peak_heating moves from the rigid»portion of the heatvshieid to
the f]eXibie_curtain at ]arge def]ettion'angies.' Etfects_of an] actdator
3movement on.the environment of the'center nozzle are ii]ustrated in Figurec6;4;26.
The extremely high heating rates near the nozzle 1ip rapidly decrease as the

' distance from the plume inpingement pOint increases, S0 there is no appreCiabie
increase in heating on the forward portion of the nozzie

~_Mixture Ratio - As the mixture ratio is increased -on the J-2 engine, the

: totai-propeilant‘fiow rate a]so'increases, so the chamber pressure varies with

6.4-8
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_ “mixture ratio as indicated in Table 6;441.‘“The résu1ting héatin9'rate variations

Table 6.4-1

- v,

PMR " Predicted Nozzle . Stagnation - Po/P,(5.0) T./T,(5.0)
- - Pressure-P,-psia " Temperature-T, °R L
4.5 .. 546 ' 5626 . 0.865 0.947
4.7 . 584 : YA I/ , 0.924 0.970
5.0 632 - 5891 3 1.0 1.0
- 5.5 715 ‘ 6101 ' “1.131 1.042

will be affected by both the pressure and temperature change. Test results were
conclusive from a qualitative standpoint that the heatipg rates and base pressure
- increase with mixture ratio, but quantitative results were not significant since

test-to-test variations in heating are comparable to a significant portion of'the

anticipatéd variation in heating.

6.4-9



.. FIGWRE-6.4a1 |
© "SATURN S-II' PARAMETRIC MODEL ARRANGEMENT

.

. Flame Deflector.

' Heat Shield -
: A Cylindér Skirt - \

——5

\Flame Deflector . LCénﬁer E,ngine.-
" ‘(removable) (removable)

Nominal 'Con'.figuration. '

- Dimension Model Scale Inches = Full Scale Inches Dimensionless Ratio

D 15.64 396 - o
¢ de (1.D.)". 3.08 ' 1T . de/D = 0,1944
gy 8.40 . " 210 . dp/D = 0.5303
h 1.72 . 43~ n/D = 0.1086
j 1.72 _ 4. . j/D = 0.1086

Cha.‘mberv_pAre_s_s'ure
No Flame Deflector
Five Engines

= Prp = 632 peia_A E
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Figure 6.4-23 Eff
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d heating rate.
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6.5 FLIGHT TEST AND PARAMETRIC DATA _ . .

S-11 base .environment 1nstrumentat1on cons1sted of pressure transducers,
total and rad1ation ca10r1meters, gas temperature probes, and structura] temper-
ature sensors..‘The first five vehicTes (AS 501 thru AS 505) had eXtensive

' 1nstrumentation but the instrumentation.was very‘Timited on subsequent'flights.
The quality of the f11ght data was genera]Ty good.’ The design of the gas |

' temperature probes d1d not penn1t a d1rect gas temperature measurement but the
correctlon procedures used to estimate gas temperatures from the probe tempera-
ture appear,to give results wh1ch are consistent with other heat1ng measurements.

'In'presenting the'fTight results, the pressure, interstage etfect,and gas
_temperatUre resu]tS'wiTT‘be:reviewed first,;then the'radiation and total heating

Vresults for-the'heat'shield and thrust structure wiTT'be reviewed ) The results
presented are taken pr1mar11y from the f1rst five veh1c1es, (re‘erences 6.3 and '
6.4) but exper1ence in Tater flights is summar1zed where s1gn1f1cant d1fferences
have been noted. |
Pressure | | _ _

. The pressures on the aft face of the heat sh1e1d shown in F1gure 6.5-1 are

' constant to s1ightly decreasing thru most of the flight foTTow1ng the trans1ent;.

- caused by 1nterstage separat1on approx1mate1y 30 seconds after ignition. The |
PMR -shift and consequent chamber pressure reduct1on produce a marked drop in

the 450 to 500 second range On AS 505, the PMR sh1ft was preceded by CECO at
about 460 seconds which aTso caused an apprec1abTe drop

The 1nterstage separat1on can cause oppos1te effects as 111ustrated on

. instrument 095 (Figure 6.5-1). On AS 505 there is a.pronounced r1se=wh1ch is
counter to most interstage separation resuTts, but this effect was aTso‘noted

*f'*“'onatotaT"heating’rates“on‘other”fTTgﬁtST‘“Thﬁs’appaFént‘aﬁomaTyﬁmayvBe”causea;-
. by changes in'the'pressure‘distribution since most_evidence.points to a general

-~

" pressure drop in the base region after interstage separation, The drop in
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pressure after the second separat1on is most pronounced forward of the heat

shield as illustrated in Figure 6.5- 2.

Interstage’ Separatlon :

More detailed records of the base env1ronment dur1ng 1nterstage separa-
_tion are presented in F1gure 6. 5-3 In these data the separat1on process is
shown to have a pronounced trans1ent effect wh1ch is particularly not1ceab1e
in the pressure The slower response of the ca1orimeters and-gas temperature
probe tend to attenuate the rapid changes, but the more sensvt1ve rad1at7on

ca]orwmeter shows a marked change

Gas Temperature o

‘Gas temperature on.the:aft face of the heat shie]d'is measured with un- -

_ sh1e1ded probes extend1ng approximately 2 inches from. the heat shield.. The
.Aprobes have a high heat capacity and em1ss1v1ty, SO a ]arge d1screpancy exists
between the probe indicated temperature and the gas recovery temperature. To -
correctvthe probe inddcation to'the gas recovery temperature,assumptions'must
be made to evaluate the convective and radiative heat gain and the rad1at1on

- and conduct1on heat 1osses Since heat1ng rates and recovery temperatures vary
in the base region, each probe must be corrected differently. The procedure
used in mak1ng the correct1ons is outlined in reference 6 5, and typ1ca1 re-
_su1ts are shown in Figure 6. 5-4. '

