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ACCOMPLISHMENTS

An oral presentation was made on July 23 to Mr. F. W. Steinle
and personnel of the Experimental Investigations Branch, NASA Ames.
At that time, a review of technical progress was given.

As discussed in detail within the accompanying report, a correla-
tion of Preston-tube data with theoretical skin-friction coefficient
has been achieved for the subsonic, compressible laminar boundary
layers on the AEDC Cone. The recommended correlation has been
developed using data from nineteen different wind-tunnel conditions
and has an rms error in skin-friction coefficient of less than 5%.

The STAN-5 computer program for boundary layer calculations is
not sensitive to changes in cone pitch or yaw angles. Thus, if the
effect of such angles on the correlation is to be studied, a more
sophisticated analysis of three-dimensional, viscous fiow will be
needed, e.g., McRae, et al. [Ref. 1].

The simplified model for calculating the magnitude of Preston- i
tube pressures {as a function of boundary-layer profile, local static
pressure, and probe geometry and position with respect to the wall)
does not appear to be a fruitful approach. Thus a more rigorous h

analysis will be necessary if this type of sensitivity study is to
be physically meaningful.

An approach for developing a correlation for the subsonic, ?
turbulent boundary layer and transitional region has been selected.
Skin friction and velocity profiles, at the beginning of the
turbulent boundary layer, can be estimated by using the correlation
of Allen {Ref. 2] in conjunction with the Preston-tube data and
the Wu and Lock and STAN-5 computer programs. Once the distribu-
tion of turbulent skin-friction and boundary layer profiles are
available, a correlation between Preston-tube data and theoretical
skin friction can be developed using the same techniques employed
for the laminar boundary layer. Skin friction within the transi-
tion zone can be easily approximated by employing the empirical
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intermittency function of Dharwan and Narasimha [Ref. 3]. Although
this intermittency functio, is based on flat-plate measurements, the
use of actual Preston-tube measurements to specify the extent of the
transition zone will result in a very good approximation for the dis-
tribution of Cf through the transition zone.

In the case of laminar boundary layers, there is no need to
employ the more sophisticated program of Wilcox and Rubesin, However,
this program may still be useful in checking the STAN-5 results for
compressible, non-adfabatic turbulent boundary layers. This analysis
and option will be reltegated to future work.

The supersonic wind-tunnel data cannot be successfully analyzed
without a calibration of Pref as a function of Preston-tube position,
M_ and Reft. The corresponding calibrations for the flight experi-

iients could conceivably be utilized, but this analysis will also be
relegated to future work.
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REMAINING TASKS TO BE ACCOMPLISHED
UNDER THIS GRANT

The efiects of changes in nose bluntness on pressuyre distribu-
tion along the AEDC cone will be investigated.

Subsonic Preston-tube data will be used to study and compare the
onset and extent of boundary layer transition for the corresponding
flight and wind-tunnel flow conditions.

Use the flight data to develop a correlation for subsonic laminar
boundary layers, with and without heat transfer, and compare the
results with the corresponding correlation of the wind-tunnel data.
The pressure distribution, measured during flight, will be used to

calculate the flow, rather than the theoretical pressures of Wu and
Lock,
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ABSTRACT

The laminar bpoundary layer on a 10~deyree cene 1r 4 trap-
S0n1C wind tunnel is studiead. Tne inviscic flow and boundary
layer developuent are sipulateq by computer programs. The
effects oI plrtch and yaw #ngles op_the boundary lay~r are
examinede.

Preston-tube data, tuaken c¢n the Arnold crgineering
"evelopment Center (AERC) boundary-Layer~-Transition Cone in
the NASA Ames 1l1-it Transonic Wind Tunnel, has been used tc¢
develop a correlation which relates the measurements to
tnevretlical values of laminar skin friction. Tthe recommendec
correiatior is pased on a Ccompressible torm of the classical
}aw~of~the~wall.

The computer codes successfully simulate the lamipar
houncary layer tor near-zero pitch ana yaw angles. However,
in casns of significant pitch and/or yaw angles, the flow is
thTee~dlrensional and tne bouridary layer computer code useaq
iware cannot provilde & satisfactory model.

