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ABSTRACT

(Distribution Limitation Statement A)

An investigation of the accuracy of the Air Force Weapons Lahboratory
Nonsimilar Turbulent Boundary lLayer Computer Code through comparisons of pre-
dictions with experimental data is presented. Five complete data sets are
selected from a literature survey which originally considered over one hundred
separate turbulent boundary layer experimental investigations. The five data
gsets include flat plate supersonic flow, hypersocnic flow with and without
acceleration, supersonic flow with highly nonsimilar wall temperature Jdistri-
butions, subsonic flow with various wall blowing rates, and superscnic flow
with wall blowing. Before the present study, the turbulent model in the AFWL
code was relatively untested for compressible flows, but is left essentiaily
unchanged after detailed comparisons wjth other popular turbulsnt models.
Detailed predictions for each of the five data sets are carried »ut, and
approximately 75 graphical comparisons are presented which incluae velocity,
total temperature, and Mach number profiles at several axial stations, _
plus momentum thickness and drag coefficient variations along the flow direction.
Overall agrzement between the profile predictions and the experimental data
is good for flow with and without blowing. Drag coefficient prediction for
blown flows is typically below reported values for the data sets selected,.
However, these results are taken as inconclusive since there is disagreement
among the turbulent boundary layer research community as to the validity of
these data. Information on the correct use of the computer code for turbulent
boundary layer predictior.:, and cn a new entropy laycr option, is also presented.
The entropy layer model directly couples the inviscid flow entropy gradients
caused by shock curvature with the bcundary layer edge boundary conditions.
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mass fracciom of mciectzlar species i

nixing lengih, defined by eguatioa (4!

Mach number

mwoer >f nocal points across the boundary iayer selected
for the purpose cf the ~uperical solutior preocedure: 2'so
2sed in Cebec: minins iengt® formclatiom, fined by ectaticox 113

I
i
:

oressure

paraseter osed ir lebeci mixine
>y eguatiorn (1€).

Zength formxiation, fell

trozen Prandt]l nomber of the gas rixture
turbulant Prandtl numier, defined by ecuatica {11!}

turbulent Prandtl nceber based on total eathalpy, 3efined hy
equation (27}

diffusior heat flux per unit area
racoery fazctoer

local radius of body in 2 peridian plans for ar axisyametric shage

..o
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SYMBCLS
{continued)

Reynolds number; subscripted with the length scale if other than s
turbulent Schmidt number, defined by équation (12)

temperature

velocity component oaralllel tc body surface

velocity cozporernt rormal to body surface

€istance along the body surface

distance from surface into the boundary layer, measured normal
te the surface

constant in the mixing length differential equation (see equation §)
beundary layer cuter edge intermittency, defined by equation (19)
boundary layer thickness

disrlacer»ent thickness

ircorpressible or velocity displacement thickness, defined by
eguation (8)

aver-ge turkulent eddy diffusivity for all species

turbulent eddy cdiffusivity for specias i, defined by eguation (10)
turbulent eddy concéuctivity, defined by equation (9)

turislent eddy viscesity, defined by equazion (3}

ransformed cocrdinate in a direction normal to the surface, defined
v eguaticn (41)

e

moenturm tnicxness

oo

noonpressible momentum thickness, defined by equation (26)
shear viscosity

Xireratic viscosity

transformed streamwise coordinate, defined by equation (40)
density

totei mass flux ver unit area into the boundary layer

leocal shear stress

Xiv
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SYMBOLS
(concluded)

Subscripts

pertains to adiabatic wall
pertains to boundary-layer edge

’-
pertains to the i‘h species or to the ith

nodal point in the boundary
layer, starting with i = 1 at the surface

pertains to the nth nodal pcint, curresponding to the o ter edge
of the boundary layer solution

pertains to recovery or adiabatic wall conditions
pertains tec wall
pertains to stagnation condition

reference condition, usually taken as zero streamline fromr inviscid

solution (synonymous with boundary-layer edge in the abserce of an
entropy layer)

pertains to freestream

Superscripts

equal to unity for axisymmetric bodies and zero for itwo-dimensional
bodies

evaluated at the reference enthalpy condition
signifies a turbulent fluctuation

signifies a time-averaged value

xv/xvi
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SECTION I

INTRODUCTION

The Air Force Weapons Lakboratory recently sponsored the development of
. boundary layer computer code (reference 1) for use in predicting muiti-
component, chemically-reacting, laminar or turbulent flows over ablating,
reentry vehicle surfaces. This code has heen designated BLIMP for Boundary
Layer Integral Matrix Procedure. <The turbulent model used in this code was
recognized to be relatively untested for the high Mach number boundary layers
of interest to the Air Force, although it had been shown to be satisfactory
for low speed unblown and blown turbulent boundary layers (reference 2). This
report presents the results of a study to validate and to improve that turbulent
model for compressible and nonsimilar flow cases.

In this study, the available turbulent boundary laver literature was
searched in detail for experimental data of sufficient accuracy for detailed
boundary layer profile and integral paranmzter comparisons. Interviews with
principal investigators were conducted to learn of new data or unreported data
reduction techniques which are often missing from the usual final report. Five
data sets were seiected from approximately one hundred experiments originally
considered.

The turbulent model in the BLIMP code was also re-evaluated in view of
the numerous papers and reports on turbulence modeling currently becoming avail-
able in the literature. Limited changes in the existing BLIMP turbulent model
(as described in reference 1) were made before the detailed data comparisons
presented lerein were finally generated. Extensive use of the BLIMP code on
the selected test rases then resulted in approximately 75 graphical comparisons
of the code predictions with the experimental data. Questions of code starting
procedure, rodal spacing, etc. were also addressed in order to give a complete
picture of the use of the BLIMP code and the kind of accuracy that can ke ex-
pected from it.

This report discusses the turbulent model study in essentially the order
in which it was carried ocut. Section II describes the literature survey phase
including the criteria used for selecting the final five date sets., Section
111 describes the turbulent model used in BLIMP, and presents some limited com-
parisons with other turbulent models. Section IV presents the comparisons
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between BLIMP predictions and the experimental data. Section V contains some
conclusions and recormendations for frrthex work. A general discussicn on the
use of the code for turbulent f:ow problems is included in an appendix.
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SECTION IX

COLLFECTION AND EVALUATION OF TURBULENT BCUNDARY LAYER DATA

The number of experimental studies of turbulent boundary lave: Jlows
which have heen conducted since the turn of the céntury is possibly in the tens
of thousands. Of these numerous studies, possibliy 1l to 10 percent were carriad
out with sufficient accuracy and gdetaii to yield data of "acrceptable” quality.
Of these high guality experiwents, perhaps 10 percent include the type of
flow ccnfiguraticns and the necessary instrumentation to provide data of
interest in a turbulent model study. This leaves possibly a few hundred papers
and reports which should be reviewed for a study of the type teing repcrted
here. This survey was limited (py the constraints cf both time and practical-
ity) to reperts or papers generally fournd or referenced in the recent open
literature. Thus, approximately one hundred documents were surveyed briefly
for pertinent data. PDescriptions of test configurations, test conditions,
instrumentation, ard the type and quality of data taken for the most relevant
experiments is presented later in this report.

In the remainder of this section of the report, the experiments referred
to above are summarized and discussed in Section YXI.1, Criteria for selecting
the best data sets are presented in Section I1.2, and the final selected data
cets are discussed in some detail in Section II.3.

1. SUMMARY OF EXPERIMENTAL DATA CONSIDERCD

There are several ways in which the variocus experiments can be
described; however, it is felt that a presentatjon in tabular form is the most
efficient and will be most useful for future reference. Thus, two tables are
presented here to summarize the exverimental data which were considered.

Table I includes flows without blowing, while Tauble II includes flows with
blowing. Within each tzble, the experiments are placed in alphabetical order,
accerding to the principal author’s name in order to facilita‘te cross-referenc-
'ing with Tables III or IV or the text of this report. A shorthand notatinn has
peen introduced for some wolumas (SFB for skin friction balance, etc.) and a
"Remarxs” column has been included to give additional details about the experi-
ment. Often the remarks refer to the suitability of the data for turbulent
model studies, since it is difficult tc glean this information from the other
tabular data.

o
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Whiila *re information provided in Tables I and II is useful for
detailed review, it Zoes not prcvide an overall impressiorn of the availability
cf certair types of experimental data without a detailed review “y the reader.
Therefore, Yabies IIl! and [V were prepared. Table III applies to unblown
flous while Table IV applies to biown flows. Referring to Tarle III, Unhlown
Tilows, it Is >een that very few subsoniZ cases are listed. This is ertirely
atzridctable to the fact that subscnic unblown data were nct sought in the
literature search. Matting, et al. (referesnce 22) plus several repor:s of
the stanferd series present 3a*2 on subscnic unblown layers; therefore this
catecory was included for crmpleteress. The other ertry is from the 1968
ATOSR-St2- ford-IFP Turbulent Boundary Laver Conference Proceeding (reference
64}, and is regardad as top guality data useful for referance purpcses.

There is a noticeable difference tween the number cf reports on super-
soric £iat piaze flows (2 < M < 3)7; ard hyperscnic flows (M >4); hyvpersonic
fious seer tc have received Jure attentior {rom the experimentalist. This is
ateribatahle to the need over the last decade for data suitable for reentry
caiculazions 2rd comparisons. Thus, major test facilities around the country
have beex cornstructed and used primarily in the hyrersonic fiight range.

Data o a-.elerating bourndary layers were 21so gathered during the liter-
aure survey plase. Pressure gradient investigations are often more unavoidable
than intertional ina mary test facilities, therebv vielding rather uncertain flow
data. FEowever, there have been some research progrars in which pressure
gradient was varied systemar.cially.

Turbulent roundary lavere with a neorreactive transpirant have been
investigated for nany vears as a2 possible technique for heat transfer alleviation
in turk e blades and reentry vehicle nose tips, among cther applications. Air
has dee:z the Most popular iriectant for experiments, although possibly not the
acst practical in many actual oeiing swystems. The literature review for sub-
eonic blown Sl was - ~tended tc supplexent that given in reference 2. Thus
the Masscachiserts Institute of Technology (MIT) work {i.e., references 65
a~d €] was mot included for re-evaluation. There is no shortage of new
low speeé dat: available. The Stanford investigcations have resuited in at
lsast 12 serarzse reports on blewn turbuleat boundary layers, with heat
transfar and pressure gradiert effects documented as well. Strangely enough,
+~e gre2t irnterest ir low speed blowing investigations has not carried over

o the superscnic and hypersonic fiow regions. Particularly at Mach numbers

10
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incomplete in the nonreactive foreign gas injection category, with Bartle
and Leadon's study (reference¢ 43), where no profile information was taken,
being perhaps the most exhaustive.

Finally, the category of most interest for heat shield ablation or tran-
spiration applications is the reactive blowing data. Work is just getting under-
way in low speed flows with the University of Utah duplication (references 11,
49, and 59) of the original Wooldrige and Muzzy experiments (reference 6:).

There is little basic data of interest in supersonic or hypersonic fiows.

2. CRITERIA USED FOR DATA SELECTION

The criteria used for judging the usefulness of experimental data must
of course depend on what use is to be made of the data. For turkulent iaodel
studies, it is of interest to model the details of the flow through the entire
boundary laver, tnereiore profiles of the important boundary layer wvariables
become of primary importance. 1In the usual experiment, state-of-the-art in-
strumentation is used to measure stagnatinsn pressure and stagnaticn temperature
behind a normal shock (created by the probe itself) for supersonic fiows,
although for adiabatic wall conditions local total temperature can be assumed
equal to the reservoir temperature with only a small error. These pressure
and temperature data are used to arrive at other more fundamental variables
such as velocity and temperature or enthalpy. Thus, data selected for these
turbulent model studies must at least include measured profiles of one cor more
of the important boundary layer variables.

Other criteria on which to judge the data are more subtle ané can only
be described in a fairly general way. Herein is presented a list cf items

that have been considered in viewing a set of experimental data.

e The wind tunnel should provide a shock-free, low freestreamn
turbulence isentopic flow.

e The boundary layer flow upstream of the test section shou.:
be well characterized if it eventually forms the boundary layer

for testing (as in wind tunnel wall boundary layer testing).

e The test section or model should be of known flatness and !
hydraulically smooth.

® Leading or trailing edge effects should be examined to determine
their influence.

e The two-dimensionality of the mndel - wind tunnel - test scction

combination should be considered.
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e The flow shonuid be fully turbulent at thz test section, free of
any transiticnal or boundary layer trip effects.

e Where transpiration effects are investicated, the injection must be
uniform or known to within a few percent.

e The displacement effects of the boundaryylayer flow on the inviscid
flow must be completely known - particularly with injection.

® Probe sizes must be small compared to boundary laysr sizes.

e Disturbance of the flow at the wall by wall instrumentution must
te held to a minimum.

e The data shouid appear relatively smooth and consistent with a
minimum of scatter.

® Where possible, the integral conservation eguations should de

checked and satisfied experimentally tc a reasonable percent
error.

The pcints mentioned above are essentially the desired features of an
acceptable boundary layer expsriment. Hd attempt was made, however, *o
develop a rating system for the various data sets. Rather, an overall
impression gathered from reading about each experiment was formed, notes
were made regarding each data set where necessary, and in many cases,
telephone or personal interviews were helid with principal investigators.
Important features of each data set have been noted in the “Remarks™ column
of Tables I and II.

3. SELECTED DATA SETS

A minimum of five data sets was desired for turbulernt model comparisons.
The approach used in selecting these data sets was an attempt :o provide data
which test the turbulent model in a variety of flow situations which are
encountered in flicht. This obviously means that comparison< could rot be
carried out for each categcry of Tables III and IV since there are mcre than
five categories containing good data. The five data sets selected were:

1. Coles' JPL experiments (reference 8 - Supersonic flow with zero
pressure gradient.

2. NOL experiments by Lee. et al. (reference 17) and Brott, et al.
(reference 6) - Hypersonic flow with and withkout pressure gradiant.

14
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3. TRK expe iments ran at AEDC (reference 18! - Hypersonic flow with

highly nonsimilar wall coaditions.

4. Stanford experiments by Sispson, et al. (reference 33) - Low spewsd
flow with nonreactive blowing, ircluding steps in blowing.

5. Canmkridge experimen?s by Jeromin (refereace 48) - Supersoric flow

vith nonrcactive bl-wing.

Detail: «n the five selected data sets are presented in the remaind:r of this
section. The descriptions below ares supplemented by three more tabular compari-
Table V presents the particular test conditions for each test run used
for comparisons. Table V1 presents further informaticn on the instrumentation

used in each of the five data sets, while Table VII coumpares the data reduction
techniques.

SOns.

a. Coles - Sgpersonic Flow with Zerc Pressure Gradient

Colss' data (reference 2) at two Mach numbers, M = 2.6 and M = 3.7,

vecte selected as baseline cases. Coles' cxperiments were carried out in the

Jet Propulsion Laboratory 2%2-inch supersonic wind tunnel, whose flexible nozzle
walls wvere adjusted to give a nearly constant presgsure flow over the adiabatic
flat plate model. The test model consisted of a 3n-inch long flat plate sharp-
ened with a half-wedge on the upper surface at each erd; the lowsr test surface
was flat over the entire length. Thisz plate was inserted into the tunuel, lo-
cated on the centerline and pitched 0.17 degrees nose down. Various types of
boundary layer tCips were employed by Coles. For the two comparison runs cited
herein, the irip, or fence, consisted of 0.0l4-inch diameter wires spaced 1/4
inch apart vhich projected about 0.1 inch beyond the leading edge of the plate.