There is a definite increase in recovery temperature caused by CECO as
-111ustrated on AS 505 (F1gure 6.5-4) and a decrease‘1n recovery temperature.due'
to the -Tower miXture:ratio after PMR shift. On AS 507 the engine. precant wasd
reduced from 2.3 to 1.3 degrees to bring the eng1nes to a more near1y null po-
sition during firing and a definite increase (to 856K) was noted in the recovery
temperature durihg 5-engine operation On AS 508 it appeared that a steady state

engine def1ect1on caused a more severe thermal environment and CECO occurred

6.5-2



REMTECHINCCRPORATED
prematUrely at 330 sec, so the flight wa5~10nger than nominal. -The maximum

temperatures recorded on AS 508 were as fb]]ows

(jj

Cond1tion' R Pred1cted Recovery Temperature :
" Before CECO = 910K (1180F)
After CECO - : 1045K (1420F)
After PMR Shlft o . 940K (1230F)

These are the highest temperatures recorded to date.

Heat Shield Heating Rates

Since the incident radiation on the heat:shie1d was expected to be fairly
uniform, only two radiatfonfcalorimeters were instaljed on the heat-shield for
the first five f]ights; The measured incident radiation (corrected\fbr instru-
ment view‘factor) shown in Figure 6.5-5 fndicates 1itt1e.variation in the peak
heating rates. The radiation ca1orimetershgenera11y show rather avgradua1 re-
sponse. This characteristic is particu]arly apparent in the slow initial rise,
u-and has not been satisfactori1y exp1ained NAR is 1nvest1gat1ng poss1b1e con-
tr1but1on of the quartz w1ndow radiation to the 1nd1cated flux.
Var1at1ons in radiation are caused by the PMR shift and by englne shutdown on
F]lghts AS 502 and 505. On AS 502, engines 2 and 3 shut down at approx1mate1y 413
" seconds causing a large drop on instrument C665 (by engine 2) and a small dip fol-
Towed by a rise on instrument C692. The.rise}on-C692 must be attributed to de-
_ flection of enginesd]tand 4, but the.1ong duration of the rise would not be expected.
‘The center engine cut-off on AS 505'cadsed a definite drop on both radiation
instruments followed by a forther drop at PMR shift,' fhis_is‘in contrast to a gen-
era] rise in tota] heat1ng at CECO. | o
Representat1ve total heat1ng rates for AS 501 thru AS 505 are presented in
'Figures 6.5-6 thru 6 5-9. These data have not been corrected to cold wa]] con-
_—v_——~d1t1ons, but- the calor1meters ‘remain- re]at1ve1y cool, S0~ the correct1on wou]d*“*”"~*““““
 be sma11. The results 1nd1cate much more variation than thevrad1atlon;_ This
’“3 . could be caused’by variations fn engine performance and alignment whichHQOUld

) SO

affect both the overall heating and the distribution .of heating rates.

6.-A5-3
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The'diVefgehce in trends céused»by interstége:sebaratioﬁ_notédvearIier'in the
heat shield aft facé.pressureé'is a]sovappafeﬁt'in;#hé’tdtal heating rates.
The reduction of heating resulting froﬁ the PMRpéhfft is'apparent in 311
total heating rates; but an increase in heating:és'a reSQlt of CECO oﬁ AS 505
is not consistently indicated. Although there is no pronounced decrease in
tota1 heating due to CECO, some instruments do not show an 1ncreasé.: For
example the maximum increase is indicated*dn €687 (Figure 6.5-8).whi1e €720
(also Figure 6.5-8) in the sahe area, shows a very slight dé;]infng tfend{

This indicates a definite shift in distribution, but there is no evidence of

an increase in peak heating.

~ Shutdown of engines 2 and 3 on AS 503 cauSes both increases and decreases

_in heating depending upon position. Instruments C721 and 858 are betweeh

engines 2 and 3 so theyv(Figuke 6.5-7) indicate a drastic drop in heating, _"

'whi1e instruments C687 and C720 between engines 1 and 4 indicate an increase in

heating (Figure 6.5-8).

The'on1y_tota1 heating calorimeter on AS 506 thru AS 509 (C722) indicated
somewhat higher heating rates than the maximum of 3 watts/cm? noted oh-AS 503
Figure 6.5-6). When precant was reﬁUced on AS 507 the €722 heating rate reached
a peak of 3 watts/cm?® compared to approximately 2.7 wafts/cm2 on flights AS 504
and AS 505 which had a simi]af thrust strUétﬁre and the highéf precant (precant
was increased to 2.3° with the new.thrust Structdre on AS 504 and was reduced to
1.3° on AS 507). . On AS 509, C722 indicated a beak of 3.22 watts/tm? was recorded
after the premature CECO. | o | '

The heating rate on the forward face of the heat shield was measured.on
AS 504 and AS 505 (Calorimeter C723, Figure 6.5-9). Thé resu]ts indicated the
expected‘Significantveffect of the ihterstage skirt, but a large increase was

also noted after interstage sebaration on AS 504. It is suspected that this

6.5-4
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peak was caused by 1eakage at the f1ex1b]e curtain around eng1ne 4 because of
improper lacing of the curtain to the heat sh1e]d. Th1s would allow 1eakage )
which could be modulated by small énginé gihba1 movements. |

Thrust Cone Heatiﬁg Rates

: Thé thrust cone total and radiation heating rates are presented in Figure

6.5-10. They indicate significant convective heating with the interstage in

p1a¢e,barticu1ar1y near the middle of the thrust cone (C666 ;nd §821). After
interstage separation'the tota] heating rates are so low that it is difficult

to evaluate the re]ative effects of convect1ve and. radiant heat1ng ~The re-

| su]ts indlcate a reduct1on in heating at the PMR shift and a trans1ent increase

on C688 for AS 502. This increase was assqc1ated with hot gas leakage forward

of the heat shield from the failure of engine 2.