The skin-friction correlation is thought to be valid
for body yeometrfies other than corese It accounts tor varia-
ble property and heat transter etfects. The rms deviatior
between tnearetical skin-friction coefficients ano the cor-

responding correlation values is ¢ 5 ¢, Thus, as perhaps




might ove expected, this 18 a hatter cortelation tor

compressible laminar flows than has been reported for com=-

Pressible, turbuylent layers. The new correlation can be

enployad 1n transonic-wino=-tunnel tests to relate Preston-

tube surveys along models to aistributions o laminar,

skin~friction coefficiaent,
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NOMENCLATURE

Local skin-friction coatticient
Specific heat at constant pressure,s 0.24 Btu/ltwm®k
Ler air

. . e _ . 2
"Ceston~-tube pressure cocfricient,-(PPt Pw)I(O.SpéIJ

0—Charzcteristic dimension 0t the probe, in.

D
f‘l

eq

Ry

Resy

wauivalent circular diameter ot the prche, in.
Blasius velocity ratio,= ulue

Gain factor Lor the nressure transaucer, psi/ine
Conversior tactor,= 32.174 lbm=ft/1lhf=5

vnthalpy, stu/lbe

Pressure head, in.

Mechanical to therwal ererqy ccnversion factor,s=
T2 b=t t/Btu

Non=ufwensronasl normal distance,= 2¢y/D

Cone axtal lenygth, in.

Mach numper ;
GRIGINAL PAGE IS

Pressure, pst OF 1POOR QUALITY

Franati aumher

Dynamic presgsure, pst

kecovery factor, or racial distance, in.
Gas constant, = 53435 Ibi=ft/1bm°R for air
neynulas numper based on D ard Vwes Ug D7V

Freestream unit Reynolus numper,= U, /v,




Rnx

Lepgth Reynolds pumbor, = uex/%

Reﬁ Momeptum=~thickness Reynolds number,s Ue lew

T Temperature,°R

T keterency temperature,®R

u Longitudinal velocity inside boundary layer, ft/s
Upt Mean velocClty across probe face, ft/s

u* Sheat velacttv:=\ﬁ’m

ut Mormalized velocity for wall<law,= u/u*

U Velocity outside boundary layer, ft/s

X Pistence along cone surface, ft

X Body force oer unit voluwme, Lbt/ft

X Dimersionless ingependent vartable, &£qn. (8.13)

y Distence normal to cone surface, ft

y* Dimensionless dependent varisbie, Egn. (8.8b)

y+ %2ll Feynolds number,= vy u*/y,

SMbsgrinty

aw adiabatic wall

B ttlasius salution

c tor cone flow

e 4t ecge of boundary layer

eff effective

eq equivaient

E externatl or outer

I internal or inner

Pt Preston=tube

ref reterence ORIGINAL PAGE 18
s shorted (HEPUUR(uL“11Y

xi
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o
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total

at wall or cone surface
tor wedyge flow

wind-ogt

freestream condition

Creek Lagtiers

(2 3

~ w

o

8*

Angle of attack, deg.

Bffective angyle of attack, deg.

Yaw angle, deg., or pressure gradient parameter

Ratio of specific heats,= 1.4 for air

Cone semi-vertex angyle, deg., or boundary layer
thickness, ft

Ulisplacement thickness ot boundary layer, tt
Dellectior or 1ncrement

Aziwmutn angle, deg.

Blasius non-dimensional normal distance,= y\ﬁZ;E';TF
Momentum thickness ot vouncary layer, ft

Molecular viscosity, lbf-s/ft

Kinegatic viscosity, ft2 /s

Kinhematic viscosity evaluatec at the reterence temp~
efatury, ttzls

Densaity, ba/ft

Shear streuss, pst

Anyle patween cone axls and resolved yaw vecter, deg.
Strear function, 1bm/s

Noctmalized stream tunction, Eqne{6.1)

xifi




CHAPTFR I

INTRODUCTION

The overall oojective of this research is a better under-
standing of boundary layer transition, as reflacted in the
capability to relate transition on models 1n transonic_wind
tuniels to the corresponding free-flight conditions. The
particular objective of the work reported herecin 1is to
develop a correlation which relates Preston-tube measure-
ments witnin 4 laminer boundary layer on a cone t¢ the cor-
resecnding theoretical values of skin frictione.