This experiment emphasized accurate evaluation of the skin friction coef-
ficient with a flcatirg elemenxr gage. Only total pressure profiles were meas-
ured: :otal temperature was assumed to be constant to determine velocity vro-
files across the boundary layer for the adiabatic plate, as described in Tables
VI and VII. Freestream conditions were assumed based oo iscntropic exparsion

of a vy = 1.4 fluid. Profile measurements were taken at only one station 21.5
inches from the ieading edge.

Skin friction gages were placed at 5.5, 13
and 24 inches.

Static pressure taps in the plate were used to determine axial

pressure vasriations.
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b. Naval Oxdnance Laboratory - Hypersonic Flow Without and With
Pressure Gradient

Many reports and documents were found which presented hypersonic flow
data, and most of chem included profile measurements. After discussions with
various investigators in this field, the recent zero pressure gradient experi-
ments at the Navzl Ordnance Laboratory by Lee et al. (reference 17) and the ex-
tension to pressure gradient flows by Brott et al. (reference 6) were selected.
Both of these investijations were carried out using the NOL Mach 5 boundary
layer channel, which is a two-dimensional half nozzle with a flexible wall
forming the nozzle. Boundary lar’er measurements are carried out on the opposite,
flat wail, with moderate heat transfer to the wall contrelled by circulating
wall coolant. This stainless steel test surface is eight feet long and tapered
from 12 to 13.5 inches wide. Lee's tests were carried out at four stations be-
tween 48 ané 92 inches downstream of the throat, giving naturally turbulent
boundary layers from two to four inches thick. 3rott's measurements were at
five stations between 5¢ and 84 inches, giving boundary layer thicknesses of 1.3
to 3.9 inches.

A wealth of instrumentation was used in these NOL investigations. Profile
‘nstruments included a tctal pressure probe, a2 static pressure probe, an egui-
ilibriua temperiture probe (measures local recovery temperature), and, in Brott's
investigation, a fine wire thermocouple probe. Wall instrumentaticn included
water-cooled skin friciica balances upsitream ¢f each profile measurement location,
and wa’l heat flux gages.

c. TRW - Hypersonic Flow with Step in Kall Temperature

The Arnold Engineering Development Center (AEDC) Supexsonic #Hiné
Tunnel "A" witk a 40~inch by 40G-inch test sectiorn provided the main air flow
for the TRW experimerts. This tunnel was operated in a continvous, closed-circuit
rede. The nozzle used was au autozmaticail” driven, flexible-plate-type.
Saowe of the test “Zetails are contained in an AEDC revort, reference 67.

The test =odel was a 26.99~inck I.5., 49.48-iach loang hollow cylinder
alignec with the flow to + 0.05 degrees .n ritch and vas about the tunnel center-
line 208 suppovted by two struts attachedé tec the Qownstrear end. In crosc sec-
tica, the leading odge was a half wedge on the outer surizce. The inner (test)
sarface was f£lzc aiory 1ts ertire leagth with a surface firish of 100 L-inches.
Seven separately ccrtrollad cooling (heating) copper coil circuits were counter-
wrapped on the outside surface. The 429°p step in wall temperature was nmade be-
tween 23.0 and 24.0 inches trom the leadinc edge with Sour of the seven circuits
forvard ¢f the step. Liguid nitrogen was circulated in the ccld wall region:
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pre~conditioned water was used to achieve near-ad:iatat.c ccnditions in the “hot®
reqgizn. For the temperature step tests, the circiits in each region were naci-
folded together. A 0.375-inch wide by 0.006-inct! thick piece of fiberglass

tape, serrated at its leading edge and locatec on *he inper surface asproximately
0.125 inches from the cylinder leading edge provided a boundarv layer trig.

Profile instrumentation for these tests included a total pressure prodbe,
static pressure prcbe, shieldel staygnaticn tesperature probe, axd 2 constant
current hot wire snemometer. The total temperature probe size [0.06% :iach :in
diameter) precluded measurements very near the wall. WwWall conditionx= were
measured with static pressure transducers, surface terperature thermccsoyples,
and Gardon heat transfer gages for wall hear fiur. 3Skin friction was measured
with 38 individual Stanton tubes.

d. Stanford - Zerc Pressure Sracdient. Subsomic Flow With ané
Jithout Uniform Blowing, -and Witn a Step in BIOWILD

pabated=-

The heat ancé mass transfer :z; t Stanioréd University's
a

z 2
fa*ilitg buiit scecifically for high acur-

x

Mechanicali Fagineering Depart=ment,
rscy subsonic boundary layer experimernts with hlowing and suctian, was used 2%
Sismpson (reference 33! for the selected un:

"

or®= blowing tesis. A coaplete des-
cription of this apparatus is given by Mcffat {(reference 25'. The rmain ficw

system was 1 continucus operation open-circuit consisting of an iniet filter,

- - -

flow contrul valve, blower, heat exchancer, screens (for flow straighleni:z ..
settling pienux chamber, primary rozzle, ané test secticn. The rectangular test
section was formed of twoe fixed side walls, a fixed flat bottsm wall which
inciuded the porous test surface and an adjvstable top wai: of plexigias con-
troiled by a tank of jacks.

The test surface consisted of 24 individwal, 1’4-iach thick, porous diace
sections which were 9 inches wide by 4 inches long, reszlting -2 total lerngth
of 95 inches. The plates were consiructed of C.205% inch sintered brIomze spheres
which provided a surface finish of 200 .-inches. Firal assembly cf the plates
ieft a 9.932-inch gap betweern adjacent sectiomns. This zap was filled and
smoothed but was not DOrous.

The seccndary, cr injecticn, Zlow systez coasisted of an inler filler,
blower, heat exchanger, and flcw heacer followed by 21 sepirvate flow contrcl
valves, flow meters and delivery tubes, cne set IOr each plate. A porogs sin-
teved bronze pre-plate was used tc obtain upiforn pressure in the saall plenus
behind each porous surface plate. Localized tracspir fiow Tates were foznd
to be + ¢ percent cver the center € inrkhaes cf the span. The heat exchargers in

the =ain and secondary systems were controlled o provide egual flow temperatures
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A rip of 1/P-imch wide corrse Tid cashormzmdun FasTet pader w2i Locaeed
T e exit edge cf the tramsitios section Joimimy She eolzie ¢ TR tes:
seclion. The trailims edge of i@ 1.382-:iacd 22:ck 2oip was L Fimld cpstream
¢f e porows test section.

Coesidersbie eoplasis was placed A& xiniw: viar experimectsl €rTOTS o
the comstrwion of the Stmxfocd facility, pRrticriactiy = proTidimg o= . fwem

H

ixjes2ia axss flow, accoumtins for il scuses o Issses 2f esarsy, o> iz
Froviding a low terdslence miform maix flow. Tiow rates a>d Tibte temerriures
were individzally measured for eac: 3f %he & Jortus swemeats. Fresssre srofiilas
were take= ¥itk 2 flattraed. _E1Z2-inc® By _333-i1xch sTode at four axiael loca-
t2oas for each Test. deriwmc whish She Irerstresm coadilices were maiztaimed
virizally coastant. Siztic temperatures were mascred wiil oo expodel tSernc-
coopie prode alizoed wit™ e flow. Siatis CTessTTe ADS lolazed alosr the

side wvails were csed = JOtair e &2sired ™Wiforr flaw comtmux of e ores sur-
foce. Swe 2o the Txe 2% zorows slates, iz frictice ws ot measowE doireonly.
bet was conputed {rom tme noaectom IztesTal egEatios and DY 3 Tiscums sTxlrrer
nethol (see refersexce 337

€. JEITOMIZ - SUDersaEis Tiow it xmd Fishost Tziform 2lownws

SeTIALE"S eXperimeats wers zatTisd Cit I The Tambridce ThiTersiTy
Zxzizeerinc Department Tapersoc:iT Mimd Tempel. a2 Iztesmittest Lltwdomy Sl
with ozt 6 seconds of csefel test time. The SoTrie wes "wr-ivecsional wiih
Iixed side and top surfices. The oop sutfiace s cotimred Mut 2t alITStadier
tZe lowar sextace which costaszed the SiTs: mourted Test sorfade was flat =3
coeld e adicsted vertitally and s 2 ziixd acde. The TectamTrlaT lest sestilre
»2s .3 Iaches My .3 ixche-

Jessmo: sed T Tes faoes: 3 $211i8 T2t IoT e T 2L3wiDz Tsts
amt 2 1/&-1xz=™ throk relied, "Ferss:izat,.” siztered srounie plate made from 3.3
nicToe spheres Ior DIdwias tests. These platey were (.33 imcmes wale Sy 134

1octes Ioos adxd were imecerted Into the ToCtam 1St of toe =orTie with THe lead-
ins edor 3.1 Imcles dowmsiTerx of the ozrle ThrToact. The SLaTtiim Deoween e
soTsie Wall and test scrface was ‘i led wics zaste axd sTUwed flat. 2 Scemder
lzves wIiE WS 0T englcred.

Izjection air was aker Sror the W2iw tImowl S=CIFV. Dassed TRrooch 2
flow coateol valve axdd 2 meterin: ariiise. Tue Soots cerTied the flow izes
sstarzte Dleamr chanbers sstvear =f 2 porors pre-plate. X sisclie pleswm o
the Aher s:ide w2s CoOmOT TC SNe et tiTe &St sTiase -Izte. Mess SIox variaiioms

eas 2.3-1o5h Silcmeter savoles of <he sest striace =2lerial oo the Test CoT-
pet D

vy

)
fen

2 Ltcellt weTe + S weroes:. X< 10Tl TRTIALIIC Tessifemexts =f The aswoal

T miate vere Teorriet.
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cesrcmie TSed a Ditot prodbe asd ar ogiilldrius COne recIvery temperature
srole SITiIas o tNe ECT desicni %o obetal. the boundary layer profiles. After
seTer2l meascremente which showid excellen: agreemsat with the static temperature
relation

2
. 1S\ _ _ '3
TR T - T {{) Tp = T} \ce) 3%)

"

2tal terperatrre profiles west a0t measuted. Veloaity and temperature profiles
were Jdetermind IteTatively Tsine the abowve relacticon and the Mach pumder profiles.
Siiz ricriom was It messcred directls, bt celsulated from the romentux inte-
3Tl eguatica. the Somer aod Shert T mpithed, axd & transfiporraticon method des-
cTzdel By Jertmas (referexce (8°. The rasr flow throogh the entire plate wis

reasTred with 2 siogie saiibrated corifice.
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SECTICN III

TURBULENT MODEL SELECTION

The BLIMP code solves the partial differential equations expressing the
conservation of mass, momentum, enercy, and species for a viscous fluid. 1In
turbulent flows, the equaticns are written with velocity, enthalpy, &nd species
concentrations expressed in terms of mean and fluctuating components, i.e.,

au=u+u 2)

The time averaged equations cof motion then include time averaged products of
fluctuating quantities such ar %12, waich diestinguish the eqguaticnas of motion
from their laminar flow counterparts. Turbulent modeling involves the mathe-
zatical description of these new flow variables such that the number of govern-
ing equations matches the number of unknowns.

The BLIMP code has been written to accept eddy viscosity or mixing lencth
descriptions of the turbulent fluctuation terms. The eddy viscosity aprroach
characterizes the turbulert velocitv tluctuation 2s being related to local
veiocity gradient:

ar
]
—
()
v

- iva'u' £ pe

n

LY

v
¥ixing lenoth is related tc eddy viscosity by the relation

(4)

m
B
/]
-
~
[1%]
<1

Xany eddy viscosity and/or mixing iength models have beer reported ir the recent

iiterature {references 68 to 74}. 1In this section of the report three wicdely

used =odels are reviewed brielly and a "best” combination of eddy viscosi:y
and m»ixing lenath rclatiors and associateé constants is chosen for the data
cosparisons of Section IV.
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1. DESCRIPTION OF LEADING TURBULENT MODELS
a. BAerotherm Model (reference 1)

The Aerotherm turbulent model was formulated specifically for bound-
ary layer flows with blowinc. It was first reporied in reference 2, and was
limited to incompressible flows. Turbulence is described in the wall regicn

by a mixing length equation, which approaches Prandtl's expression, % = kmy,
far from the wall. The incompressible exypression is

ﬁ‘;,’%= (kyy = %) %7:% (53
a

The constant km is taken as 0.44, while y;, related to a laminar sublayer thick-
ness, is held constant at 11.823, Shesr stress 7 is taken to be" the local value
rather than the wall stress, 7. This exprsssion allows a smooth transition
from zero turbulence at the wall to large turbulence in the "law of the wall”
region of the boundary layer. Th2 mixing length distribution is autamatically
changed for blown flows due to the biowing effect on shear stress. Constants
y: and km rermain the same with or without blowing.

For corpressitle flows, equation (5) was charged to deal with

the products pt and oy:

+
Constants Ya and kn are left at the:r incompressible values cof 11.823 and 0.44,
respec*ively. As with incompressible flows, mixinc length distribution is
changeé for blown filows implicitly, by the inflvence of clowing on lo~al shear

ctress, .

The equation for mixing length is solved and then used to find eddy
viscosity from equation (4). This wall region eddy viscosity is use? frozm
the wail on out into the bcundary layer until i< coxceeds the wake regior ecdy
viscesity expressiorn

24
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at which point the ccnstant wake :  vaive is adopted fur the rezainder ¢
boundary layer. Iw equation {7}, v, is the incai bourndary layer edge

velocity and S; is the kineratic cisplacement thicwkrness,

e

In the energy and species eguaticns, terrs invelving time averaced

fluctvations of enthalpy and species ccncentratizos arrear and are related ¢

the mean flow variables by <ciiniticns of eddy conductivity and ecdy
diffusivity:

p-M
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Ip the lerotherx mddel, eddy cordoctivity and €ifftsivity are simply r-lrted
tc ecdy viscesity by copstant turduient Prandsil and SSi=ids zirmbers,
?:_ = -_—'- e
- T
s-
S = = Iz

+ -

0d
1Y

2

vaive of €.7% for each ¢of these vas rescrmesled in raference I

Tre erotkerr mocel Ras ret had tne ooer itervasure exrasure thas tie
cther two ®olels consifered Xere Rave hai. Tnerelitve, In ord

usefuiress. somz resciis fr-m crevievsiy Tunm procras Ziowior
here. Figures 1 to 4 vresent comrariscny with Zlas clate. unticem
incorpressible flow caze takex

Fiegharct an< 2illman case was

¥ieghardt ani Tillirma=m -refereczc
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Turbulent Boundary Layer Conference, and js regarded as a top quality flat
plate experiment. The excellent agreement between the Aerotherm model and
these data, both in profile and drag prediction, is apparent from these figures.
Comparisons with subsonic, blown boundary layer data taken at MIT by Kendall
(reference 66) are shown in Pigures 5 to 8. These data were essentially

the basis for the Aerotherm wall law model, although comparisons with other
data have been shown to be equally good. As with the unblowa case, profile
comparisons are excellent, Drag is underpredicted by about 10-20% in com-
parison to the reported c£/2 values for this case; however the prediction is
well within the error bands associated with these values.

b. The Cebeci - Smith Model (reference 68)

In the Cebeci-Smith model, the boundary layer is also characterized
by inner and outer regions. 1In the inner region, & mixing length approach is
used, based on the Prandtl mixing length law as modified by Van Driest
(reference 75). Cebeci and coworkers have extended and modified the basic
Van Driest law to include pressure gradient, blowing, and variable turbulent
Prandtl number effects. The inner region mixing length expression is

2 = kmytl - exp(~-y/A;] (13)
where
0 1/2 |
SORE"
T ) u, /\N

p.\2 .+ u v '
N o= JE[2) B ¥} . expf[11.8 % ]
Ve (pw) Vw pr K T, (15)
Py

v /2
+ exp[1ll1.8 ﬁ? L4
tw
pw
o
+  ug 4x (16)
- c£ 17 2
(%)
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k, = Fraaitl coms2ant,. takes as 2.482

™he affect of diowzay is reflacted iz the wase of 5, Wiich iz tarz 2ffects e
4unping coastac? A. Iacvessing the amoumt c©f Dlowing decreases A, w:ch resw:ls
iz less damping, r £ moCe rapid agproach ts the Prasdc] xixiag lexgth exzTes-

siva.