6.5-5
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* RANGE TIME, SECONDS

FIGURE 6.5-1 STATIC PRESSURES ON THE HEAT SHIELD AFT FACE.
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. FIGURE 6.5-2 STATIC_PRESSURES FORWARD OF THE HEAT SHIELD.
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6.6 COMPARISON OF MODEL AND fLIGHT TEST RESULTS

A prec1se comparison of model and f11ght resu]ts is almost 1mposs1b1e

because of variations in both model and f11ght data wh1ch make it d1ff1cu1t to

A

define a basis for compar1son. Dur1nggthe process of mode]}test1ng,'a Iarge

. range of configurations areftested and the data for each configuration exhibit

considerab]e scatter. The veh1c1e des1gn env1ronment is selected from a con-
servative eva]uatlon of the model results. because of the large uncertainties’
involved in model simulation and operation.‘ Because of this, fljght devia-
tions from the redulting design values are not neCessarily.repreSentative of

poor model simulation accuracy, but rather a combination of uncertainties in

- model simulation and in the ‘important factors which affect the base environ-.

ment, Because of these uncerta1nt1es, the mode] resu]ts can be evaluated

based on dlfferent criteria to 1nd1cate agreement w1th the f11ght test resu]ts

or large'discrepanc1es depending upon the perspect1ve chosen. -Based on the
conservative evaluation of model results which represents the design environ-
ment, the.convective'heating on the flight vehicle was significantly overpre-
dicted by:thelmodel results. ~But eva]uation-ofvthe'model resultslbased on
flight experience with adjustments for the coo]ing effects of the turbine ex-

haust injection into the rocket nozz]e.wa]l'can show reasonably good agreement

~with the measured convection heating.

The compar1sons to be presented for convect1ve heat1ng w111 111ustrate the
range of mode] and flight results with comments on the effect of reduced re-
covery temperature. Comparlsons w11] be made using .the ana]ytIca] pred1ct1ons

of radiation since scale effects 1imi ted the model rad1at1on to approx1mate]y _

4 percent of the values. measured in flight... Beforemrev1ew1ng—the —comparison— ——-— -

of radiative and convective . heat1ng, the base pressure resu]ts ww]l be compared.

6.6-1
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Pressure _ o _
‘Since base pressure was not a'critical'factor-in’the S?II base design, a

conservat1ve estimate of the base pressure was used for des1gn and re]at1ve1y

- few measurements of pressure were made dur1ng the mode1 test program ’ Based .

on the measurements thCh were made, heat sh1e1d'aft face'pressures_1n the
range of 0.0Z'to 0.035 psia wouid'haye been predicted fromkprototypelmodel
tests with engines near the‘nual‘positton. 'Parametrichmodel tests with the -
heat shield closer to the nozzle exit (43 rather than 60 inches) indicated an-
average pressure ‘of 0.045 psia at the max1mum pressure 1ocat1on This would ,
increase to 0. 051 ps1a if correrted for. the increase in nozz]e stagnat1on‘
pressure from 632 to 715 psia for the PMR sh1ft from 5. O to 5.5. 3

F11ght test resu]ts 1nd1cate good agreement with the model resuTts on the

inner-port1on of the heat shield while they are much thher in the'outer reg}ons,

The genera] behavior and range of data are 111ustrated in F1gure 6.6- 1 The

f11ght resuTts shown illustrate pressures (averaged over the 1nd1cated flights)
for three flight conditions: (1) Jnterstage on, (2) Just after second»p1ane--b
separation, and (3) at high altitude just before the PMR step (or"CECO'onaAS~505){
Mode] data should be expected to agree with the 1owest f11ght resu]ts since ex-

terna1 flow was not s1mu1ated in- the ‘modeT tests, but the f11ght resu]ts at the

- peak 1ocat1on are 60 to 70 percent above the.mode1 results, This is probab1y<

due to_the increase inpthe reversed mass flow from the turbtne exhaust in-
jection into the nozz1e'boundary.1ayer' Comparatﬁve mode1 results with and'
without turb1ne exhaust are 11m1ted but at two comparab1e Tocations (both at
a fu]] scale radius of 83 inches) the mode] turb1ne exhaust s1mu1at1on caused
an increase in heat shield pressure of 30-to 56 percent |
Pressures on the thrust cone with the 1nterstage sk1rt removed are so 1ow

on both model and f11ght tests that measurement is- d1ff1cu1t and comoar1sons

- 6.6-2
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would be more representative of 1nstrumentation problems than scale differences

With the interstage in place the pressure measured on the mode] (= 0.024 p51a)
is slightly lower than the range of_0.029 to0-0.035 psia recorded in f]ight, but‘
the measurements were .in siightly different positions. Considering the diffi-
culties in achieving steady fiow in the interstage durﬁng a short duration test,
the agreement'is considered very good. |

Radiation Heating

ki
-

Two methods of predicting radiation described in Section 6. 3 were used to
define the base environment 51nce model radiation 1s great]y different from full
sca]e values. In the comparison w1th fiight resu]ts, the radiation predictions
used as the'de51gn env1ronment (reference 6.6) will be referred to -as "design B
prediction", while the iater anaiys1s u51ng a band model description of the |
gaseous radiation (reference 6. 7) will be referred to ‘as "band model".