Preston-tube measurements alony the surtace of a sharp
luo-degree cane were obtained fn the NASA Ames 11-Ft Tran-
sonic 9ind Tunnel C1], The minimum and maxlmum pressure
locations, obtained quring a survaey along the length of the
cone, were interpreted as the onset and end ot transition,
respectively.

The vouncary layer on the slender cone was simulatea
via tiae STANS computer code €21 which is an extended version
ot tatankar ant Spalding's voundary layer prograz [£33. The
inviscid Llow was calculated with Wu and Lock's computer
projram 141, and the results were used as boungary condi-
tions alonqg the outer edge ol the Louncary layer. Subroyt-

ines #ere added to this progyram so that arbitrary combina-

i
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tioes of piten and Yaw angles can be¢ 1nput, and the pressure
Arstribution along the ray corresponding to the Preston-tube
Survey 1s always generated, in adcition, 2 subroutine wWas
added to the Wu and Lock rtogram to calculate the initjal
Profiles needed for STANS,

The cone is assumed to be stationary, swooth anc
Snarp=noseds. The probe is assumed to he stable, 1in contact
with the cone syrrface, and lie totally inside the boundary
layers The flow is 23sumed to be axi-symmetric, ddiabatic,
compressible and without body forces. The tlow gutside the
boundary layer 1s assumeog to be 1nviscid ana is calculateg
based on the cone Jyeometry, 1.e., viscCous interaction is
lgnored. The study was restricted to laamipar Bouncery layers
on ihe cone at subsonic Speeds.

The eftect cn the tnviscid Zlow of yaw and pitch angles
less than the cone semi~vertex angle 1s easily calculatec
with the wu and Lock brograme. lowsver, the STANS progranm is
A two=dlmensiang]l boundary laver code anpd ®as founa to be
relatively Insensitive to cnanges ip these angles,

R Jeast-squares culve=tittiny proyram C10) was used to
AlTave at < gimple correlation Letween sKkin frictton ang

PCostune=tyube easurements tor the laminar, subsonlc houndary

layer,




CHAPTER IT

OBJFCTIVES

The first objective of this study wés to calculate the best
possible initial profiles, which are required to begin num-
ericel]l bouncary-ltayer calculations, so that bouncdary~layer
predictions would be uniformly accurate. In an earlier study
by Huprikar [5), it was found that ditterent starting pro-
files resulteo 1n aifferences in the computed shear stress
near the tip ot the cones. An example of thils is shownh ir
Figurte 1.

The second objective was to eatend the functions of Wu
and Lock's program L4], which calculates the inviscid pres-
sure distripution on shary cones at transonic Mach numbers,
S0 as t0 autumate calculation of tne pressure distraibution
alory & ray correpondiny to the Praston-tube survey  for
nor-zetro pitch (a ) and yaw (B8) anyles. This information
then provides tne loviscid boundacry conditions for calcula-
tion of tne boundary layer with STANS. The thiro objective
was to obtain a currelation for skin~friction coefficient or
wall-shear stress in terms of the Preston-tube pressure mea-
surements, s0 tiat the Preston tube can be used as a skin-~
friction measuring device.

ORIGINAL PAGE IS
OF POOR QUALITY]




The present research focuses on the NASA Ames wind tun~
nel c¢ata taken within laminar boundary layers on the AEDC

Transition Cone at subsonic speeds.

ORIGINAL PAGE IS
OF POOR QUALITY,
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CHAPTER III
EXPERIMENTAL DATA

3.1 General Background

The measuremants utilized in tnis.

the NASA 11-Ft Transonic wind Tunrel at VMoffet Fleld, Caii-

fornias A transcnic wind tunnel 1s ap experieental tacility

intended to simulate the flow over scaled, aerodynamic~test

models that would be s1malar to full-scale venicles during

free~flignt through the atmoesphere at Mach nugbers froa

ayproximately 0.5 to 1.5,

In transonic flow the difference betueen tne freestreas

velocity ana the speed of sound is small compared to the

magnitude ot either, ang the ¢hanges in these parametars are

0L comparable magnitude. This 1s contrasted tg subsonic

flow, where the velocity is lower than the sonic speed ang

wiere chatiges in dach number are primarily due to changes ir

{reestrean velocity ot essentially constant S0nic speeds,

And to supersonic flow where the magnitude of the freestreag
velocity 135 Substantially Jarger than the local saontc Speec