Is the owter region, 2 comstiat ¢ddy viscosity expresside sixn;lar
egcation i7) s umed:

- 3® Log-
£, = 32.31¢8 "eli 71%;

Teis addy viscosity is mltiplied ¥y Kletamoff's (refecesce 76} iatrrm:itcexcy
faceee.

s )

wwharg £ iz the Pocdary laser tiickmess. A8 iz tie Aerocherm model. the ilnper
Tegidn (L CIPCTESIZOR i eed iDtii it exreey the cutex reyile exzressiom, it
u&idpﬁx&tmm%is*-

The Csbec: model for eddy comductivity s Dased w o~ as exanimatico of
the cee-diremsicasl acasteady esergy sguatice sedieit %o 2= oeciiliatocy bocadary
ceoditize, ximiiar to Ais darivetior of soldy viscosity. TRis aaaiysis sescits
iz 5 eomcoastant model for careclest Pramft)l mmber:

Pr, = soay

wasre
- e 2 F v 4 1Y
3 - XM= ‘- §~ 2 jexpfir.e X \- l]*wlll.! £21;
T ; w ¥y 1 HES T
> ] [
’t N { ' a" ‘ ='I.4
k, = ar energy mixing iencth coustast, takez as £.43 i22}

2y = molecuiar Prandtl mumber
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Sixce Jedeci does ot coesider mombhomogemeons flows, de does oot have a sodel
for cuzbaieat Scdeidl wamber.

The Cedeci-Smzt» turdulezt nodel vaiidity is well docweated i: ramev-
<cs opes literature publicatices irefereaces 77 te 79

c. Beskheil and Deckwis Molel {zefecemcte §9).

Basimell 2l Jpckwit2 use 2 wirximg lexct® rodel for the 2ctive bocodary

lzzer. Near t™™e Aall (tg y-i a 3.1, Praxdzlts ;mixing lenwtd exnressien
ocified b Vao Driests Camping fzmclics 335 csed:

£t = 28771 -~ expl-FAY? 28

*d..
A = =2
—

S

‘:

-1

(54
Y.}

L4

iocal sleer axd &n3ity are ixclooed sather thas wal: Tizes. THhe A® Taloe s
takes from 4 2:7 of experimmaizi data oc Sloam. sadwonic hoondary lavers, s
seoux 1z Tigere ¥I.  The exparimezial data are those of Simpsos, et ai. irel-
ezexe 33t and the Zata Teporied iz refelesce 1

Ia ~%e far wall Tegice ¥SE > 3.3}, mixiwmy leagthk is asvemsd ¢ De 2
fmctioe X doxadary lawer tRickzess amd the Incompressible fozm tastor, EY =

£ ; . -
%, :’ _"‘_(1-.3.}5-; 135,
i T = ™

i€ e :

Figure 18 s»™Ows tne TTs cse? to Sesarnine i1, This corre is the “gradratic
variazion® of refererce £%, wihich has been adooted s the standard model

at ¥aSAk‘Langley iraference $2%. The nge of a2 1/% variactior 2s 2 functios of
incowpressible form factor is a= attesmnt te 2ccosnt for nooeqailibriumme eflects
iz ghe profile shapoe. Thus, it is aost useflcl in stroxgly mossidilar flow sito-

atioms.

A st-:2ight line segment for 17 is used ¢t join the inper ané lar walil
£

sesicns beteesn vI = L. and w3 o= 1.3.
*
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Bushnell arl Beckwith use a constant turbulent Prandtl numbier but tase 3
it on total enthalpy floctuations ratler than static enthalpy f£luctuations. 3
That is,

Sy A e 4

Ptr.?s-—s _(_O'l_)_ﬂ_‘ .;‘___-.! 27) 3
ov)' u }

b \ B Iy :

Since no species equations are scived, nc tarbulent Scheidt number is specified.

The vilidity of the Bushnell-Beckwith model under several different é
kinds of flow conditior~ h», been presertad in referencz 69. $

2. TURBULERY MODEL COR:PARISONS FOR THE LAW OF TEE WALL REGION

a. WALAW Program

In ordar to examine the differences betieen the nzar wall mixing
length formmlations, a smell computer code (WALAW) was written which solves the
one-dimansionai continuity, momeatum, and erercy zsyuaticas. These equations,
written foxr tha wall region where streamwise cranges are small -compared to
changes normal to the wall, are

continulty
PY = Py (28)
momen tum
PV = plu + sm) gg»- Ty (29)
energy
owvw(h+%=--hw)=o(\)+em)g:%—z&+(k+%§2>§3-qw (30)

A perfact, ideal gas equation of state is assumed, and Runge-Kutta integration
is useil. Inputs to the code are Tyt Qg Tw' and (pv)w. Also, a law for the
eddy viscosity variation must be included in the set of equations. The coce
includes tne three wzll region eddy viscosity relations described above, howe™ar
a constant turbulent Prandtl number equal to 6.9 has been assumed in all three

models.
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b. Results for Three Near Wall Models

The differences between the three near-wall mixing i=ngth models are -
exemplified by the curves of Figures 11 through 15. The WALAW code was rur for
a 50 ft/cec, adiabatic flat plate flow with three different blowing rates,
owvw/oeue = 0,0, 0.004, and 0.010, The turhulent models in these figures are
labelzd as follows:

A = Aerotherm model
B = Busihnell-Beckwith model
C = Cebeci-Smith model

In Figure 11 where no blowinc is ircluded it is seen that all three models regult
n nearly the same mixing length variations. The Prandtl mixing length egquation
is essentially matched at about yf = 100, In Figure 12 where a moderate-to-
strerg blowing rate of 0.004 has been input, all three 2" curves huve shifted
toward the Prandtl law, but the Bushnell and Cebeci models show more shift than
the Aerotherm model. 1In Figure 13 where a very strong blowing rate of 0.010

is included, Models B and C have adopted the Prandtl line, & = kmy, over the
entire range of interest. Model A shows . similar trend with blowing, but does
not respond as 1.adily. Thus, it can be erxpected from these results that, under i
no blowing conditiors, there will be very little difference between near wall L
predictions with the three mixing length models. - As blowing increases, differ- ' é
ences will become apparent. When constrained to the same wall shear value, ¥

the Aerotherm law will give lower turbulence levels which in turn result in
largar gradients (3u/dy, 3T -3y etc.) than the Cebeci and Bushnell models.

These conclusions about the similarities between predictions for unbiown
flows are borne out by the WALAW results of Figure 14 through 19. Figure 14
includes a velocity profile comparison with the Wieghardt and Tillman data
(reference 38). All three models show good agreement in the "law of the wall"
region, which extends to about 0.5 inch for the station selected. Beyond
that point, the une-dimensional equations of motion are no longer valid.
Figure 15 includes comparisons with Coles (reference 8) Mach 3.7 adiabatic
flat plate data, which shows how well these laws apply to compressible flows.
At least for adiabatic flows, any of the three models appears to be satis-
factory in the supersonic rarge.

For hypersoni- flows, the experimental data uncertainties become greater
since the flow . jelf is more difficult to work with. Figure 16 includes predic-
tions from the three theoretizal models compared to an cxperimental Mach number
profile measured by Lee, et al. (reference 17). Mach number comparisons are
shown since this informavion can be calculated directly from +the pitot tuhe
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readings, thereby introducing the least possible instrument error. Skin friction
values were measured ueing a floating element shear stress gage. As can be

sean in Ffigure 16, Mach number is underpredicted by about 15 parcent by all the
theories when this measured shear strecs level is input to the WALAW program.

A value of Ty approximatelv 20 percent higher would give much better agreement,
as shown in the figure. Similar results are obtained fur the static temperaz-
ture prediction, as shown in Figure 17, Static temperature is overpredicted
using the reported wall shear; a T value 20 percent larger gives more corr. °t
predictions with all thearies considered. More will be said of the agreement
with Lee's data later in this report.

Lee's higher stugnation pressure experiments show better agreement with
theoretical predictions using the reported shear values. Figure 18 shows Mach
number data and predicticns for a £y = 150 psia run, the highest pressure
reported by Lee. Agreement between Mach number data and profiles is excel-
lent for all three theories, as are the static temperature predictions
(Figure 19). The effect of a 20 percent change in wall heat flux is also
E shown in this figure, in order to establish the sensitivity of. the one-dimen-
; =ional soluticn to this input quantity. Thus, it can be concluded that for
E incompressible flows or compressible flows up to a Mach number of 5, with
or without heat tr n.fer, all three turbulent models Jdo a satisfactory, and

a very similar, job of predicting protiles in the near wvall region.

As discussed earlier, Aerotherm's mixing length law has been verified
by comparisons with ¥endall's (refererce 6€) low-speed blown boundary layer
data in another report (reference 2). These comparisons werc rerun with
the WALAW program to confirm their validity and also to obtain simultaneous
predictions for the Cebeci and the Bushnell-Beckwith models. A small error
wae found in the oriyinal (reference 2) comparisons; however, the results
remain essentially the same, as can be seen in Figures 20, 21, and 22. All
results were obtained'using the wall shear values reported by Kendall, deter-
mined by a wall pressuie profile technigue (as opposed to a d6/dx technique),
At the mou2st blowiny rate of F = 0,002 (Figure 20), agreement betveen the
Aerotherm and Cebec) models and the experimental data is excelleant. The
Bushnell-Beckwith model appears to react too strongly to the blowing rate, as
evidenced by the very amall extent of the laminar sublayer. A higher input
T value would shift all predictions upward, however (see Figure 16). 1In
rigure 21, results for a stronger blowing rate of F = 0.003 are shown. At this
blowing rate, the Aerotherm model shows the least effect of blowing, while
the Rushnell model shows the most, Agreemgnt is good for Model A and
Model . Resnults foi: strong blowing are shown in Figure 2!, Using
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the reported wall shear stress and blowing rate, orly the Aerotherm model
predicts the velocity profile accurately. The Cebeci and Bushnell models
result in nearly idencical profiles, giving an error of 50 percent in the
law of the wall region. The uncertainty in wall shear can more than account
for this entire error, however.

The Stanford experimental data (reference 33) provides an indepeandent
check on the low speed blowing results presented above, since the test con-
ditions are nearly identical. Frocestream velocities of approximately 50 ft/sec
with no pressure gradient were used for the refermnce 33 experiments, with
blowing rates of F = 0.0 to 0.098., Figure 23 illustrates th: good agreement
obtained between experiment and theory for a no-blowing case., Figures 24, 25,
and 26 present data and predictions for nominal blowing rates of F = 0.002,
0.304, an¢ 0.008, respectively. Tne theory trends are exactly as shown in the
Kendall data comparisons. Models A and C show nearly the same results at low
blowing, but diverge at stronger blowing rates. Models B and C give the same
results with strong blowing. Using the reported wall shear values, the data in
general follow the trends predicted by the Bushnell-Beckwith model more closely
than the Cebeci model. Both of these models do a better job than the Aerotherm
model. Thus, any conclusions which may have been drawn from the Kendall data
comparisons must be questioned in the light of the Simpson comparisons. The
difficulty lies in the requirement of an accurate*cf value, which is uncertain
to + 100 percent or more for strongly blown flows.,

One-dimensional theory and data comparisons were also carried out for
the supersonic blown boundary layer experiments of Jeromin (reference 48).
Jeromin experienced difficulties with axial pressure gradients and non-two-
dimensionality of the flow, therefore his data must be considered less depend-
able than the subsonic cases. Drag coefficients were inferred from the integral
momentum equation, from Stevenson's wall law technique (reference 8l), and by
a transformation method. 1In the predictions for several of Jeromin's runs shown
in Figures 27 to 30, a single T value was used if the three Ce determination
methods were in ayreement. More than one T value was used (and is illustra-
ted in the figure) if the methods gave widely divergent results. Figure 27
shows the type of agreement obtained for an unbiown, Mach 2.5 flow. Agreement
with the predictions is fairly good at the lower indicated shear stress value,
although not as gocd as the Coles' comparisons in aupersonic flow (Figure 13).
Moderate-to-strong blowing at this Mach number (Figure 28) gives poor agreement

* The Kendall wall pressure profile technique for determining Cf was applied to
several of Simpson's runs, but no identifiable trends in the alternate values
for Cf were found. ‘
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with Model A and good agreement with Models B and C. Results for a Mach 3.5
flow are shown in Figures 29 and 30, With no blowing, agreement is again fairly
good for all theories. A very strong blowing case was selected for the last '
comparison, Figure 30. As with the Simpson strong blowing case, agreement with
Models B and C is good, while Model A gives poor agreement. However, an un-
cercainty in T of 100 percent for this case is not unlikely.

The preceding comparisons have shown that three leading turbulent models
for near wall calculations are in substantial agreement for unblown and small-
to-moderately blown flows. At larger blowing rates, with the wall shear level
specified, the Aerotherm model is in substantial disagreement with the other
two models and with the experimental data of Simpson a. «f Jeromin. On the
other hand, the Aerotherm model is in agreement with the strong blowing ex-
perimental data of Kendall, which is not matched by the Cebeci and Bushrell
theories. Thus, the choice of a "best" turbulent model is not at all clear.

The question of which model is best cannot actually be answered with
these one-dimensional theory comparisons, tince the predictions are so completely
dependent on the wall shear rate, For blown boundary layers, the wall shear is
generally highly uncertain, Thus, insufficient information is available to
make a chcice between the three models on purely technical comparison grounds.
The basis for the choice which was made is presented in the next svbsection.

3. THE SELECTED TURBULENT MODEL
a. Wall Law

The previous comparisons have centered on the wall law region, since
this area of turbulence modeling is perhaps the most importan’ and includes the
widest disagreement between theories. The comparisons of Section III.2 have
shown substantial agreenent ketween theories for flows with no blowing or "small"
blowing, bu*% wide disagreement for flows with "strong" blowing.