Comparison of the f1ight data and predicted radiation on the heat shieid

.'is shown in Figure 6;6-2. Flight measurements are in good agreement w1th the
predictions on'a radial 1ine between outboard engines (e-0°), but'the band

- model prediction is-siightly hioh between the outboard and center engines
(6545°). Both predictions were based on piume properties for a propeiiant
mixture‘ratio of 5.5 which'is'nomina]'for the overall engine. If the thrust
chamber nomina1 mixture ratio off5§71 had been'used, the predictions would have.
been s]1ght1y higher. | 7'

Peak values of radiation heating measured on the thrust cone close- out
(typical data in Figure 6.5-10) are approximately equal to the predicted va]ues.'
-Cdmparisons both with.and withoUt the interstage shown in Table 6.6-1 indicate

" the range of fiight resu]ts and predictions
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| TABLE 6.6-1
Compar1son of Thrust Cone Rad1at1on'

.. Heating rate - watts/cm
- Interstage On Interstage Off

Flight  0.13-0.25  0.10 - 0.15

Design Prediction - 0.29 - 0.15

Band Mode] S ‘ - 0.15

A1though the rad1at1on compar1sons appear to be very good, add1t1ona1
analysis of the rad1at1on calorimeter used in flight would be requ1red to
assure .that the compar1son presented is valid. No adjustments have been
made for the Timited Tong wavelength transmissivity of -the quartz.window on

the’ ca1or1meter or the poss1b1e convective heat1ng and subsequent rad1at1on, :

. from the w1ndow to the ca10r1meter

Convective Heat1ng

Due to 1nterest 1n various engine: def1ect1on arrangements ‘model tests
with a true nu71‘eng1ne arrangement at a mixture -ratio of 5.5 were 17m1ted,
and no tests were run with s]ight outboard deflections representative of the

engine positions resuTting from precant on the first five f]ight'vehic1es.

VHowever, the probable effect of the slight outboard deflection would be to -

reduce the heating rate by‘1ess than 20 percent which is small in comparison
to the spread between f11ght and mode] data. |
The compar1son of flight and model convect1ve heating on the heat shield

in Figure 6,6-3 shows good agreement near the center nozzle on a 11ne'between

outboard engjnes with the model results becoming much greater at larger radii

and between center and outboard engines. The differences in the results are:

attributed to the higher recovery'temperature’on tbe mode] because of the

absence of turbopbmp exhaust injection into the:nozz1e. -
'A‘pbssib1e'exb1anatibn of the good agreement near the'eenter noziTes is

that heating at this location is caused by recirculation of gas from'the
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reversed flow impingement regions farther out on the heat shieid."Because of
this, the model flow is cooied more than the flight vehicle by the cooler heat

shieid surface so the temperature difference between model and- fiight conditions

is reduced -and better data agreement resuits

Adjustments for recovery temperature are difficult since the recovery
temperature varies with position on the heat shield and no direct measurement
of recovéry temperature cou]d be made on the modei. Based on temperature
méasUrements'made on the modei it is erpected'that the recovery to surface
temperature difference is nominaiiy about twice the fiight value in regions of
maximum heating and 1ncreases to almost three times the fiight vaiue for model
measurements used in the design criteria. I .the model heating rates could be

adjusted to flight conditions,based:on,the correct temperature difference for

| f1ight conditions with turbine exhaust injection intd.the nozzies,'the flight

and model heating wouid'probabiyiagree within the uncertainties in the measure-

- ments and engine misalignment effects. This would indicate.that there is no

large scale effect on the heat transfer coefficient.
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Figure 6.6-1
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Section 1. INTRODUCTION

This memorandum will provide a brief summary of a relatively powerful
computer program (Program BLAYER) formulated for compressible laminar and
turbulent boundary 1ayers in arbitrary pressure gradients (ref. 1). Northrop—
,AHuntsviile placed the program in‘operation on the iBM 7094 in an effort to '
determine its usefulness in the overall def1n1tion of the NASA space shuttle

thermal. env1ronment._

Since the computer programbwas'designed for arbitrary pressure gradients
on arbitrary two- dimensional geometries, it appeared to lend itself readily
to a variety of problems.- The basic BLAYER program will be outlined in

Section II.

" After placing the basic Program BLAYER intofoperation and debugging it,
-Northrop found'it neeessary to make several funAamental modifications and
'correetions'to the program. .Some of these changes were necessary sinee-the
: originators of the program had never tested it on cases involving high super4
‘sonic and hypersonic-Mach number- flows. An additional major modification to
tbe‘program was the addition of'axisymmetric options to both the laminar and
Hturbulent subroutines. None of‘these‘options has been extensiveiy tested to
date.lehus, Northrop does not yet consider the modified BLAYER formulation

to be a production progran. A brief description of the modifications ma&e by

Northrop is given in Section III.
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Section IT. THE BASIC BOUNDARY LAYER PROGRAM (BLAYER)

Program BLAYER was prepared by thg.NASA/Lewis Research Cénter in an effort
to allow the inclusion of some real flow bouﬁdéry-layer effects under known
conditioﬁs_of pressure gradient in the'analytical predictioﬁ of turbomachinery
perféfmaﬁéé. BLAYER is a Fortran IV language éoﬁputer program for the com-

. putation of two—dimensioﬁal, compressible laminar and turbulent boundary layers
in arbitrary pressure.gradients; Arbitrary.selection of initial Values’ié
possible in both laminar and turbﬁlent regioné.~ Laminar sepératidh:is predicted

>and specification of'reattachment is optibnal; {Laminar—to—turbulentvtfansition |

is predicted by the Schlichting-Ulrich-Granville method (ref. 2).

2.1 LAMINAR BOUNDARY LAYER

Solution of thé laminaf boundary layer ié aécomplishéd by Cohen.and'
Reshotko's (ref. 3) approximate method based on Thwaites' correlation'concépt.
The method resplts from the applicétionvof'étewartson's trahsformation to |
Préﬁdtl's equatioﬁs.' This provides a hohlinear-set of two first-order differ-
ential equatidnsf These equations are then expressed in térms of dimensibn—
less parameters related to the wall'sheaf, the surféce heat transfer, and the
trénéforﬁed freestream velocity. Subsequently, these p;rameters are assumed
to be uniquely'interdependenﬁ according to Thwéites' concépt. Exact solutions
ailowing evaluation of these quantities was carriea'out earlier by Cohen and
Reshotko (ref. 4). Cohen and Reshotko then derived methods for the evaluation
of the two-dimensional and éxially éymmetriC'léminar boundary layer with
arBitrary freestream velocity distribution, Méch number, and surface tempera-
ture. McNally (ref. 1) generated the laminar subfoutine for the two—dimenéional
case from the methods of Cohen and Reshotko, including elaborate curve-fits of
“their correlations. ' o