with changes in Mach numper occuring through variations ot

hoth paraveters. fp the transonic Mach runber range,

anly do corpressiotility etfects

not

Lecome luportant, comparedg

~fesearch were obtained 1p_

e e



to lower subsonic Macn numbers wnere the [low s
incompresstble, but also the tlow at near-sonic speeds 1s
cumplex becasuse of the mixed type of flow which may exist
with local supersonic flow tields contained in subsonic flow
regions or hiocal subsonic fiow 1ieles eambedded ian Supersonic
flow regfonse That is why the cone shape is used 25 a model
for boundary-layer~transition research; since it will not
have local shocks along the conicai surface. At high sub-
sonlc speeds, a shock may be generated near the base of the
cone owiny to flow expansion at the rear of the corical sur-
face and & subsaquent recompression 1in the wézke. At Super-
sonlC Speeds, tne core will, of course, alsoc generate a oow
siiock, but a shock does not occur on the surface throughout
the subsonic Mach nurber range.

it ts worth mentioninj that the ventilated, test-sec-
tioh walls ¢f a transonic wind tunnel introduce accustic ang
streamline disturbances into the test-section flow _which
means that the wind tunnel flow does not correspond exactly
to transonic, 1iree-tlight conditions (631, No satisfactory
wethod has yet baeen derived to correct for all of tne wall

sttects €4, although this 1s an area of active research

Cdl.

3.2 Apparatus ond Measurements

Tne experimental dats were obtained trom a Pitot prooe that
wdg travetsed lonyftudinally alony the surface of a S~degree

hall=anyle coanna, The cross=section of the openirg ot the

)

o



probe 15  Shown in Figure 2 LG, The opening has an oval
shape witn the smat) dimension normal to the cone surface.
The outur heagnt ot the probe face 1s 0.0097", while the
centerline of the opening 1s 0.00453" above the <cone sur-
face« A schematic of the experimental) model and instrumenta-
tion is shown in Figure 3.

The total pressure, as sensed by the Pitot [robe, was
measured by a di1fferential pressure transducer. The refer-
ence pressutre for the transducer was taken (from the static
holes on a flow-anqularity probe mounted undetneath the
cones

The ouvtput from the pressure transducer, AH, Was
recorded, durinyg constant wind tunnel conaitions, as a func-
tion of x on a plottere Snorted output of the transducer,
for the same wind tunnei conditions, was also plotted on the
same plot, The cutput ot the transducer, when tne tunnel was
otf and tne transducer was shortec, was also plotted. This
output should theoretically be zero. This deflection 1is
called *wina-oft* detlection.

Using this informatien, the total pressure Ppy, 45 mea=

sured by the Piltot probe can be deduced by using the rela-

tion
PPt = Pref + G(AH + AHs + AHO) (3.1)

llere P paf 15 the reference static pressure whicn ts consid-

areu to be egual to the freestream static pressure L91. Al
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i5 the Jetlection ot the plotier corresponding to tne magni-
tude oi AP as sensed by the differential pressure trans-
ducers The deflection from the shorted output is AH., andg
AHO i3 the wind-oft deflectione G 13 the gain tactor of the
piotter, and its value 1s 0.2515 psi/in. This value was det-
ermined froa.the calibration of the plotter [51.

TWwenty-one cases were chosen for detailed analysise.
These are all the available, Subsonlc-Wwand-tunrel cases with
With near-zero fiow angles. The tahulated data for these
furs 1s snown in Table I. The treestreanm Mach number, wunit
Reynolds nuuter and cynamic pressure are given by ¥

and 9, 4, respectively, while o and £ are the anyles of

Attack and yaw, fespectively.

e
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RUN NO,

15.
19.
318
23,

21

25,
27.
29.
39.
40,
41,
42.
43.
44,
56.
57.