In order to place the "small" blowing and "strong" blowing terminology
in perspective, a practical example is presented here. Consider a 10° half-
angle cone flying at sea level at Mach 10. Assume an ablating carbon ur phe-
nolic carbon surface on the cone, such that the wall temperature is about 6000°K.
With all turbulent flow, the "no blowing" drag coefficients at the l-fcot and
5-foot body stations are approximately

Cg = 0.00042 @ x = 1 foot

C, = 0.00C33 @ x = 5 feet,

f
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These values were calculated using the Schultz-Grunow formula corrected for
compressibility:

c - 0,37 (31)
£; (loglonex)z's'
c 0.8 0.2
= () (%)
.= . 32
Cfi (pe He (32)
h h
h* W 8
=1+ 0,5 (r-~- 1) + (0.22)r <- - l) (33)
E; \he he

For a carbon nose tip or heat shield, the ablation rate is characterized by
plateau~like behavior at a Bé = ﬁc/(oeueCH) = 0.2 (reference 82). Thus, assuming
Cy = C¢/2,

{ov) c »
LA £ 5
Toar, - 0.2 1 (34)
which results in a very small blowing rate. A similar behavior is obtained

with phenolic carbon at a B! of approximately 0.6. Thus, the blowing rates ror
typical heat shield materials are quite small under ordinary flicht conditions,

In light of the fact that there are only small differences between modals
at zexo or small blowing, and that small blowing conditions are typical for
flight cases, the logical choice of a wall region turbulant model for BLIMP com-
parisons was the reference 1 model. The reference 1l model is already incor-
porated in the BLIMP code,which minimized the amount of programming time re-
quired. The constants within this model were held at the incompressible flow
values of

km = 0.44 (35)

y, = 11.823 (36)

The effects of changes in these constants will be demonstrate? in Section IV.
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b. Wake Law

There has baen very little discussion in the literature about the
advantages or disadvesntages of a Clruser type wake law, as used in Models A and
C compared to a boundary layer thickness dependent mixing length law, as used
in Model B. All that seems to be required in the outer portions of equilibrium
type flows is that a roughly correct eddy viscosity number be arrived at. This
is borne out by the BLIMP results shown in rigure 3!, where the constant in the
expression '

€m = (const.)uedz (37)

was set at both 0.016 and 0.018, all other features of the reference 1 mecdel
remaining the same. This 12.5 percent change in the outer boundary layer tur-
bulence coefficient over a distance of 2:75 feet in running length produced
virtuzlly no change in the velocity profile. The Clauser type formulation in
terms of the kinematic or velocity displacement thickness 6;, seems to bhe
adequate for equilibrium compressible flows, therefore the raference 1 wake
model was adopted for the final data comparisons using the 0.018 constant.

c. Turbulent Prandtl and Schmidt Number

The turbulent Prardtl and Schmidt numbers relate the turbulent trans-
port of energy and chemical species to the turbulent transport of momentum.
While there is only a weak basis for doing so, it is common practice to assume
a constant -atio between the transport coefficients. Experimental data on
actual turbulent Prandtl numbers and their variations through the boundary layer
are becoming available {references 83, 84, and 85). The evidence indicates that
prt should vary from ~ 0.5 in the outer portions of the boundary layer, to near
unity at y/6 = 0.1, to ~ 1.5 or 2.0 near the laminar sublayer. Results are
primarily for air boundary layers. While these results are certainly relevant
to the BLIMP turbulent model, the development and incorporatidn of a Prt model
which has reasonable validity for rmulticomponent chemically reacting flows was
beyond the scope of the current effort. Thus, i constant Prt model was used
for the current studies. A similar situation exists for turbulent Schmidt

number, altnough fewer data are available (e.g., reference 86).

Numerical studies with the BLIMP code and the reference 1 turbulent model
have shown that a turbulent Prandt]l number of 0.9 results in the generally
accepted value of 0.88 for the flat plate recovery factor in air. These results,
shown in Figure 32, were generated with BLIMP by demanding zero heat flux to
the wall as a soluf:ion boundary condition. Thus, a constant value of Pr,_ = 0.9

t
was used for boundary layer predictions with the current turbulent model.
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SECTION 1V

PREDICTIONS AND COMPARISONS WITH DATA

1. PRESENTATION OF COMPARISONS

The comparisons between BLIMP predictions and measured data for the 17
separate data sets listed in Table V are presented in this section. The
results are listed ir the order of Table V. They congist of (1) a brief des-
cription of the BLIMP input* as related to the data and (2) graphical results,
where applicable, in the form of linear Mach number ratio, total temperature
ratio, and velocity ratio profiles as functions of y, velocity ratio profilec
as functions of y in linear-~log coordinates, and linear plots of momentum thick-
ness Reynolds number, Ree, and skin friction coefficient, Cf/2, versus stream-
wise dimension, x. Symbolism has been standardized for all plots. Measured
data are represented by circled points; where more than one set exists on a
single plot, symbols are noted on that plot. BLIMP predictions started far
upstream of the region of interest using an approximate starting profile (a
"zero start") are presented as solid curves; predictions started at the first
data station using an actual data profile (a "data start") are presented as
dashed curves. Any Jeviations, modifications, or additions to this format are
noted on the figure. In general, 6nly one lineai-log velocity plot is shown,
usually the next to last of those plotted in linear coordinates.

a. Coles' Comparisons

(1) Comments on BLIMP Input

Coles' data consist of a single profile with Cf measuremerts at
three other axial stations. Freestream and wall conditions were known tc be
effectively constant, thus BLIMP was started from the leading edge of the flat
plate, The use of a fence trip, however, introduces an unknown initial thick-
ness which is equivalent to the virtual origin being upstream of the leadirg
edge. Since the data start option is not applicable with only a single station
of profile data available, the only means of accounting for the trip effect was
to match the profiles. The momentum thickness was selected as the appropriate

* A more compl:te discussion of computer code setup for thbse problems, includ-
ing zero starts and data starts, is included in the appendix.
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matching parameter. A BLIMP profile at the desired value of 9 was obtained

by first running the program with sufficient stations to bracket the data value,
then rerunning the program including the interpolated value of x as one of the
output streamwise stations (see Figure 39). Thus the profile comparisons of
Figures 33-38 compare data taken at x = 1,69 feet to predictions at 2.46 and

2.18 feet for M = 2,5 and 3.6, respectively.

(2) Comments on Results

Mach number and velocity ratio ccmparisons in Figures 33-38 for
both runs are relatively good. Temperature profiles are not included since
temperatures were not measured. In general, the prediction indicates higher
values of Mach number and velocity in the mid-ranges of the profile and lower
values beyond u/ue = 0,8 to 0.9. There is a slight indication of an inflection
point in the Mach number data profile which the prediction does not seem to
include. Maximum absolute differences in ratio are 0.04 to 0.05. The plot
of Regy in Figure 32 is shown only to indicate the matching prucedure. Finally
the Cf/2 plot in Figure 40 shows the BLIMP predictions and data both referenced
from the beginning of the plate. Cf/2 predictions for the 6-matched stations
are 7.5 and 8.5 percent lower than the data for the Mach 2.5 and 3.6 cases,
respectively. It should be noted, however, that improvements in the nodal
distribution to be discussed in Section 1IV.2.b account for most or all of
this error. Nodal spacing was discovered to be particularly important for
6-matched cases, in that a sqall improvement in g% brings about a new match
point, which in turn gives a significantly different Cf.

b. NOL Comparisons

NOL data sets are comprised cf profiles measured at four stations
(Lee) and five stations (Brott) with skin friction measurements several inches
upstream of each profile station. Measurementc were taken over a streamwise
interval from approximately 4 to 7.5 feet measured Trom the nozzle throac.
Each profile was measured during a separate test run, thus stagnation conditions
varied slightly (less than one percent} from profile to profile. Comparison
to a single BLIMP run,;which_is based on constant stagnation conditions, is
subject to some small error for this reason. In general, the BLIMP input of
freestream conditions was based on the measured Mach number and average
stagnation conditions for the four or five reported profiles. Wall temperatures
were taken as the resported values. As a consequence of this approach, the
pressure gradients at a given test station are slightly different for the predin-
tion than actually existed. Axial pressure gradients are not discussed by
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5 COLES RUN #27
0.6 PO = (0,935 atm
T, = 556°R
Mg = 2.568
Ug = 1950 ft/sec
A e TP r
T,/Tay = 1.000
g F = 0.000
/ : 0]
04 o coes oaTA -
i %}
? i —— ZERO START BLIMP o
! S SOLUTION
z }
% 0.3 )
;
i
H
1 0.2
'
0.1
0
1.0

Figure 33, Mach Number Ratio Prefile
Coles Run #27, Supersonic, Zero Pressure Gradient Flow
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COLES RUN #27
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Velocity Ratio Profile
Coles Run #27, Supersonic, Zero Pressure Gradient Flow

n




MOTd JUSTPRIH 2INSSIIJ 019z ‘OTuosiadng ‘1z4 uny SO0
@1T30xa orjey L3roorea Hor-reA’UTT  CSE danbtd

(S3HINI) £
—o_ 001 —-o—
resy LB Ty T

ot
LS T YT T T

-

NOILRT0S
dWIT8 L¥VIS 0Y3IZ —

viva $310) 0]

-

000°0 = 4
000°t = "°1/M
GONNm = 1

TI

e ——

29s/33 0661 =
896°2¢ =

4,955 =

wie GE6°0 =
L2# NOY SITD

o 0 & o

n
R
1
d
)

-
‘

___r__L _ _:_% L4 L do1o1 i Jiptd 1 4

-71-5

v
&
2
by
P

et e mene




TR e

AFWL-TR-71-57

0Q7
COLES RUN #20
Po s 1,355 atm
0.6 }—— T, ® 561°R
Mg = 3.701
Ug ® 2219 ft/sec 7
T « 512°R %
0.5 T /T " :1§ 0 il
w/ aw .00
F = 0.000
© COLES DATA °
@ 0.4 ——— ZERO START BLIMP
w SOLUTION
z :
=
A 003 o
¢
0.2 , » e )
x = 1.79 FT |© '
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X 9
0.1 _ 3
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0 0.2 0.4 0.6 0.8 1.0
LTLR

Pigure 36. Mach Number Ratio Prcfile
Coles Run $20, Suparsonic, Zero Pressure Gradient Flow
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y ({NCHES)

Figure 37.

.7 T
COLES RUN #20 i
Fo = 1.355 atm
6p— T, = 561°R -
Mg = 3.7C1
up, = 2219 ft/sec
5— Tw = §12°R
T/ Tay = 1.000
F = 0.000
sl— © COLES DATA
~—— ZERO START BLIMP
SOLUTION
|
3 + —
.2 - A
' x = 1.79 FT
|
]
|
|
.
|

¢ 0.2

Velocity Ratio Profile
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1
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Coles Run #20, Supersonic, Zero Prassure Gradient Flow
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lee, et al., except to note that the 48-inch station was located in the
acceleration region, 5% incie2 being the beginning of the constant freestr am
flow where Mach number variations are constant within % 0.75 percent. There
is no indication of local gradient conditions at either the skin friction
gages or profile station. Brott does list such data; however, there is
currently no way to model the pressure gradients directly in the BLIMP code.
Pressure gradients at the prediction stations are determined by a gquadratic
curve fit of the input pressure distribution which depends, of course, cn the
interval: between stations as well as the pressures.

(1) Data of Lee, et al.
(a) Comments on BLIMP Input

To show the effects of pressure gradients, the 5 atmosphere
run of Lee was set up as described above while constant freestream conditions
equal to the average of those reported at the four stations were used for the
10 atmosphere run. Both cases were run with the data start option since con-
ditions upstream of the first profile station were not reportedf Several
"approximate" zero start runs were attempted for the 10 atmosphere run, one
using the nozzle profile reported by Brott and the other assuming constant con-
ditions throughout. These results bracketed the measured values of 6 only in
a gross sense (see Figure 51). However, as shown in Figure 52, these approxi-
mate zery start runs do define limits on the value of Cf/2 within which a pre-
diction based on the actual upstream conditions can be expected to fall.

(b) Comments on Results

Figures 41-46 and 47-51 show the results for the 5 and 1€

atmosphere runs, respectively. In both cases, the predisted and measured profiles

for Mach number, velocity and temperature diverge from the data as the flow pro-
ceeds down the plate (after the matched data start beginning). The predictions

exceed the data in the mid-region of the Mach number and velocity profiles by

up to 30 percent. In Figures 41 and 47 the Mach number data prcfiles appear to

undergo a significant change in shape that is not reflected by the predictions.

In the Ree plots of Figures 45 and 51, the predicted growth, starting
from the matched value at the fir;t station, is less than that measured. This
is consistent with the profile plots which show pregressively "thicker"

* private communication with NOL personnel indicated these data were no*
measured.




MO INITGVYO JUNSSINA 0¥3Z “IINOSYIMAH "MLV S ** T 13 “I3T “I0M
STN1404d OIIVY ¥34WAN HOW! °Th 3unold

/N
1 . ¢ °
0’1 0T 0'1 g0 90 %0 o
- —_——— ———— —_—— ————— — 0 —O— —q0
—s°7¢ |H P A Qo _ e ®
e P yd “o } 1 420
© I (o} o ! 2\
7 o 7 o ﬂ o\ R '
- o —— _ 0
\ (o] \ _OO \ © : ; t
A /s e Sl B
\\ow %oo o2 - e\_ — H 80
1409°2 =Y. / %14 16 = x o lduh=X ._..._Rmnx . ,
/6 2 _r Z° &\ 7 T o1
%m { 4 —f TPl =
Y / mw / 4 o1 2
o (o] o) !
/ q__ @ I 8T
lo/ [ ? L .
[ d © 200= 4 10
| | m_* — o= "M Ly,
- | _ dolZ5 = "1
! _d - N
T _ ' 135/14 9922 = 71
| - o T o= w9
b3 4=t 8, ~ll. - . —_— ] el = %t gz
= —_— .031¥V1S ‘NO11NT0S ; Wy 1°s = On_
& dNITE LY¥YLS VIVE — - — 1 ' {o'¢
5 vive 5,331 © u_ ey T T 1 u THLY S :_._< 13 “331 o
m . i — N.M




AFWL-TP-71-57

MOTd INIITVY9 JUNSSIYd OYIZ “DINOSY3IJAH “WI¥ S “* W 13 TN
S3V14CHd O11vY TYNIVHIAW3L TI0L °Zh 3unSid

b

!

P

b
P
P
P
b

|
F
|
|
|
L

3,3,
(1 0'T 0'1T 80 90 h'o N.c
: o) - O r - —0O -0 0
- 8 8 &
—/ o / Y & Al
\ (o] \00 Jiog &
b0
o L §
e) P / T 9 — 9'p
1H09 =X P ldi's=xXx %hmh.#ux ol 14 iL'g =X .
. ) il 2°C
o ] [
s ] | '
(o}
| ; ? nT
| | I o1
1 P T
|
. - + 8'1
[ 9 J "
— 9 — 00°0 « 3 0°z
w L r.inﬂ R . »0 - “J\._ 'z
| . ¥.025 = 1
Y o P _ .- 235/14 ooWN = “.. h'g
" oLt = O
_ - B wreL - 1 92
wiv 1°s = %4
14 LL°€ = X @ - -= “—MIV¥ § 'V 13 337 *ow 27
C31¥VIS NOILATOS _ _
dWI8 1YYLS Viva B s L ) ' b
[~ "] vivd 5,337 © N , i ’
! | | ! bzt

(sIwamy) £




" AFWL-TR-71-57

MOV3 IN3IQVHO 3UNSSIYd 0Y3Z ‘IINOSHIAAH “WIV S “*TW 13 “3T TN
STI30%d 0i1vd ALIJOT3A “gh 3R9IA

0°'1t 0T (18 0'1 80 9°'0 h'o Z'0 0
nQI'IIIv .I‘Qllllll@ RSN |||||||.I: w— ) — .lll. .

_ \\oo.o\a. _ \W.oé..o e 0o—o0 \qem\eolo o— —Q0
—Il/ o \ o % o 20
/0 P 7o | .