Following the methodology outlined above, Cohen andvRéshotRolwere able to
reduce the.laminar boundary layer problem to the solutioh'ofvone first-order,
drdinary, nonhomogeneous differential equation inlterms of a freestream velocity
gradient parameter. -This can be shown to have the form of equation (28)‘of |

reference 3,



NORTHROP R S o ware

HUNTSVILLE ' i Sk
e o R PO

[_n
.d .dUe
dxtr' . g . . '
7'."Ue T = I;I(n, SW) - . (l) .
tr ‘ : _
where:
We _ v e 1 0 M 2%
ax - o dx . dX -“0: dx k a P
tr tr T . Tsu e e
' dx - '

. For "isothermal, or nearly isotherﬁal,_surfaces; the solution of equation
(1) is simplified since N cén be gxpfessed.as,a linear function of the pressuré

gradient parameter (correlation number) h.as follows:
N=A+Bn o | 3 @
The solution of equation (1) is then equation (32) of reference 3, o

' : X B A -
n = -ay "B 90, _f er Bl A - (3)

=< e - tr
X : : -
Xy o '

.

When transformed back to physical quantities by using Stewartson™s transformation,

this becomes

an [\ Gy-1/(2y-2)
_ -B e ST o SRS B
n= 'A_Me d(x/L) (1 TN - '
x/L .. o
o ) . M B-1 E . _ i ] -
£ — d(x/L) S (&)

' (3Y—1)/(2Y-2)
2 e )

1+ X2y 2
(o]

Once n is obtined at each station, the other boundary-layer and heat-transfer
parameters are easily obtained. Details of the evaluation of these paraﬁeters

is contained in reference 3.
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2.2 TURBULENT BOUNDARY LAYER

Sasman and Cresci's method (ref 5) is used in the formulatlon of the tur-
bulent~boundary-layer subroutine of»Progpam BLAYER. It is also an 1ntegral A
method, and invOlves'coupled momentum and moment-of-momentum differential equa-
tions. A Mager—tybe transformation is aeplied to Prandtl's equations to obfain’
the momentum equatlon which is 1ntegrated across the boundary 1ayer to glve the
‘momentum 1ntegral equatlon.— Slmllarly, the”moment—of—momentum equatlon is ob-
tained in the same way after multlplylng the momentum equation by the trans-
formedvy—coordinate. The 'two derived integral relations which result from thls

procedure are presented as equatlons 5 and 6 of reference 5.

These derived equations are not in selvableeform,'however; Sasman and
CreSci makétﬂse of Crocco’'s relation and a power-law assumption for velocity
profiles to evaluate the enthelpy.integfals in both the;momemtum and moment—
of—momentum'equations; The Ludwieg—Tillman skin friction relation, transformed
for compressible flow, is used for_the.Shear—stress.termS'iﬁ both equations.
Results from'equilibrium turbulent boundary—lajer analysis is used to evaluate
the normaiized shear distribution integral coﬁfained in the moment—of—momentum'
equation. After making theee'evaluations and substitutions and with the relation

» ue \l-268 M ave \1-268
£ = e tr\ e o tr

o _ g N
o v . O

the momentum and moment-of-momentum equations may be put into the following

form:
.oam o o
ax 1.268 Me T .1 +__(1+s.w) HiJ + Cp - . - (5
and . o . o ) . -
dH I 5 1[ : _Hiz+_4Hi-1-
& T o dx MUt WD LS RSy e
e ‘ 1 1
. gL R i
o ' 7
(II —l) 0. ml(nﬂ)(n—l) Ty T :
* ot o - T = = (6)
B, - FOT '
R o J
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where:

Mal T /T (v+1)/(2y-2) _ 0.268.
~1. 561H e e e u
C = 0.123e o7 - \Tr ur
o T - o o
A -1.5618, .-0.2113 Te\ [ \0:268
-— = = O 123 —|| =
2 . 2 A= H
P u T o
ee ,

' "The above equations (5) and (6) are the required equations governing the
deveiopment.of:the turbulent boundary-layer.i They are coupled, first—order,
ordinary d1fferential equations. Using'initial velues calculated in the laminar
V routine or given by the user, equatlons (5) and (6) are solved by a Runge-Kutta
'scheme. ThlS produces the distrlbutlon of f and H along the surface. The
usual boundary—layer parameters are then obtained from these two distributions.

The power law is used in the calculation of turbulent<veloc1ty profiles.

2.3 TRANSITION | R
McNally (ref. 1) chose the Schlichting—UlrichFGranville.method (refs. 2, 6,
and 7)-for_the theoretical prediction of transition from laminar-to-turbulent
flow. MCNally’s choice was probably besed on experience in predicting transi~ -
tion regions in the case of turbomachlnery where the local. Mach numbers were
' typlcally in the hlgh subsonlc and transonic reglmes. Detalls of thlS transi-
tion criteria are summarized in reference 2. The- Schllchtlng—Ulrlch Granville
method will not be elaborated.upoh here due to its failure to predict transition
at high supersonic and hypersonic Mach'numbers.. A mod1f1cat10n made- to circum-

vent thlS problem w111 be discussed in Section III.