23
289

TABLE I

CASES STUDIED

My, Regy X 107° O
0.95 4 693
0.8 4 617
0.7 4 548
0.6 4 477
0.5 4 404
0.4 4 403
0.3 4 230
0.4 2.5 396
0.6 5 586
0.7 5 680
0.8 5 761
0.9 5 842
0.95 5 873
0.9 3 492
0.8 453
0.7 3 408
0.6 3 357
0.5 3 302
0.4 3 246
0.7 4 538
0.8 4 605

a®

-0.048
-0.003
-0.006
~0.001
~0.005
-0.004
-0.006
.023
.021
.018
013
.010
.008
.062
.066
.071
.075
.068
070
.036
.030

o o o o oo o o o o o o o o o

W
o

.018
.022
.025
.025
.025
.026
.026
021
021
.021
021
021
021
.006
.006
.006
.006
.007
.007
.023
.023

12
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CHAPTER 1V

CALCULATLION PROCEDURE

The calculation procedure consists of the following steps
for each case studiecd 3
1. The given frecstream parameters (Mg rRe e pd s as ueill
as the tlow angles (@ , 8 ), are fed into the extended Wu
and Lock programe This program is described in the next
chapter and is ltisted in Appendix F. The output is two-
toled

de The inviscid velocity distribution along the cone, and

be The initial protiles of velocity and stagnatior

enthalpy at a Jistance very close to the tip of the cone.
2« These results_are then input to the STANS program. A
brief description of STANS 1s presented in Chapter Vl. The
output trorm that program has detailed intormaticn on the
boundary=-layer properties atong the ray of the cone swhich
corresponds to the Preston~tube survey.

when cotrelatior ot skin friction was pursued, two smore

steps were followed
3. Experimental Preston-tube pressupe measufements were cal-

culated frea NASA/Anes 11 I'WT Preston=tube cata €11 using

Fquation (J.1).

13
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4. These experimental pressufes, together with some other
parameters® calculated by STANS, were fed into a curve-fit-
ting prograw L£102 to obtain the required correlaticn.

Figurea 4 1is a4 flow chart that summarizes the calculation

prfocedure described above.

t5ee Chapter VYIII for vetairls.
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 ——




CHAPTER WV
EXTRENDLD WU AMD LOCK COMEUTER PROGKAM
5.1 Introduction

wu and ULock (4] developeo a computer program to calculate
the inviscic transonic fiow fielc over a sharp-edge swooth
cone suyrface. The program appears to give accurate results
<97 when cowmpured with experimental observations. The pro-
yran, however, hancles only yaw angles less than the cone
semli-vertex anyle, The moditied program presented herein
calculates the fcilominy aduitionsl information @
1. The 1nviscid velocity and pressure
distribution alony a réy of the cone that
corresponas to the Preston-tube survey for

athitcary combinations of a and B

P The effecCt ot yvaw ahyles aon the inviscic [low
field, und

3. The veluocity and total enthalpy profiies at a
user=specitied initial station.

The listing of the extended program can he tound ir Appendix

Fo Gutout for an exanple tun (Case 25.37€) 15 alsce wrcluded,
52 The Opiginal Yroycanw
The matn proyeraw teads in M, , a, B¢ and the core seuwi~

vertex angle § and and calculates the tnviscic-ilow pressure

1A

—
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distraibutior alony the cone surtacce This 13 used as the
pressure o4t the adge ot the boundary layer. The theoty anao
eguations used are Jescriped in the wWu and Lock teport £41,

The proyram prints out, along the cone lergtd, the local

Yach number "e and the ratio PWIP .
543 Subroutine ANGLES

Tii$s subprogram.uses the angle-of-attack o and the yaw
angle B8 to calculate the effective pitecn angle & and the
Aziruthal position of the probe € . This subroutine uti-
112¢s the equations derived by Dunn et al Cil3. These equa-
tions are presentec 1n Appencix A. the probe pcsttion is
consldered t¢ pe always at the top of the cone and, 1r
accordance with hu and Lock's notation, ¢ =(.0 always cor-
responds to the leeward side of the cone. The calculated
Angtes (@ and €) are then used in the main program to cal-

culate the irviscid pressure distribution alonyg the top of

the cone,

S« 4 Subroutine DIST

This sSubroutine teads 1in the freestream dyrnamic opressuyre
(QTNF), unit Reynolas number (REFT) ana Mach number (MINF).
It then uses tnese values to calculate the freestream pro-
perties (PINF,TINF,RHOINF,MUINF) as well as the tctal tewp-
erature end pressure (TTOT,PTOT)s The equations used are the
equation uf state tor a perfect gas (air), Sutherlana's