/] © \0 \0 / i o , Vo
) ° o] A e &
rl\ © 4 . h + \w ﬁ W 80
1409°, = X \ HHu's=x. Hi'h=x 14 L' = X
1!\0 \ - - 40°1 =
l [o)
F\ P | Mw 1
| O \ o] ) v
/ o | .m_v . I A
ﬁ __ Mu % 91
_ . wl _ 8T
_G _I Il% ° 00o0. g ——F0C
. e Kt Ve
_ _ _ . o2 - My YT
Mn\w O_ _...I 20s/3, oomn . ”.. —
o'y = ’n
~ —_ e - %y —— 497
. Gt exe | MAV 1§ = %4
| Gawvis wolilos | WLV S 1Y 13 *337 “l0m llll.n.n
—_! — — Vive 5,331 O b= - —19¢
1 ] i x— - Noh




AFWL-TR=71~57

MOTJ JUDTPRIAD dINSsolg 0I97 ‘oTuosaadig ‘uyy ¢ ‘°Te 39 ‘2971 ‘fION
S911J0Id ot3vd A3Tooraa bol-aesury “yy 2Inbrd

(SIHINI) £
01 001 (-0 2-01 m-o_o
14 Live = x 8l L T
A3LY¥1S NOILNTOS -
dNI18 L¥VIS VIiVa — — — -
- ] \\ 20
yd
yo
13 09°4 = X§
11 £L°6 = x©O
iy =-x@
o© L . 9°0
o e 0070 = 4
(o]
7~ ne M
! 5 ¥L°0 = . 1/t
I © - 40025 = "1
_ ol . ° S 80
Q_- 205/34 9942 = 7
Q~ 0L’y = W
o 7 Yoysl = °1 )
AV\O‘ o 0°1
wie [ = °d
WLV G *°L® 32 ‘337 ‘10N
Vbl i iLL g | il b h _:__#b | 2 1

MR s 12




AFWL-TR=-71~57

MOT4 JUSTPeXH IINSSald 039z ‘oTuosisdAy ‘ulv ¢ ‘°Te 3@ ‘3971 ‘7104

UOTILO0T SSTMIIEII}S SA Jaqump] SpTouiay SsSauOTYJ, WNIUSLOW

(1334) X
L 9 v z 1
13 22°€ =X @
Q3IL¥V1S NOILATOS
SMIN8 1¥VIS VIVO — — —
viva $,331 O
1
i
; 000°0 = 4
\\e veo = "'/t
— o025 = My )
\‘\ - - - .
\\\\ °® 295/33 9942 = On
-~ o oLy = °n
Yob8L = °1
wie.|°g = %¢
Fo) WiV S €°L® 39 227 ‘TON

*gr axabta

9
X Cay
’-Ol

7




I

AFWL-TR-71-57

MOTJI JUDTPRID 3INSS3IAJ 0adZ ‘Otuosaadiyg ‘wiy ¢ ‘°fe 33 ‘2971 ‘1ION

UOT3IBD0T SSTMNERAIZS SA JUSTOTIISOD UOTIOTAZ LIXS -8y 3anbT1d
t1334) X
8 L 9 g v 2 L 0
0
13 Il =X ol
G31¥¥LS NOILNTOS
dWITE 1¥VIS Vivg — - —

Viva 5,317 @ .
)
2
£

00°0 = 4

(o) o 10 w0 = "'1/M

" — 1y

3,025 = "1

395/33 9972 = °n

—— T T T T —— 0 oL’y = °W
\J Yo¥8L = °1 —s

wje g = QG

WiVY § ‘- Le 39 .aoa..acz

| | m




APYL-TR-71-57 '

MOTd IN31OVHO 3UNSSIWd OU3Z “DINOSYIdAH iV 01

W 3 33 N
STTI408d OULVY ¥3EWAN HOVK  ° v 34914

W/ .
01 n'7 0T 0’1 8’0 g'0 70 2’0 0
g — ————xg0Q— — \Qx@ —_—-—q 0
| -7 | P R gl
Z & 1 - iuq- = @ b\m‘e SEEEESEE T
0]
© Lw /7 _° llJlill_ 0° 4 Y
/ & / © \\\\ o)
. Q. @ | © L 80
j...lll \ T \ 1 9 © & H A‘
1409 L =X us=x Hy=x 14 22°€ =X
F— 7 o / 2 \\% é _ 01
/ © I ° / , w
.I!I\ o -4 3. — - \o 11“ + FAk
(o]

L/ 2 \e d - i 1

° lo T
i/ lo —f ! g1
P : % S &

ve'o . L

% © No¥2s » "t -—Y0z
| — % 205/3) LLLZ - —_—a 2

| "y . -s ,
Aw..lllljrl ' Yotre = 21 —_—3yz
: , WiV 2704 - -‘ .
T . aﬂ».ummnmammmamum o " - T MLV 08 *CI¢ L3 ‘231 Ttom - 492
R vive 5.337 O T T T—""T— OI—V _ 132

L bt R et b 6

ek L I B o 4N - L 0 s B e

{s1dat} 4




o

AFWL-TR=-71-57

T PR T O T e e e

i ok

2

s Sl

i ey SR

NOTd INIIQVHO FYASSTUd 0M3IZ “IINOS¥IdAH WLV 0T “° v 13 337 6N
STI404d O1Lvd FNLVYILEAL TVI0L  *8h JuNSid
R IVAS
0T o 0T o 0T — (R B0 90 e 2z 0
g nemeni—— - . — \\'6 < Q
76 /S & &
/e (o) / % z'0
o /
[ o 5 4 % m } h"0
F— \ © —+ \0 W I ! ,.o.o
140972 = X 4405 = X Huh=x ~o 1415 = %
T\O ‘ 0@ - 5 —i 86
- vae b /- w ~ o1
ﬁ, n ; o I
b L o )\ p—{ vt F
| — Mw - nw d ] 91 g
: i _ |
‘ — —t e -4 e —t g1
L 0 % 90°0 IQ& ” v.
_ veo ="}
A % A agv2s « M3 o'z
“ . - 298/35 1Lz = °n — e
2 _ _ . recw = *n
M .III* . L S G [ LT “_ N 4
wiv 261 = %
au.—:ﬁumamrwnms.x_om - TTRLIY OL TV 13 337 10N l!.ll._ 9
dM118 1UVIS VIVE — — - .
i ViV0 5,331 © - T T T .-\l.l;ﬁi.t,. I I . R
1 ] | | .
u'e

Ay

s




MOd INIIOVEO TNSSIId OYIZ “IINOSYIAH WLV OT ¥ L3 ‘I oM
STTI404d OILVY ALIDOTIA  °"6h N9

(H ) 0’1 071 0’1 8'0 95'0 UM 2'0 0
SO 00 T i T=Bsp o0 | e 0| —5&—0—00— —,—- ——Q0
| “o°® | -~ B S | oo
7 po / 0 — g | ' ! 0
/ o | /7 ° | < ! _ !
| % \ o \ © — R ]
/ / 4
L QQ \ © \ °© o) .
—/ o / 1 %e | +——19°0
| o : 80
—/ i 09/ = x \emk.m.x \w._t My =X i s = X |
/o / e = : 01
[}
|9 © - +—f21
: / ! 7 !
, lw W w % H—In'1
| Aw 9'T
p .
V ﬂ _ nﬂ j 81
w ? N O S )%
% — %070 - 4 -
-+ viro = “1/M-J2T
mw - { [ _ w28 = 0
~ + 238/14 1422 » ... —i
TR
4 . 13 £2°€ = X 8- . dotvt = %1 -—Jo°z
: B 1 L wrree
M -= -t =1 - * ViV0 5,331 @ T T T 1owvoor Ccv a3 4331 0w n.N
3 i _ S I T N B P
4

DT

(SHND) A




AFWL=-TR=71-57

MOTJ JUSIPRIAD DINSS2Ig 0ISZ

‘oTuosaaddiy ‘-uay O ‘-I° 3I° ‘9971 ‘ZON

so1T3oxd oriey L3rooraa bor-xesury 0§ 3INBTH
(SIHINT) £
ol 001 (-0 501 m-o_o
14 LL°€ = X 8 | \\\L
03LNV1S NOILAT0S
dWI8 1¥VLS VIVE — — — P
« \«‘ \\\\ z'0
1309°L =xV
14 22°s = xQ ,0\\
iy =x0 o
(o) Q\% . A v°o
o 0° 8 9°0
o © < ] - 2
(Q) ~ o
P ~ 00°0 = 4 oo
OO — peoo = "%/t
o -~ ¥ob25 = "1
o> :
s ocat | 295/34 L1LZ = °n _ fo1
vy = W
Yoltl = °L
wie z-ot = °d .
WLY OL *-1e 33 331 ‘70N et
il TIA N TR fitr b1l .

ettt AR e D 4




AFWL-TR-71-57

MOTJ IUDTPRIH DANSSVIJ 0x9Z ‘oTuocsiadiy ‘uny 0T " TI® 3° ‘o907 ‘10N
UOTILOOTT SSTMNEIIZS SA IOCqUMN SPIOUAdY SSSUNOTYL WMIUBWOW “TIS aanbrg

(1234) x
8 L 9 S v € rA L 0
T 1 o
{NOILVLS 3DNVIVE 1V
031VI04¥3INI) VIVG S.337 @ o1
viva §.331 ©®
0Z-
o~
[}
. (0 < x 404 94°% = W -3
0 = Xp/dP GIWNSSY) dWITQ ®
. . g . b4
_ 0
| o
4 L -__x ) w
031¥V1S *NOI1NT0S ‘0 =
W11 1¥ViS V1Va o — © 0070 - 4
F/V\ - 730 IR Ve U (P
— Yob2S = M1
-— .
| — °
w 29s8/33 LLZ = °n
IR w: ..
° _ Yol¥L = °1 o<
! A wle z2-° =
: * (14 Ly = X 1Y .u ¢ ot ._.
L°% 01 G =X1¥ 1L = R “NOIL WiV ObL “*1® 33 337 ‘70N
_ ~YI¥VA ¥./4P QIWNSSY) dWIg _ _
1 'l 3 09

T R




MOTJ IUDTPRIS 2INSSdIg 0I9Z ‘oTuosaadAg ‘wiv 0T ‘°Ie I8 ‘9971 “7ION
UOFRRO0T SSTMIRDIIS SA JUSTOTIIDOD UOTIIDTIAZ U5 TS 2anb14
{1334) x
8 L 9 S t £ 2 L 0,
! ! ! T
.q . 00°0 = BM L]
, 7K S TRARE VAN §
M
do¥25 = 1 1
528/34 Ll1LZ = N
. Vivg s,311 B )
© vy = o:
L dol¥k = O._. — 1
wie z2°0¢ = d
Wiy ot “°te 33 331 ‘10N
14 ££°€ =X @
G31¥V1S °*NOILATOS
© o © dNIT8 L¥VLIS VLVQ
—- ——— mwllx ¢
T _ (0 < x ¥04
9.°% = W ‘0 = XP/dP
GIWNASSY) dWIg
_ 5
5 (14 LL°% = X LY L% w\
o 0L 0 =X 1V 0L = W ‘NOIL _—]
o -YI¥YA XP/dP GIWNSSY) dWITE
2 __ + ——
[
: “ |

L0l ¥ 2/%)




AFWL-TR-71=57

measured boundary layers in terms of 6 even though the predicted and measured
§ thicknesses remain essentially equal (see Figures 43 and 49). The consis-
tency in the data appears doubtfui when one considers the Cf/2 plots of
Figures 46 and 52. For both runs, the Cf/2 predictions exceed the measured
values after the first station {(which is still within the accelerating region
of the nozzle) by 16 to 24 percent. This is directly opposite to the trend
seen in the Regy plots (Figures 45 and 51). Considering the momentum integral
equation, which for zero pressure gradient and no blowing reduces to

C
£ de !
- = I (38)

it is clear that if Cf/2 is overpredicted, %% should also be overpredicted.
The data, of course, result from skin frictien gages, rather than a sclution
of the momentum integral equation. Calculation of Cf/2 using equationr (38)
and measured values of 6 and x results in values between 8 and 9 x 10° as com~
pared to skin friction data between 3.6 and 4.0 x 10°* in the uniform flow
region. On the other hand, the BLIMP predicted Cf/2 and d6/dx are equal.

In view of the above ~omparisons, the Lee data appear somewhat question-
able. This is not to say the predictions are 100% gorrect, but only that
internal inconsisteacies in the data such as three-dimensional flow are sus-
pected. Further comment will be made in Brott comparisons to follow.

The effect of the "input" pressure gredients in the Lee data it most
apparent in the Ree and Cf/2 plota of Figure 45, 46, 51, and 52. 1In the first
set (5 atm, Figures 45, 46) pressure variations are considered in the predict-
ion while in the latter (Figures 51, 52) they are net. The axial pressure
gradient distribution computed by BLIMP is negative between 3.77 and ¢.7 feet,
positive up to 7.0 feet and egative thereafter. The effect on Regy is seen
in Figure 45; d6/dx i3 la’ in regions of negative pressure gradient and
smaller in the positive gr. .ent reqions? The momentum integral equation
accounting for pressure gradients has the form

(39)
§* 2
2 + 5 Me

f de 8 4
T
-peue

* This behavior in Cf£/2 is directly opposite that for subsonic flow due to
the change of sign of the bracket term in equation 39 at high Mach numbers.

)|
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Table JIII lists the values of each of these terms at each of seven BLIMP
output stations.

TABLE VIII
MAGNITUDES OF MOMENTUM INTEGRAL EQUATION TERMS

& % Prossure f
3.77 13.00 » 107" 8.25 » 10”" 4.75 * 10"
3.82 19.18 14.00 5.18

3.90 18.58 13.60 4.98

4.20 10.24 5.45 4.79

4.77 4.41 -0.32 4.73

5.77 0.04 -4.61 4.65

7.60 9.56 4.80 4.76

From Table VIII and Figure 46, it is apparent that the predicted value
of Cf/2 experiences only minor fluctuations even though the value of the pres-
sure term is oscillating with an amplitude several times the value of Cf/2.
That is, “he input pressure gradient is a very important term in the momentum
integral equation; however, adjustments to account for its large variations
occur in the 6 growth rate (d6/dx) rather than in Cf/2. The initial spike in
C£/2 is due to the incorrect input pressuve gradient. The spike has no real
significance since the second through the fourth stations were added only for
purposes of the data start option, and the hand-interpolated pressure values
resulted in locally high gradients. These pressure gradients offer no obstacle
to the computer solution, and have no lasting effect on the dewnstream solutions;
therefore, the solution was not rerun. The results do emphasize the experimental
difficulties associated with accurate evaluation of local Cf values through use
of the momentum integral equation

In Figure 51 the momentum growth is essentially linear as expected for

a constant axial pressure and nearly constant Cf throughout the region. The
variation in Cf/2 in Figure 52 is due to several factors. The initial rise

is the rapid recovery of the profile next to the wall following the data start
profile as described in the appendix. The slow variation up to x = 6.0 ‘eet is
believed to be due to the readiustment of the outer portion ¢ the profile
which does have a small effect on wall gradients. Downstream of x = 6.0 jeet,
this readjustment appears to be complete and Cf/2 decreases slowly as expected

/4
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for a uniform flow. These observations are further s'bstantiated by comparison
to the two solid curves which indicate the approximate zero start BLIMP v»redic-
tions, assuming the upstream flow conditions noted,

(2) Dbata of Brott, et al.
(a) Comments on BLIMP Input

he Mach number distribution from the throat to the first
profile station is presented in reference 6 for the design and the measured val-
ues. Using this information, zero start BLIMP predictions were made assigiiing
x = 0 at the nozzle throat. For additional comparison, "data start" runs start-
ing from the first reported profiles at x = 47 inches were made. As wita the 5
atmosphere Lee run above, freestream pressures were assigned to equate the
local measured and input freestream to stagnation pressure ratios.