2.4 SEPARATION o _ .

+ .In the Iaminar boundary layer,_separation is assumed to 0ccurbat'the
stetion where skin friction coefficient Conr wall shear stress Tw_passes from
positive to negative, indicating backflow. .In the turbulent boundary layer,
separation'is-predicted beSed on the magnitude'of H (the transformed form

factor for adiabatic flow, also called the in(omprosslhlc form |l(l0r) Program

BL/\\IR prc(luls Lurl)ulan separation at the station where I,- achicves a value
, o i
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greater,than 2.8. -This value of H ‘is relativelyhhigh and H grows~rapid1y near
separation. McNally programmed BLAYER so.that the values of H are prlnted at
each output station and at each point where the turbulent dlfferentlal equatlons
are solved. Thus, a different separatlon p01nt could be chosen from .these
printed Values ‘ '
Section ‘III. MODIFICATIONS AND CORRECTIONS
TO PROGRAM BLAYER
Northrop—Huntsville prepared a working deck of.Program BLAYER from reference
1. After making a number of smallncorrectioné to the program on the recommen-
dation of McNally, attempts wvere made to test the program against selected sets
of experimental tests. It was found that the transition criteria'failed.to bre—
' dict transition on a sharp, leading-edge flat plate in supersonlc flow. This
lead to a careful 1nvest1gat10n of Program BLAYER's tran51t10n criteria and
modification 1. discussed below. Subsequently, modification 2. was formulated
to7prouide the option of calculating the turbulent boundary layer'on axisymmetric
'.bodies.f Lastly,'modification'3. was ﬁritten to allow the option of calculating’
the laminar boundary layer on axisymmetrie bodies. These three modifications

are outlined briefly in the following paragraphs. :

3. 1 'MODIFICATION 1. CORRECTION OF TRANSITION CRITERTIA

As dlscussed earller, McNally (ref. 1) chose the Schllchtlng Ulrlch Granville
method for the theoretical predlctlon of tran51t10n from laminar to turbulent
flow. In an attempt to use this trans1t10n criteria in the case of a sharp
leading-edge flat plate at a freestream Mach number of M_= 6.0, an error was
‘uncovered in the programmed transition criteria. This error was traced to a
complex term in the calculation of the incompressible momentum thickness

Reynolds'number3fRe The erroneous term was alsensitive function of both the

8i’ ,
‘boundary layer edge Mach.number, Me’ and the enthalpy function, Sw' For certain
combinations,of Sw and Me, the value of Reei would become negative. ‘'This situa-
tion was discussed in several telephone con&ersations with McNally and an attempt
was made to correct the term. However, to date'noladequate correction has been

made and, thus, program BLAYER's Schlichting-Ulrich-Granville transition criteria
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was deemed incorrect for use at supersonic Mach numbers at the bopndary layer

edge.

An extremely simple. transition criteria was chosen in order to evaluate
other features of Program BLAYER. The 51mp1e relatlon chosen was that used in .

the General Dynamics 3020 aerodynamlc heating program (ref. 8),

A

Recprp = 150 M. o o - '('7)"
In'this'case the transition_Reynoldsinumber is baaed on the boundary layer edge
cohditionS“and the compressible momentum thickﬁess, 6,'rather than the incom-
pressible momentum- thickness Reynolds number based on wall condltions as is the
- case in the Schlichting-Ulrlch -Granville criteria. No further effort is planned
Oat this time to include a more elaborate tran51t10n crlterla. Modification 1.

» makes use of the simple General Dynamics criteria for M > 2.0 and MeNallp's :

A original Schlicht1ng-Ulr1ch—Granv111e criteria for Me <.2.0.

3.2 MODIFICATION 2. ADDITION OF AN AXISYMMETRIC OPTION TO TURBULENT SUBROUTINE
OF PROGRAM BLAYER

Addition’ of tne ‘axisymmetric optlon to the turbulent subroutine of Program
BLAYER was easily accomplished since the basic. form of the f1rst—order, ordinary
“differential equations were already formulated in the paper by Sasman and Cresci
(ref 5). ' Their equation (19) is identical with equatlon (5) of this memorandum-
' except for the addition. of a term involv1ng the body radlus, R. Equation (5)

becomes, therefore, .

df _ f e : _ dR . -
- 1.268{ o [1 + (1+SW)H1] ( f/R)( X)} c )
where ‘the .terms are defined as before and j is 0 and 1 for the two- dlmensional

and ax1symmetric case, respectively. Equation (6) of this memorandum doesn't

change; therefore, it was only necessary to add the term

(s om) ()
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to the original BLAYER program. It should be poiﬁted out that equation (19) of

reference 5 is actually incorrect. - The correct'férm.of.the equation is given

above in equation (8).

3.3 MODIFICATION 3. ADDITION OF AN AXISYMMETRIC OPTION TO LAMINAR SUBROUTINE
OF PROGRAM BLAYER

The ba51c equatlonAln program BLAYER leadlng to the_determlnatlon of the
1am1nar boundary layer parameters has already been introduced as equation (4)
of this meﬁorandum. Equation (4) is based on the derivation bf:Cohen and -
Reshotko (ref. 3) under the assumption of the validity of the linear apprbxima—
tion method for two-dimensional bodles Cohen and Reshotko also formulated an

equation based on the linear approximation method for lamlnar ax1symmetr1c flow

(ref. 3),
3y-1 '
- - ¥=1y 2) 2y=2  -B e 1
n A(l + 2 e e d(x/L) R2
x/L . L
Rg MeB L 9)
371 d(x/L) :

o - - \2v=2

, (1 + X 1 M Z)ZY 2

2 e
Cbmparing-equafion (9) with equation (4)

it may be noted that the only differ-

ence is in the addition of the square of the body radius. Numerically, it may
be shown that the solution of equation (9: may be obtained from point to point

~ by the follow1ng relatlonshlp

x,/L

-AM -B bdM él:i] V 2 RZ-M B-1
O 5 T 7 )(1 + Y;l M é>2Y“21 o ( & d(x/D)
x,/L : x/L e - ‘ . . Y-
2 R : P, o YT

: : _!xz/L 'x],/L, 14X 1 M 2>2y 2
' . 2 e

— b

-am B am 3y-1

e . e 1+ y-1 M_2 2y-2|

L R2 d(x/L) 2 e ‘xl/L : .

-aM T dM I )Y_) 1

e e 1 + XY= M Y

R d(x/} 2 e

x, /1
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The validity and completeness of this modification t0’program:BLAYER has
not been fully investigated. . There is some. concern that the correlated values
for the constants A and B may not be fully adequate for the axisymmetric case,

especially for the initial conditioms.