(b) Comments on Results

Figures 53~58 and 59-64 contain the results of the 5 and 10
atmosphere stagnation pressure runs, respectively. Results are plctted for
the zero start and data start predictions described above. Profiles from the
data start prediction for both runs tend to readjust in shape moving down the
plate. By the final station, which is nearly 3 feet downstream from the first,
these profiles are quite similar to the zero start profiles. This then is
a measure of the duration of the recovery process. These figures show that

the adjustment of the Mach number occurs more rapidly than that of total temp-
erature and velocity.

In comparison with the data, both forms of the prediction tend to (1)
indicate higher values of Mach number, total temperature, and velocity in the
mid-range of the profiles up to Mach number ratios of 0.8 and velocity ratios
of 0.9 and (2) underpredict in the far wake region, particularly the Maca

number. As with Lee above, the boundary layer thicknesses, §, are essentially
equal.

The momentum thickness comparisons of Figures 57 and 63 are quite good
for hoth starting conditions. Small differences in 6 at the first data point
are apparently due to differences between the Aerotherm and NOL curvefit of
the profile data. This good overall agreement is in marked contrast to the
results of the Lee comparisons. Figures 58 and 64 show excellent adgreement
between predictions and data for cf/z. Note that there is no sudden change in
Cf/2 after the first station for the data start predictions, indicating that
the input, i.e., the measured wall ¢ adient, was consistent with the BLIVP solu-
tion for the local conditions., The more gradual dips shown are probably due to
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the overall profile adjustment taking place but may also be a result of the
modeling of the pressure gradient in this region.

The log velocity plots of Figures 56 and 62 also show good agreement
over the law of the wall region. The two data points nearest the wall in both of
these “igures are assumed to be in error since they are inconsistent with the
skin friction balance data and the BLIMP preaiction. These data points were
taken with a very small probe (0.005 inch high) at very low pressures, .nd
are subject to numerous sources of error? Referring back to the Lee log
velocity plots (Figures 44 and 50), near wall measurements show better agree-
ment with theory, perhaps since a larger (0.016 inch) probe was used. VWhen
the near wall readings from three stations are superimposed (Figuics 44 and
50), the 5 atmosphere case shows good agieement while the 10 atmosphere case
does not. This merely confirms the idea that the near wall data, even with
the lavger prohe, are guestionable. Farther away from the wall, over the bulk
of the profile, the Lee data are in much poorer agreement with theory than
Brott's data.

In conclusion, the Brott data appear to be much more consis*ent in terms
of profile shape, 9 growth, and reported Cf/2 values, both internally and in
comparison to the predictions. The Lee data lack this internal consistency,
particularly when d6/dx is compar<d to the cf/z values Also in the lee
experiments, the tapidly changing profile shape in an essentially “simiar"
flow regicn is disturbing.

c. TRW Comparisons

{1) Comments on BLIMP Input

Since tunnel operation was contlnuous, variatiors in stagnation
and freestream conditions from profila to profile were quite small. Constant

-input conditions were determined as averages of the reported station values.

Wall temperatures were input as measured.

An experimental difficulty that might have affected the profile data war
the formation of a frost layer on the cold wall section.  This was not deceéted
until after the step-up run. A change was made in procedure, namely, data were
taken during only the first 15 to 20 minutes once the wall was cooled. The
model was then warmed and recooled until meagurements were completea. This pro-
cedure was employad for the step-down tests. Due to the trost formatioa, Stan-
ton tube data in cold wall regions were judged to be ~rroneous and thus, not
reported.

* Personal communication with Roland Lee at NOL indicated that correctin curves
for near wall measurements like these are currently being gererated.
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Figures 65 and 71 present the axial wall ‘emperature distributions for
the step-up and step-down runs. BLIMP comparisons were made at the stations
marked by checks. For the zero start predictions, freestream and wall condi-
tions upstream of the first reported staticn were assumed constant and equal to
the values at the first station. In handling step changes in streamwise prop-
erties, BLIMP contains an option to treat streamwise derivatives as two point
differences (linear variation) in place of the usual three point difference
(quadratic curve f£it). This option was applied to the step region f:>m the
first station in the step to the second station at the new wall temperature.

A data start run for the step-down case was made to model the profiles
immediately upstream of the step exactly. In particnlar, accurate total
temperature modeling was desired.

{2) Comments on Results

Profile and Cf/2 comparisons are presented in Figures 66-70 and
72-76 for the step-up and sicg-down cases. GStep-down comparisons include both
zerc start and data start comparisons. No comparisons are shown for momentum
thickness because the accuracy of these data are being reviewed by TRWT The
five plotted comparison profiles include the last station before the step,
three stations within the immediate region of the step, and the final station
which was approximately 1 foot downstream from the step.

Profile comparisons for both cases are quite ¢ood, particularly for tha
Mach nunber and velocity. In the totil temperature comparison for the step-up
cagse (Figure 67), the prediction follows the recovery of the proiile well Lut
has a larger "bump” naar the wall in the third and fourth stations shown. Some
of thie is due to the initial difference in the profiles at the first station,
and some may be due to the resolution of the data, that is, only the cpen points
ronresent actual temperature probe data. ‘‘he closest approach to the wall wac
0.050 inch; all solid points shown inside this were calculsted from pressure
probe data. A data start prediction would have modeled the data slightly
better through the etep; however, the differences were not regarded as serious
enough .to warrant further computer sdlutions.

The linear-log velocity ratic profiles in Figuves 69 and 75 also refle:t
good agreament. Comparisons for both the first and final profiles are shown.

* Parsonal communication with Dr. Robert Grar at TRW,
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Xote that staggered scales are wsed om the abrissa. Closest approeck of e
3.618 iach thick total pressare probe was C. 009 inch, a distaate well outside
tke predicted lamizar ssblayer.

Fiazlly. mcffz 2lots of Figures 70 aad % show excelleat agrecseat
hetweea tie available vara—wall regioa Stastoe tabs and predicted valces. The
mdmcyzmamummtmmmﬁonuum-
pecatare (Ficures 65 aad 71) witd »e moticeable lag iadicating the weak depem-
‘azce 0f the lamimar swblayer oa the oser portiom of the profiie.

é. S:zanford Tompariseas

{1} JTosments oo BLIF Ixput

Freestream and wall conditions were maictained constant withis
several perceat alssx the test sectiom for all Simpsoe roms dsed lexeim. iz
shroe of these ruas fao blowinc, F = §.882. :ad step-wr ir Blowixg) .averawed
const1nt streamwise pressures, vall temperatures and Mlowine mass flow rates
ware :mpoi.  Fer the ojber tun roms, the actual repocted values at eack of ke
focur stations were used.  Ail predictises were started at X = # defined as the
lzadine edge of the test sectioe. The »irtual corizim resaitiag from the wee
of a trip wis locrtad essentially at the zeadins edye 2 the test secliios.

£2) Comments o= Ressits

Results of Stamfocd comparidocs are plotted iz Figuzes 7T7-9¢.
Oaly wvelocity zatio profiie comparisoes are imci’ofed sioce 31! tests chosex ere
essertisliy adiabatic at the= wail witk temperature vasiaricas a~ross the boond-
2ry layer limiteé to a few percent. Cumparisoes ave preseat'd at each of the
foar stations reported. These are at staticas between x = 1.5 amd x = T.5 feet.
Station locations &I nGt tae same Zor every test xxi are cted om each nlot.
For Figures 85 and 85, zhe step in DIowing occurs at x = 582 fret. e, and C
CcOmparisics are gresanted in 2 gresp {Figures 87-%0} fo!lowirg the p:o%iies-
The four cowstact blswind runs are plotied togetker im Figgles 27 aad 90.

£

Overa’i profile snaves are ir reascrally jood agreemeat 3t all hiowing
rates !see Ficures 77-83i . however, the oreii-Rion iadicates progressiwvely
hizher walues iz the nid-rance of the profile as the houndary layer proceseds
dosmstrean following gaite goold agreement at the imit:ial statioce. (Dae o tls
inrtial matching, d2ta start rums wvere trrecessary.) This trend is comfirmed
in the Re_ ploute of Figures 87 and 23 which indicate slightly higher valoes
of 2 for the measused 2ata. It is also refle-ted i= C.72 comga-istas is
Tigures 39 and 30. As is well incvz, mincr Iress in z caiculaticn

can result in erormous errors in calculated érag -ocefficieat for flows
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with strong blowing., This holds true both for the reduction of experimental

data and for prediction procedures such as BLIMP. This point will be discussed
in more detail later.

The vertical bands on each data point represent the reported uncertainty

intervals.* The differences between data and predicticn in te:ms of percent of
the data value are listed in Table IX.

TABLE IX

Cf/2 COMPARISONS FOR STANFORD RUNS

Simpson Run pifference in cf/z
F = 0.000 12% low
F = 0,002 25% low
F=0.004 40% low
F = 0.008 80% low
F=0.000 - 0,004 12% + 40% low

The consistency of this pattern is completed by the comparison of the
near wall region in Figures 78, 80, 82, 84, and 86. 1In every case, the data
indicate higher gradients at the wall by rcughly the percentages of Table VIII.

The step in blowing causes an immediate SO percent decrease in nredicted
Cf/2 and within the following 2 feet (15-20 boundary layer thicknesses) has
decreased to within 10 percent of the value for constant F = 0,004 blowing from
the leading edge.

e. Jeromin Comparisons

(1) Comments on BLIMP Input

All Jeromin predictions utilized the data start option since no
data were present2d defining the flow conditions from the nozzle throat to the
first measured profile. TrFreestream conditions at each station were based on
m2tching measured Mach numbers; wall conditions (temperature and mass flow)
were input as reported. Initial station velocity profiles were taken from
Squire (reference 88). Tenmperature (enthalpy) profiles were computed from
equation (1) in Section II.3.c,

r—~ , . .
These uncertalinty intervals have been described as too narrow by Squire,
reference 87.
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(2) Comme: ts on Results

Only velocity profile ccmparisons are presented because profile
data were reported in that reduced form, For the runs in question, total temp-
erature profiles were not measured but were calculated from equation (1).

This procedure was justified by Jeromin based on the close agreement of pre-
liminary measurements with equation (1). Consequently, since the measured
Mach number profiles and the presented velocity profiles are directly related;
no attempt was made to convert back to the Mach number form.

Figures 91-94 and 97-100 contain the velocity profites for the runs
2.5-0,0, 2.5-1.,2, 3,6-0,0, and 3.6-2,1 in that order, Comparisons are pre~-
sented at four of the five profile stations reported by Squire. These latter
profiles represent one-half of the number of measured profiles. Jeromin reports
complete boundary condition and thickness integral data at all measured stations,
which covered a streamwise range from about x = 1.1 to x = 1.5 feet. The Re,
plots in Figures 95 and 101 include measured data at all stations. A single
Cf/2 value obtained via the momentum integral method (by Jeromin) is shown for
each test in Figures 96 and 102.

All the velocity profile comparisons indicate a recurring pattern; the
BLIMP profiles progressively show higher velocity ratios in the mid-range
of the profile., By the final profile, differences in velocity ratios range
from 0.05 to 0.07 with the maximum occurring between u/ue = 0,6 to 0.8. These
differences are only slightly greater for the blown profiles than for the
unblown.

The profiles reported by Squire are the actual Jeromin profiles for
only the Mach 3.6 runs. Squire reran the Mach 2.5 experiments. Consequently,
the Squire profiles and the Jeromin flow and wall conditions and computed pro-
file parameters are reiated only in a nominal sense. This appeavs to be the
reasor for the small difference in initial data start matching of the Ree values
for Mach 2.5 in the Figure 95 as compared to the more exact initial matching in
Figure 101 for Mach 3.6. The trends are correct, however, as the Mach 2.5
profiles of Figures 91-54 clearly indicate that the measured d6/dx should be
greater thar that predicted. '

The nonlinear variation of Re, for Mach 2.5 with blowing in Figure 95
results from the recorded but unintentional axial pressure variation in the
experiment. The irregularity at the downstream end of the test section in the
Rey data in Figure 101 (Mach 3.6 with blowing} is due to apparent "blowing off”
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of the boundary layer as discussed by brth Jeromin and Squire. Difficulties
in obtaining pitot pressure data near the wall under these conditions are
blamed for the unusual shape of the final data profile (x = 1.428 feet) in
Figure 99,

The Cf/2 comparisons of i"igures 96 and 102 substantiace the profile
and Ree comparisons in indicating lower predicted values for blowing and
no~blowing., The estimated uncertainty intervals reported by Jeromin are included.
The familiar dat. start patterns are evident again. There is an immediate change
to the approximate "equilibrium" value desired by BLIMP, followed by a gradual
variation caused by a combination of axial pressure gradients and, probably the
more significant factor, adjustments in outer prcfile shape. Comparative
variations in the di{ferences between measured and predicted Cf/2 and de6/dx
values relative tc the measured values are given in Table X.

TABLE X

VARIATIONS IN MOMENTUM INTEGRAL TERMS FOR JEROMIN COMPARISONS

Run Cf/2 d6/dx
f
2.5 - 0.0 18% low 15% lcw
2.5 - 1.2 45% low ——
3.5 - 0.0 15% low 28% low
3.5 = 2.1 Al, 90% low ——

Values of d6/dx are included only for the no-blowing cases where, neglect-
ing the effect ¢f pressure gradients, equation (38) applies. As discussed pre-
viously, the presence of pressure gradients does not have a significant =ffect
on the BLIMP prediction but as noted by Jeromin, it is significant in the deter-
mination of Cf/2 from the momentum integral equation. This is particularly true
with blowing when both d6/dx and F are an order of magnitude greater than Cf/2.
Considering the pressure gradients and the three-dimensional effects reported
by Jeromin, combined with the difficulties in accurately measuring d6/dx, it
appears likely that the reported uncertainty intervals for blowing are under-
estimated.

One additional prediction of Cf/2 is shown for Mach 3.6 with blowing on
Figure 102 as a solid curve. A zero start case was run from the nozzle throat
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assuming streamwise conditions based on descriptions of the nozzle and the phys-
ical dimensions of the pnrous plate in references 48 and 88, The matching of 6
at the first station was about 20 percent off, but the d6/dx from that point on
was essentially identical to that of the data start prediction. The close agree-
ment of the solid and dashed curves again confirms the ability of the data start
procedure to respond to local wall conditions.,

Figure 103 shows a comparison of static temperatures at the final station
for M = 3.6 and no blowing. This is presented to assess the relationships among
the temperature profile predicted by BLIMP (dashed curve), the temperature cal-
culated from the Crocco relation, using the velocity profile predicted by BLIMP
(triangles), and the measured Jeromin profile (circles). The close comparison
between the two BLIMP determined temperatures indicates that the solution is in
close agreement with the Crocco relation, and thus, in agreement with Jeromin's
observations. The difference noted between Jeromin data and BLIMP predictions
is consistent with the difference in the predicted and measured velocity
profiles for x = 1,428 feet in Figure 97,

2. RATIONALIZATION OF RESULTS

Very li+ effort was expended to improve the turbulent model for each
data set as it was run, for two reasons. First, it would be unwise to make
changes without evidence from a number of cases that a change was called for.
Second, the contract for this study did not call for such an optimization.
Rather, once a model was selected, it was to be evaluated for ali data sets.
Jow that all the comparisons have been completed, however, it seems appropriate
to examine the results, suggest what improvements to make, and how to make
them.

a. OQverview of the Agreement Between Experiment and Theory

All five of the data sets which have been used for comparisons here
include data for unblown, essentially zero pressure gradient flows. In addition,
the comparison with the data of Wieghardt and Tillman provided a baseline case
with which the others can be compared. The velocity profile comparison was
given in each case and in general was very good. Only the Lee case offered any
significant errors in predicted velocity profile shape; hcwever, the validity
of the Lee data is open to question. Mach number profiles for the supersonic
and hypersonic data sets are not predicted as well as velocity profiles. The
problem is generally one of failing to predict an inflaction point near the mid-
range of the Mach number ratio. 1In addition, M/Me approaches 1.0 with a much
greater slope than the prediction shows, which of course is related to the
inflection point problem.
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Total temperature profiles are fairly gocd for NOL and TRW data, the
only cases where such data were presented. The response of the prediction to
the step in wall temperature in the TRW data was particularly encouraging. The
Cf/2 and Ree vs. streamwise distance plots are related through the momentum
inteqral equation. There seems to be a general trend to underpredict Cf/2 and
6 variations slightly in several of the comparisons. This trend is disappoiat-
ing in light of the excellent agreement with the Wieghardt and Tillman data.
Some 9f this error can be 21liminated by optimizing the nodal layout, as will be
discussed in the next subsection, however it appears that the prediction will
remain 2-3% low for the better gquality data, such as Coles and Stanford. Refer-
ring back to the comparison between models of Figure 11, it is clear that all
three turbulent models considered at the beginning of this report should give
about the same results for unblown, low speed flows, with the Aerotherm model
giving a slightly higher shear stress. Since the Cebeci model in particular
has been shown to be very successful in predicting_cf for unblown flows
(references 68, 77, and 78), it is hypothesized that the error observed here
is a random one, ard does not indicate a trend associated with the model. Mcre
will be said of this later.

For the blown flow data comparisons, velocity profile predictions are

again quite good. In the Stanford Qata, there again seems to be a trend toward.

underoredicting the momentum thickness. This results in a gross underprediction
of the reported drag coefficient for flows with ﬁoderate to stronyg blowing.

This result could be anticipated from the on>-dimensional aralysis comparisons
of Iigures 24, 25, and 26. It was clear that, for the Aerotherm madel,

both the wall shear and the profile shape could not be predicted simultaneously.
Thus, either the Simpson data are incorrect, or the Aerotherm model should be
adjusted to fit it. This point is discussed further in the next subsection.

b. Changes in the Turbuleat Model

For unblown flows, it has been stated above that the Aerotherm model
is essentially equivalent to other, apparently successful models and there is
no reason why it should not offer equivalent accuracy. A significant improve-
ment in accuracy can be made by working with more nodes through the boundary
laver, as discussed in the appendix. As more experience was gained in working
with the code through the course of this coantract, it became apparent that,
in addition to those comments made in the appendix, the nodal distribution in
the transition region (figure 194) 1s of primary importance. Figure 105
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Pigure 104. Diagram Showing Law of the Hall Nomenclature

shows Cf/2 for a 25-node model and for two 15-node runs, one with sore emthasis
placed on the transition region with correspondingly less on the wake region.
This weighted model is in better agreement with the 25-node run which placea

all the extra nodes into the transition and law of the wall regions. Figure 165
also shows Cf/Z values calculated from several popular thecries at Rex = 1€,

It is apparent that there is a certain amount of disagreement over the correct 7
drag coefficient value even fcr a simple, low speed, inccmpressikle, flat

flat problem.

It is of incerest to note that the weighted 15-node cuxve is nearly equal
to the standard 15-node curve at the lower Reyrolds numbers but approaches the
25-node curve at the higher Reynolds numbers. This is apparently due to the
changing shape of the profile relative to the fixed n distribution. At the
lower Reynolds numbers, the profiles are more nearly laminar with transition
occurring in the outcr portion of the n values. The 25-node model has a suffi-
cient number of nodes to model the iransition region at any of the Reymnolds
nambers considered. it is odbvious that the 15-node madel lacks this flexi-
bility, once more emphasizing the fact that to obtain the most zccurate pre-
dicticn, it is necessary to evaluvate the results with respect to the chosen
n distribution and to select that distributinn based upon the streamwise region
of greatest interest.

These comparisons were made after the results described in Section Iv
were obtained and plotted. Since the differeaces are small percentagewise,
predictions were not rerun with the imprcved n distributions. Thus, all zero
blowing Cf/2 predictions would appear co be about 5% low for this reason.

One obvious way tc alter the turbulent model is ‘o change the nwmerical
values of the constants. Ae an inrdication of how the constants would affect
unblown boundary layer predicticns, numerical experiments were performed for
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the Coles M = 3.7 case. Allernate values of both ir AnG y; were tried for this
case, with the result shown in Figures 106 and 1€7. The small improvement in
cf/Z prediction for both the y: and k- modificatiors was made, at the particular
station selected, with a correspondiny small improvement in profile. These
improvements are, of course, intimately related to the rodal distributioa
through the transition region; therefore it is possible that the rerults may
change at much larger axial distances. It was demonstrated in Section III.3.6
that small changes in the wzke law eduy viscosity constant also result in small
but detectable prcfile changes for unblown flows. Based on this evidence, it
appears that basic profile shapes and features are unlikely to be changed with
modest changes in the model constants. “Pine tuning® of the turbulent model

to match drag or heat transfer data, for exarple, may be accorplished with

small adjustments in these constants. Changes should be based on xore -
comparison inforwmation than presented here, however. Fér flows at low Péynglds
number or with high heat transfer rates, larger changes in these constants may
be in ordez. The results presented here will be useful in estimating tiie results
of such changes.

For flows with strong blowing, the effects of constant changes are altered
sorewhat. The wall law constants, y: and km, have the greatest influence in
the transitiun region of the profile, which is much nearer the wall with strong
blowing. Thus, there is virtually no change in the outer profile shape for
different wall law constants, as shown in Figure 108. Significaut differences
ne.r the wall do affect the drag coefficient, however, as seen in Figure 109.
Manipulation of the y; type constant is essentially the technique ui2d by bothk
Cebeci ancd Busanell and Beckwith to acccunt for blowing in their models, there-
fore this path does appear to be a strong poss.ibility if blown flow model changes
are indeed desired. The guestion of whether such model changes are in order is
addressed in the next subsection.

c. Desirability of Turbulent Mcdel Changes for Blown Flows

A considerable body of data and numerous theories now exist for
turbulent boundary- layers with injection. The discussion, evalvation, and re-
evaluation, of this data has been a favorite topic in the recent f£luid mechanics
literature. Of particular interest for purposes of the present discussion is
the drag coefficient correction due tc biowing at any given point on a flat
plate. Figure 110, taken from ref:rence 89, presente a num er of
theoreticai solutions to this problem for incompressible flows, along with a
few points from Simpson's data. The current Aerotherm theory essentially
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duplicates the .reference.2 curve. It is clear that Simpson's data shows less
Ce correction than any of the theories presented. Figure 111, taken from
reference 87, illustrates the point that Simpson's data show less Cg correction
than that found by other experimentalists. Thus, while the Stanford heat and
mass transfer apparatus has been very carefully constructed and operat=d by
competent researchers, there is not universal agreement that the drag data
obtained with this apparatus are correct. This merely is a result of the fact
that with present measuring technigues, the calculation of drag by either
momentum integral or wall profile technigues in blown flows is not sufficiently
precise to draw any accurate gquantitative conclusions.

It has been shown in Section III.3 that strong blowing is not encountered
in typical heatshield or nosetip flight calcuiations. It is therefore concluded
that changes in the Aerotherm wall law model are not warranted until more
conclusive experimental data in thz strong blowing region are available.
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SFCTION V

CONCLUSIONS AND RECOMMENDATIONS

Regsults of this research program are summarized briefly and conclusions
are drawn in Section V,1. Recommendations for further work are included in
Section V.2.

1. CONCLUSIONS

The research and development program described in this report has
uncovered useful information about the state of the art in turbulent boundary
layer experimentation and turbulence modeling. It has also answered many
guestions about the use of BLIMP as a prediction tcol. 1In the literiture survey
portion of this contract, it became evident that no one set of experimental
data is completely suitable for turbulent model studies, i.e., completely error
free. There is significant disagreement between various data sets for even
very straightforward experiments, such as flat plate subsonic flow., Experimental
problems and potential errors are compounded for the more difficult <ases, such
as flows with blowing.

Comparisons of three leading methods of modeling turbulence in boundary
layers showed that the methods were very similar in unblown flows, but contained
potentially important differences for flows with blcwing. The one-dimensional
gnlution technique which was used to compare thece models appears to be
useful for further developmert of turbulent models and possibly for screening
new experimental data.

The comparisons of predictions and data presented in this report are
valuable in establishing the degree of confidence which should be placed in
BLIMP predictions. In general, it can be concluded that the eddy viscosity-
type model for turbulence is satisfzctory for the type of flows ccnsidered here.
BLIMP does a good job of predicting velocity and temperature profiles for a
wide variety of flows and boundary conditions. Some improvements in profile
shape are possible, however, particularly for higher Mach number flows. Of
particular interest in the data profile shape is ar inflection point in velocity
and Mach number profiles which occurs at supersonic and hypersonic speeds. Some
changes in the turbulent mcdel, possibly including a variable turbulent Prandtl
number, may be necessary to model this particular profile feature.
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 Nrag coefficient predictions for many of the no-blowing cases considered
in this report were slightly low. This was found to be a function of the
number of nodes used and/or their spacing through the boundary layer. It can
be concluded that the use of 15 nodes is very near the lower limit for accurate
turbulent beundary layer predictions, and that strong consideration should be
given to up-dimensioning the code to 25 nodes.

For boundary layer flows with blowing, profiles were again good. Drag
coefficients were typically below the reported values for both the Simpson and
the Jeromin data. With the Simpson data, there is considerable disagreement
in the literature as to whether the reported drag coefficients are correct.
For this reason, the rather poor agreement with the BLIMP predictions could
only be termed "consistent but inconclusive." Since strong blowing is not
typically encountered in heatshield ablation problems, it is concluded that a
change in the turbulent model to fit the Simpson or Jeromin drag data is not
justified without further study.

The very large number of computer runs necessary for the preparation
of accurate predictions has resulted in new information on the use of the BLIMP
code. A techknique for starting a problem with a known profile at the first
station was deveiuped, and the "data start" runs emphasized some interesting
features of the downstream solution. The general conclusior to be made from
the data start runs is that wall region profiles (and the assoc¢iated wall shear)
approach the zero start predictions very rapidly, with the outer profile taking
somewhat longer. This result then provides some information as to the accuracy
inherent in the usual technique of starting a solution far upstream of the
region of interest, with the expectation that starting profile errors will
die out quickly.

The comparisons included in this report include demonstrations of the
sensitivity of the predicted profiles to different numerical values of the
turbulent model constants. It is concluded that, for unblown boundary layers,
small (<30%) changes in these constants will not have any important effects
on profile shapes. On the other hand, for flows with blowing, changes in the
constants can have large effects on the profiles very near the wall, and
therefore affect drag, heat transfer, etc. Thus, changes in the model constants
as a function ~€ blowing rate offers a straightforward method of altering wall
parameters with this turbulent model. It may also be concludad that the model
would be sensitive to other changes such as the substitution of T for 1 in
equation 6.
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2.  RECOMMENDATIONS

Many areas for further investigation have become apparent during this
study. Perhaps the foremost of these is the need for a s‘raightforward con-
tinuation of the kind of work reported here, i.e., documentation of the validity
of the code through comparison with experimental data. Fine tuning of the
turbulent model for unblown flows should be carried out in order to make BLIMP
the accurate and sophisticated prediction tool which it is intended to be.
Initial studies should concentrate on drag data, then be extended to hect trans-
fer. Much of the data screening and model development work could be carried out
most efficiently with a one-dimensional code such as the WALAW program described
in this report.

Once this fine tuning phase is completed, attention should be given to
other types of flows not covered in the present study. Among the many flow
regimes which merit attention are flows with large heat transfer, low Reynolds
nunbers (near transition), chemically reacting flows, and flows in adverse pres-
sure gradient. All these conditions exist at the surface of a reentry vehicle,

where the code is used to predict the resulting boundary layer. The need for
verification is obvious.

The question of drag prediction in flows with blowing should also be
resolved, perhaps thrcugh comparison with wall heat transfer rather than drag

data., As a minimum, comparisons with some of the other cases shown in
Table IT should be carried out.

Finally, the need for additional experimental data in all types of flows
is apparent. The hypersonic boundary layer area is of most interest for
reentry vehicle purposes. Research programs aimed at the development of new
instrumentation for use in blown or ablating boundary layer flows are particu-~

larly needed in order to eliminate the uncertainties that were brought out in
this report.
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APPENDIX
GENERAL DISCUSSION CF COMPUTER CODE SETUP AND OPTIONS

This appendix contains information on the use of the BLIMP code for
the type of problems encountered with the selected data sets. It also presents
details on the new entropy layer option,

1. SELECTION OF NODAL (n) DISTRIBUTION

The BLIMP solution procedure ogerates in the (§,7) coordinate system,
where these quantities are defined as

8
g = /plululroz"ds (40)

u Y
N = _—-f"rKdy (41)

A (£,W) 3rid system is assumad to be superimposed on the boundary layer region,
where 7N is measured normal-to the wall and § is measured parallel to it
(see Figure 112). The bourdary layer is divided into ..-1 strips ccnnecting

N nodal points at each § statiqn. ‘These nodal points are designated by ﬁi
where 1 = 1 at the wall and N at the edge of the velocity boundary layer. The
andal system expands and contracts with t... boundary layer flow, since Kl is
defined to he located at the wall, and ﬁk is defined to be the outer edge of
the bourdary laysr. While the { rumerical :alues are calculated automatically
by the program from the axial station dimension (s), the Ei numerical values
which it uses are supplied diryctly as input. This subsection provides some
insight into the selection of Hi values for pruper program operation.

a. Number of Nodes Required

Since BLIMF solves a linear matrix of order proportional to N (the
nurber of n nodes), the time required to obtain a solution can be a2xpected to
*
be roughly proporticnsl to N squared. Consequently, it is desirable

* An average of the matrix irversion (-N') and other operations which are
preopertional to N and N¢,
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to determine the minimum number of nodes (and spacing of those nodes) which is
consistent with an accurate and stable calculation of the boundary layer. No
attempt was made to evaluate the minimum number aspect of this question; however
on a numkher of different runs of Coles, Stanford and others, two BLIMP runs were
made which were identical with the exception of the number cf nodes, 15 being
used on one and 25 on +the other.

The results of one of the runs which are representative of all those
made are as follows. First, for runs of Coles' test #20 with the same 8
axial stations, the number of iterations to a solution at each station was the
game for either 15 or 25 nodes. The time required per iteration averaged 0.47
! seconds for the 15-node run compared to 1.46 seconds for the 25-node run, a
ratio of 0.31. The ratiov of sguares is 0.36; that is, a 25-node iteration
took slightly longer than estimated by the N-aguared proportionality. The
differences in skin friction coefficient, Cf, and momentum thickness, 6, were
consistently about 2.5 percent; the 15-node run having the lower values. Other
comparison runs indicated similar differences (0 to 5 percent in Cf and 68) with
the 15 node model giving consistently lower values.