Section IV. SELECTED COMPARISONS “WITH SOME EXPERIMENTAL
. BOUNDARY LAYERS ‘ '

‘ Program BLAYER was tested on several configuratlons before and after the
modifications discussed in Section TIIT. ThlS section presents preliminary re-
sults of these computations without regard to total accuracy or comparison. w1th
'other approximate techniques. Briefly, these sample problems include a subsonlc ’
NACA alrfoil (NACA 0012); a sharp leading-edge, cooled flat plate in supersonic
”'fIOW‘ a cone-cylinder—flare body at Mach -8.0; and a sharp’ half-angle cone in
subsonic, laminar flow. In all cases the flow media was taken as air with the

ratio of spec1fic heats equal to 1.4.

_*4 1 PROBLEM 1. SUBSONIC NASA AIRFOIL' 0012

' The first sample problem is directly from McNally s report- on BLAYER (ref
vl). It_illustrates the prediction of transition in subsonic flow on aANACA
.airfoil (NACA 0012) at 2ero angle-of}attack., The transition'criteria utilized
in this problem is the Schlichting-Ulrich-Granville method discussed earlier.
The freestream inlet Mach number is 0. 284, The blade geometry, surface velocity>'
dlstrlbution, and comparison of output w1th experlmental results is glven ‘in
Figure 1. Total stagnation pressure was 18.4 psia (1 269 x 10 N/m ). and the
total temperature was 600°R (333°K).

The‘boundary_layer was assumed to begin at a stagnation point at the leading
_edge of the airfoil;'and"no initial values were.used Transition was predicted -
naturally by the program, and occurred w1th1n the range in which it was measured
experimentally Predicted values of &% and o are shown in Figure 1 and compared

with experimental values. "

4.2 PROBLEM 2. SHARP LEADING-EDGE FLAT PLATE IN SUPERSONIC FLOW
. This problem was an attempt to predict turbulent—boundary-layer heat- transfer

on a flat plate w1th surface cooling at Mach 6. Experimental data.were obtained
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from a test on a‘Sherp—leadiﬁg;edgeiflat ‘plate with Reynolds numbers as high.

" as 107 in the Langley 20—inch hypersbniCIWiud tunnel (ref. 9). Thetccnfiguraé
tioh of the‘wind tunnel'model is shown iﬁ Figure 2. The test tov‘1t10“~ were
a stagnation pressure of approx1mate1y 515 psia (3 55 x 10 N/m ) at a stapna-
tlon temperature of about 959°R (533°K). The nominal freestream Mach number
was M_ = 6.0 and the surface of the flat plate was cooled to approximately’
672° R(373 K).

A comparison of the predicted Stanton number, N R with;the experimentelly

_ . A St,»
determined results is shown in Figure 3. The Stanton number is defined here as

’ . . N .o q . : ‘ . “ ’ .
N =) = - - ¢ : . . . (11)
St, pwu_mcp ('1:aw Tw)_. o v ‘ - .

Even though exact cdhditions weren't specified-for a given test, the results
shown are fairly commendable. The Stanton number is, for example, very sensitive
to the actual wall temperature. Transition was predicted et approximately.the

=150 M ).
e.

:.correct station by the .simple criteria discussed earlier (ReCRIT

4.3 PROBLEM 3. AXlSYMMETRIC CONE¥CYLINDER;FLARE BODY AT MACH 8.0 _

. This problem is interestinglin that.it was used as an example problem'in

the AIAA paper by Sasman and Cresci (ref. 5). As discussed esrlier, it is the
»Sasman and . Cresci formulation of the compressible turbulent boundary layer with
pressure gradient and heat transfer that was used as-a basis for the turbulent
'subroutine in Program BLAYER. In addltion, it is Sasman and Cresci's formulation
of the axisymmetriclturbuleut,boundary 1ayer‘used hy Northrop in quification 2
to BLAYER. The original squrce for this samble problem is Zahkay aud Callahau |

- (ref. 10). | -

The-model'is a cohe—cylinder—flare body (Figure 4) tested at Mach 8.0 in '

~ the hypersonlc fac111ty of the Polytechnic Institute of Brooklyn Aerodynamlcs
Laboratory. Test conditions for the sample case under consideration hére were
- .as follows: freestream Mach number was 8.0; freestream stagnatlon pressure was ,
590 psia (4.07 x 10 N/m ), freestream stagnatlon temperature was 1800°R (1000° K)A
and the wall temperature was 540° R(300 K) . The pressure distribution on the

model was given referenced to the stagnation pressure behlnd the conical shock.

11
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14 1in.
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Figure 2. SHARP LEADING EDGE FLAT PLATE MODEL (Ref. 9)
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- In order to start proéram BLAYER 'in the turbulentfboundary layer region,

the input data were generated for conditions behind the conical shock near the
reglon of the experlmentally determlned transition p01nt This p01nt was taken -
’as 11.5 inches along ‘the surface from the point of the cone. The input data were
calculated ‘for the model and the above freestream conditions and is as follows:
local freestream Mach number, 6 80, stagnaticn pressure, 154.5 p81a (1.065 x lO
N/m ) stagnatlon temperature, l800 R (1000° K), wall temperature, 540°R (300°K);
momentum thlckness, 0.89896 x 10~ ft (0. 0274 cm), and dlsplacement thlckness,

0.12264 x 10" % £t (0.374 cm).

The results are plotted in Figures 5 and 6. F1gure 5 is a plot of the heat
transfer to the model as predicted by program BLAYER and by the Spalding-
Patankar method (ref. 11). Figure 6 is a comparlson of the experimental and
predicted,Nusselt number based on the reference enthalpy state. Again it is
observed that there is reasonable ‘agreement between program BLAYER and the

experimental data.

4.4 PROBLEM 4. LAMINAR HEAT-TRANSFER ON A SHARP, 15 DEGREE HALF ANGLE CONE
AT o = 0 DEGREE AND M = 6. 0

This was the first and only attempt made in this study to predict laminar
‘heat—transfer to an akisymmetric.body using the modified Program BLAYER. The
simple modification made to the laminar subroutine in program BLAYER was dis-
cussed earlier in'this repdrt. This sample problem was generated to match an
experlmental test where laminar heat ~transfer and pressure measurements were
made on a sharp, 15 degree half-angle cone in supersonlc (M 6 .0) flow at an

angle -of- attack of zero degrees (ref. 12)

. The sharp, 15 degree half-angle cone is shown in Figure 7. The‘test free-

stream conditions where M =6.1+0.07, stagnatlon pressure equal to 360 psia’
- (2.48 x 106 N/m ), and stagnation temperature equal to 935 R (519°K). Local

.condltlons ‘were estimated behind the conlcal shock as follows: stagnation

pressure equal to 258 psia (1.779 x lO6 N/m ) stat1c-pressure for the cone

3 2
surface equal to 1.01 psia (6.96 x 10° N/m"); and stagnatlon temperature equal-
to 935°R (519° K). The surface temperature was taken as approximately 540°R

(300°K) .

15
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PROGRAM BLAYER <
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Figure 5. COMPARISON OF PREDICTED HEATING RATES ON CYLINDER - FLARE MODEL IN
: TURBULENT FLOW (MODEL BASED ON REF. 10)
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Figure 7. “SHARP POINTED CONE MODEL (Ref. 12)
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A plot of: the heat transferlrate for'both the experimental test and the
BLAYER prediction is shown in Figure 8.“The results of the BLAYER prediction
are much below those of the;experimental-test‘and are very disappointing. The
“problem. was'treated as a sharp, leading—edge problem in that no initial values
were given for either the momentum thickness or the displacement thickness.-
The constants in the linear approximation were unchanged (i.e.y A and B in
equation (2)) from the1r original values as established by McNally for the two~

dimensional version of BLAYER (ref 1).
Section V. CONCLUSIONS'AND RECOMMENDATIONS

i Program BLAYER, in its present form‘as modified by Northrop;Huntsville is
.an extremely versatile and powerful program. for computing laminar and turbulent
boundary layers on two—dimensional and axisymmetric bodies. The program can _'
. function in the presence of heat transfer and arbitrary pressure gradients.
The program s maJor advantages are its ease of modificatlon and its relative
simplicity in input data requirements. The program can be easily modified to

- accept any desired transition criteria.

The maJor weaknesses in the program appear to. be in the laminar subroutine.»
This subroutlne is very strongly dependent on a number of curve-fitted parameters
including ‘those used in’ the determination of the very important pressure gradient
correlation number, n. The»program has not been‘exhaustively tested over all
Mach number ranges and,ftherefore, the validity of ‘the program is not fully

established.

The following recommendations may be made based on experience with program
BLAYER and its modified version'~ ‘ ’

1. Run program BLAYER for a series of space shuttle application problems
" for which there are experimental data available.

2. Modify program BLAYER’to 1nc1ude other 1am1nar—to-turbulent transition
. criteria as desired. : : :

‘3. Run program 'BLAYER for. a series of axisymmetric problems, including
‘sharp and blunt leading-edge conditions.

4., Compare all of the above program BLAYER results with experimental data
~and with other prediction methods where p0551b1e.

5. Assess the need for corrections and/or modifications to be made to
program BLAYER. :

19 -
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Appendix
" LIST OF SYMBOLS

AB constants in egs. (2)—(4)_and (9),.(10)
a o speed of sound, ff/sec; m/sec o
.ch Vi i“ locai‘ekiuifricfiou-eoefficient.'77' - o o
cb . specific heat at.constant pressure, Btu/lbm-?R; J/kg-°K
f function of transformed momentum thlckness. See definition

preceding eq. (5)

H transformed form factor for adiabatic flow, also called
~ incompressible form factor : »

h enthalpy, fe-= lbf/slug, J/kg
kéﬁ A. lconstant in Sutherland s viscosity—temperature.relatlon
L o total-dlstance‘alonglboundaryjlayer surface, ft; m.
Mv"' B .Maeh number - | | |
N mOmeﬁfum parameter, eds. (1) and (2)
.n _;.cofre1ation number'(pressure.gmadient parametef)¢
,?.ln; pressure;’ibf/ftzg-N/mz
av.u. : heat_ffahefef.rate per.unit-afea,_Btu/ftgesec; watts/m
le' . ‘body_fadius of an axisymmetric body,'ft;em
- Rée;_ g Réynblds number,beeed on momentum thickness, ue'e/vw
RgéRIT icrieieaifReyuoldé number defined by:eq; (7
: 5~  . 'enth5¥P§ fuﬁc;idﬁ; (h'/hé)—l
T : . temperature, 9R;.§K ' :. ‘ . o
'Taw ' adiauetic or recovery'wall,temperature, °R; °K
6] B 'ﬁransfprmed‘longitudinal velocity, (a'/a )_u, ft/secﬁlm/soc
Vu_ -longltudlnai velocity parallel to boundary—layer surlface in

X-direction, ft/sec; m/sec

22
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p‘.

T

coordinate for input of surface geometry, ft m

:dtransformed X-coordinate .along body surface, ft; m

coordinate.parallel to»body ‘surface in streamwise direction, ft; m

' ratio_of:specific:heats-'

boundaryﬁlayerithickness,fft;'nf;

boundary-layer dispiacenent'thickness,,ft; m:

momentum thickness, ft; m-

’fkinematic viscosity, ft /sec, m /sec .
' density, lbm/ft -kg/m

" shear stress, lbf/ft N/m

Subscripts- .

©

freestream conditions away-from.the body':'

_value external to boundary layer, but adjacent to it

- incompressible quantity '

transformed‘quantity

wall or surface value =

_locaifvaiue based on x

freestream value; condition external to boundary 1ayer, usually,

near x = 0

SupérScripts;

total or stagnation condition, or quantity based on total
or stagnation condition o : :

aevaluated at reference_conditions.-if

23
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