Figure 113 shows the two velocity ratio profiles on a linear-log scale with
the 25-node run as a solid line and the 15 node as circles. This evidence to-
gether with that above is judged sufficient to conciudz that the 15-node model
represents a worthwhile saving in computer time while maintaining satisfactory
accuracy. Consequently, this model was used extensively i-r making the final
BLIMP predictions. Due to the smaller number of nodes available, however, care-
ful judgement had to be exercised in the choice of the nodal distribution,

1
F% b. Distribution of Nodes

Figure 114 depicts a typical turbulent velocity profile and
also che variation of the first derivative of velocity through the boundary
layer. The velocity gradient typically decreases three to four orders cof magni-
tude beiween the wall value and the value at u/u, = 0.9. Thus, ths a priori
zelection of a nodal spacing to "curvefit" these variations with ten or fifteen
discrete values is a difficult problem.
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1.0 + 1.0 +

u/u du/dy

Figure 114. Typical Velocity and Velocity Gradient Profiles
in a Turbulent Boundary Layer

The BLIMP manual (reference 90) suggests that the nodal spacing should
be such that each successive value of 7| not exceed the previous value by much
more than a facter of 2. This guideline has proven to be generally v:lid but
should be evaluated relative to each particular type of profile. As profiles
become distorted, as in the case of blowing, it may be necessary to warp the
distribution as well to be certain that regions of high gradients are vepre-
sented adequately. For curvefitting purposes, it is undesirable to bave a
change of greater than 0.1 in the velocity ratio between any adjacent nodes.
I1f experimental data are available, a quick study of reported velocity profiles
will enable the user to select a satisfactory distribution. In the event data
are unavailable, a short computer run limited to a few stations can confirm
the adequzcy of the selected distribuzion or indicate necessary changes.

Perkaps the most important part of the distribution is that nearest the
wall. Since BLIMP calculates Ce from the wall velocity gradient, and since
the gradient at the wall is taken as the first derivative of the first spline
fit quadratic evaluatad at y = 0 (see reference 1), it is essential that the
first several ncdal points be located within the laminar sublayer. As a rule of
thumb, at least the firs: two points away from the wall should have velocity
ratios less than 0.1. This together with the general spacing guideline above
should result in satisfactory prediction of the various wall parameters.

Another less obvious region of concern is the outer edge of the boundary
layer. The properties of the quadratic and cubic spline-fitu (the outer two
points are joirsi bv a cubic) are such that injudicious nodal spacing near the
outer edge can cszuse an vscillatory overshoot of the edge value of 1,000 as
shown in Figure 115. In this example the second tc last node has been
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n
: 0. 1.00
Last Node
0.95 + O Fixed Node
<

Figure 115. Overshoot of the Spline Fit Procedure

chosen as the fixed node (generally defined as u/ue = 0.95 and n = 1.000). The
next to last node may have been chosen too gloge to the fixed nocde and/or the
last node too far from the fixed node. Since the cubic is constrained to

u/u, = 1.00 and 3(u/u,)/37 = 0.00 at the final point (in the absence of an
entropy gradient), it is possible to generate an overshoot. Such an occurrence
is especially troublesome since integral properties are computed by an exact
integration of the quadratic and cubic curve sejyments., If the differences in
n are large, even small excursions in u/ue may lead to large errors in the
various thickness integrals. Avoidance of this problem is again possible

by observing simple guidelihes.

First, if a data profile is available, the spacing of the final nodes
can be approximated well enough. For subsonic flcw. N and y are directly
proportional. Supersonic flow requires somewhat smaller n spacing due to the
fgenerally) decreasing density. Flows with blowing tend to approach the edge
condition with higher gradients (du/dy) and thus require smaller spacing com-
pared to unblown flows. If a profile is not avajlable, a trial run may be
necessary using the generalized appro. - described below. Special sattention
should be given to the values of FP (F FRIME = u/ue) and to FPP (F DOUBLE
PRIME = 3(u/ue)/3ﬁ) at the last few points, part.cularly those points between
the fixed point and the final point. 1If an, of the pnints has & velocity
ratio very near cr exceeding 1.00 and/or if there is an inflecticn or change
of sign in the derivative, an overshoot may have occurred. It is always help-
ful to plot these two values over the final few points on a linear scale to be
sure.
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- During the course of this investigation the following choices for the
n distribution were made and were found to provide satisfactory results. The
selection of which node should be the fixed N node, the n value for that node
and the velocity ratio at that node is arbitrary. Choosing the value of n as
1.00 makes for ease in ratioing to other values and is traditionally accepted,
as is the choice of 0.95 for the velocity ratio (turbulent flow cnly). Both
have been used exclusively for final BLIMP runs presented in this report. The
number of the fixed node has been chosen as the 13th out of 15 total nodes.
In some earlier runs, the l2th was fixed; however, this increases the possi-
bility and the amplitude of overshoot due to a poor choice of spa~ing and
additionally, places more nodes than necessary in a region of the prcfile
that does not require as much detail. The next to last node should be chosen
80 as to result in a velocity ratio of 0.380 + 0.005. This will minimize the
possibility of overshoo. Once again, an available profile is the best guide.
The values in Table XI which -ere used for this contract may be used as a start-
ing point if profiles are not available.

TABLE XI

TYPICAL W DISTRIBUTIONS IN THF OUTER WAKE REGION

14th n Point 15th n Point

Type of Flow Range of Mean Range of Mean

' Values Value Values Value
Subsonic, no blowing 1.3 1.3 1.8 1.8
Subsonic, blowing 1.2 =+ 1.3 1.25 1.5 =+ 1.7 l.6
Supersonic, no blowing 1.3 + 1.5 1.4 1.8 =+ 2.7 2,1
Supersonic, blowing 1.15 » 1.2 1.2 1.67 + 1.75 1.7
Hypersonic 1.5 =+ 1.7 1.6 2.5 =+ 3.0 2.
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One final point should be considered. As the solution procedure pro-
gresses axially in the flow direction, the n grid system is "stretched" in
order to remain fixed to the outer edge of the growing boundary layer. Since
the laminar sublayer does not grow as rapidly as the turbulent outer flow, the
grid points nearest the wall may eventually be stretched out of tha laminar
region altogether, thereby giving inaccurate wall gradient information., It is
necessarv tharefore to check the results at all important stations to be certain
that the n distribution is sufficient, especially at the wall. Restarting the
program at some intermediate body station is a possibility for very iong running
lengths,

2. THE "DATA START" PROCEDURE

In the classical boundary layer problem, the initial and boundary
conditions ar. such that a known profile (or profiles) is provided at an up~
stream station, and sufficient edge and wall conditions are provided along the
flow direction. Profiles are then found at body stations of interest based on
the boundary conditions and upstream profiles. In typical AFWL applications of
the BLIMP code, however, upstream profile information is not available, and the
program has been written to start the solution based on a similar solution pro-
file at the first station (usually close to X = 0). When started in this
manner sufficiently far upstream cf the region of interest, the errors resulting
from the approximate profile die out and accurate soluti~nre are obtained at
downstream locations. For most of the data sets chosen, edge and wall infor-
maticn were available in sufficient detail and accuracy to enable starting BLIMP
in the conventional manrer, that is, with a similar solution profile at an axial
station slightly greater than zero {(chosen here as 0.01 feet). 1In the super-
sonic and hypersonic tunnel flows where the test surface forms one side of the
nozzle, conditions through the acceleration section are often not defined. Such
was the case with Jeromin, Lee, et al,, and to some degree with Brott, et al.

An alternate procedure to enable comparisons to be made is to start BLIMP in the
more classical manner, i.e., at the first reported data profil: statlon with the
measured velocity and temperature (enthalpy) profiles. The cor.ect imple-

mentation of this startiny procedure requires socme detailed consideration,
however ’

The BLIMP code instructions as described in reference 90 do indicate that
the program can be started with an "input" profile as the solution at the firsu
station. This starting cption was intenced primarily for reatarting purpnses,
wherein an actual BLIMP solution is used as input tc the code for further calcu-
lations. As ar actual solution, tnis input profile sacisfied the spline fit
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guadratic and cubic relations between nodes which are inherent in the integral
matrix formulaticn, Thus, to use this starting option successfully with actual ;
experimental profiles at the first station, the spline fit requirement must

also be satisfied. For the "data start" cases presented in this report, another
computer program* was used which accepted the measured velocity and temperature
profiles in physical coordinates, converted them to the n coordinate system,
performed a least équares spline~type curve fit for 15 preselected n nodal values,
and printed out ti:e standa d BLIMP "restart" information. This restart infor-
mation was then provided to BLIMP as the first station profile. All data start
runs reported herein include this technique and in all cases convergence was
achieved at the second station ir. a normal manner, that is, in from 3 *o 8
iteraticns with an average of only four iterations.

A few comments regarding the preparation of data and the resulting per-

formance of the data start procedure ave in order at this point to establish

the degree of accuracy which has beer uttained in the use of this technique.
Since none of the profiles of presen interest are sufficiently defined near the
wall, it is necessary to generate additional points for input to the least
squares curve fit program. Figure 116 shows a typical case: the data of Jeromin
run 2.5-1.2 (Mach 2.5, F = 0.0012). Only the portion of the profile near the
wall is shown; the circles represent the reported data and the dashed line rep-
resents the value of d(u/ue)/dy at the wall based on the reported value of Cf.
The solid curve represents an "eyeball"curve fit from which additional points
were chosen. The necessity of this is apparent considering that at least two
values of T not including n = 0.0 should be chosen with u/ue < 0.1 and about

3 more chosen in the remaining interval up to the firgt reported data point away
from the wall. Any other regions which may not contain a sufficient number of
data points may be "fllled in" in a similar manner. The resulting supplemented
experimental data constitute the required input profile. The temperature pro-

file is obtained in the same manner except in Jerowin's cases, wherein tempera-
ture was defined by the velocity profile.

It is als0 of interest to examine the solution at nearby stations once
BLIMP accepts the data start profile and proceeds on downstream. Figure 117
shows the progression in profile shape for the Jeromin case mentioned above,
The solid curve with circles indicates the input velocity profile. The subse-
quent changs in the solution for each nodal point is shown by the various
symbols noted in the legend (including the station location). These solutions

* This program was on hand at Aerotherm and was not develcped under this
contract.
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i

are also connected by lines inlicating the loci of the nodal point solutions,
The nodal points of the final calculated profile are connected by the dashed
curve, From compariscns made on other cases, this dashed curve would be

guite similar to the profile shape BLIMP would nredict based on a zerc start,

At the secund axial station (triangle symbols), there is little if any »
change over the bulk of the profile; however, near the wall major adjustments 5
have occurred. This is due to a difference between the input Cf (d(u/ue)/dy
at the wall) and the value BLIMP would predict given the same free stream and
wall conditions. This adjustmeat takes place over very small axial distances.
It appearg t+- be identical to adjustments which are made in response to steps 4
in wall conditions such as temperature and blowing rate. Al+hough the magnitude
of the adjustment is large, it is limited to a very thin layer near ..ie wall. It
therefore has a negligible effect upon thickness integrals which chaage in a
smootn and continuous manner (see Section IV)., As the solution continues on
downstream, ar adjustment is made to the outer portion of the law of the wall re-
gion while the 2verall "normal" growth cf the boundary layer is reflected by a
steady thickening out in the wake region. By the final dashed profile shown, . the
adjustrents to the shape appear to be complete, and ordinary boundary layer growth
accounts for any shifting of the points. A number of examples of the manifesta-
tions of this behavior are apparent in the graphical presentations in Section IV.
In general, "recovery"” from the data start profile is (1) essentially immediate
for wall propnrties such as Cer (2) for all practical purposes, unaffected by
the starting values of the various integral parameters and (3) slow for the
overall profile, taking on the order of 10 boundary layer thicknesses. This
latter "recovering” simply implies that, given the existing conditions at the
first reported profile station, BLIMP would not ha. predicted that profile,
the difference in shape being similar to that between the solid and dashed pro-
files in Figure 117. '

3. HOMOGENEOQUS FLOW CONSIDERATIONS

All of the cases considered in this turbulent model study involved only
air as a working fluid, both as the main strcam gas and as the transpirant.
Also, the temperature range under consideration was low enough that no chemical
reactions would take place. Thus, it is possible to rea:ize some economies in
the operation of the BLIMP program in this limited thermochemical regime. The
program was modified to operate'in a homogeneous flow mode by accepting a
single species in the thermochemical data deck. This species is treated as an
element (named "cold air"); it is given its own fictitious atomic number and
the usual set of thermochemical curvefit .:onstants. Accurate transport
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properties can alsc be realized in this mode of uperation by reading in correct
diffusion factor data under Group 12 of the program input.

4. ENTROPY LAYER OPTION

A new feature of the BLIMP code is the entropy layer option, which offers
a direct coupiing of entropy gradients in the inviscid flow with the boundary
layer edge conditions. Inviscid flow entropy can ke determined directly as a
function of ¢, the dimensional stream function, Further this functional
relation can, for the -as2 of a typical reentry vehicle, be determined from the
shock shape. The entropy is established from the shock angle, and the stream
function from the simple integration of a uniform freestream Zlow..

If the boundary layer ‘swallows" a sufficient flow mass to result in
sizeable entropy variations within the swalloved mass, it is necessary to
account for this phenomena adequately. An iterative mass balancing procedure
is uvsed to establish the correct edge entropy. Given an initial estimate of
the edge condition, a solution is generated. The edge stream function from
this solution demands a certain edye entropy, which is then compared with the
edge entropy calculated from the edge pressure and enthalpy. These two entro-
pies may be different, in which case the estimate of edge conditions is altered
and a new solution is obtained. This iteration procedure is an integral part
of the existing solution iteration procedure, and therefore does not generally
add to the number of iterations required or the program run time,

The fa~t that the BLIMP code is written in terms of normalized dependent
variables adds some confusion to the entropy layer solution. It is well known
that the existence of an entropy gradient at the edge of the boundary layer also
requires a valocity gradient, i.e.,

du _ . 38
\IW'.W (42)

Since velocity varies in the inviscid flow at the edge of the boundary lazver,
the definition of a vy value to be used in forming the dimr.isionless velocity
ratio u/u° is difficult. The problem was solved by using a reference velocity,
U, dgtinod by an iqpnt:ogic expansion from stagnation conditions. The foriula-
tion of the squations as carried out in reference 1 remains valid with the

new stipulation thet
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The pressure gradient parameter B enters the nondimensional formulation of the
momentum egquation in the same way, since the Bernoulli equation holds for the
isentropic expansion

E13
P ) . r
p 3% © Yr Ix (41)
and we will define
o in u,
852m (45)

The pressure gradient term in the momentum equation remains essentially
unaffected as ’

o]
X _ g2
Bl5~ - £

In the BLIMP solution procedure, the value of ue/ur = f&/aH
is a variable at each station for entropy layer flows. It is determined fiom
straightforward energy relationshi s for the reference and actual inviscid
expansions around the body. As with the isentropic edge conditicn, the
selection of the solution domain (i.e., the selection of the maximum value
of n) is arbitrary. Conventional techniques for interpreting the results in
this sclution domain must be re-examined, howsver. For example, at any given
body station, two individual computer runs with different choices for the
numerical value of ﬁ& would result in two different edge velocity values.
Different values of “e/ur wogld also cccur. Both solutions are correct,
howeve.:, since a valocity gradient should exist in an entropy layer regiom.
This velocity gradient will project one edge state to the other and the choice
of the ﬁ& value merely determines how far into the inviscid region the‘boundary
layer sclution will ext 'nd.

-One other interectinq feature of the éntropy layer operation of the
program is - the Jdefinition of the coordinate itretchinq parameter, a,. Formorly,
coordinate stretching was accomplished by constraining some arbitrary point
near the boundary layer edge, f, to have a specified velocity ratio, €, rea:
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{but something less than) the edge value (reference l). With an edge velocity
gradient, ‘his constraint has been modified to deal with the straight line
extrapolation of the aedge velocity, rather than the ratio itself, as shown

in Figure 118. The selection of kappa and CBaP inpat values (Group 4, Card 3
reference 90) is not changed.
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