equation of wviscouity and tne isentfopic relations C12). The




1t

detalls ot tha calculations are described in Appencix Be
Niext, the sSubroutine uses the local Macn rusbers at
stations along the cone sSuriace, whicih are calculated in the
mair prograw, to calculate the local temperatures and veloc-
ities using isentropic relatifons. These velocities are then

used as the outer boundaly conditions for calculation of the

boundary layer using STANS.
5.5 Subroutine INITIA

This last subprog9ras calculates the velocity and stagnation
enthalny profiles acruss the boundary layer at a specifiec
tnttial locations. It calculates the average static tempera-
ture and yiscosity across the bouncary layer anc¢ uses tnes
to modity the flat=-plate Blasius solution s0 as to apply to

the cone problen, Tne details ate presented in Appendix C.
S.6 Checking Wu anc Lock Calculations

As a check on the reliability of our version cf wu and
Lock*s program, the 1inviscid flow was calculated for a
10=-¢geyree cone at a 2-gegyree patch angle ano compared with
those {n hu  and Lock!s repurt L41. The following onserva-
tions werwe wade 3

Jo Static pressurles on the wirdeard side of the cone are
laryer than those on the leuwdra stice,

be Increasing a increases the static pressure on the
windWwaurd siae and decteygges it on the leeward side.

Cs The slope of the pressure olstribution is essepntially




F——__——————T

toe same on buty the windwarad and lecwi2rd sides oLl the colige
(except neac the tip and the rear ends of the core). These

cnecks dre shown 1n Figure 5.
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CHAPTER VI

STANS COMPUTER PROGRAW

Rased on the work ot Patankar and Spalding £31, the STANS
cocCe was developed by Crawtorc anc Kays £21 as an iaplicit,
finite-aifferenca, forward-marching integration procedure
Which may be used for computer sisulation of bouncary layers
with trunsition. The program solves simultanecusly equations
tor conservaotion of mass, momentum, stagnation enthalpy and
up to five gass transfer equations.

The program uses eitner two-oimensionai plarar or axi-
Symmetric type of coordinates so that it 1is pcssible tc
solve for a larye variety ol Itows by simple mantpulation of
variabtes. Tnls 1s accomplisned by replacing the y-coordi-

nate with the streaw tunction Y . The u-velccity comporent

iy aefined by

=1 oy
u pr ooy

arnd the momentuw and ereryy equations huceme

Y 8 2 ul _ . dP
PU 5% *oou 2 [r PU Maps N Yo & * gcx’
and ah 3 2 MHetf QHE
pu axt o W [ r Preff o

e (1o ) 2oy (..uz)]
oy gcJ Prass oy 2

21
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The strean tunciton ¢ 3s then norwalized by using tne trans-

formation

¥ "'PI
=2 ———

R (6.1)

whete wEandwl Are the stream function values on the boundary
surfaces or houndary condations,

A micro-1ntegral method 135 usec to obtain imglicit fain-
ite~dafference aquations, which mogel the partial differen-
t1al equations and wnay be used 1n a downstream, torward-
marching solution scheme. The program soives laminar and
turbulent bpoundary layers. UBoundary-layer transition is
based on the wmomentum-thickpess Reynolds nuaber critecion,
which is detineg o priori. The way the transitior Reynelds

nurber (RETRAN) {5 specified 1is as tollows @

A very large value 1s assigned to RETRAN, e.g. 10000, sg¢
that the prodgram 18 ensured to run wholly laminar. From the
experinental data Sheets obtained from NASA C£11, the loca-~
tion of tne wminiwum pressure is corsidered to be the onset
ot transition. At this location the corresponding value ot
Peg 1n STANS output is then consideread to be the correct
Rt THAMN.

However, since we are presently concentrating only on
the taninar boundary layer, o large value of RETKAN was

Alwadys assigned an the 1nput to  S5TAYS and NoO re~run  was

]

necessiry.
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Othiet fipul parametors  and Yilagu"™  age requiredy dq
detailed description of which can be found 1n the STANS
report L21. The edge velocity distribution and initial pro-
Files for the velocity and tetal enthalpy across the boun~
dary layer are required fnput tor STANS. They are prepared
by the extended Wu ang Lock proyram. (See Chapter V).

The output of the program gives, at every 1ncremental
X, all the boundary=-layer properties of interest, eege,
W) Py HY) oCrr 84 8% 84 Rey 2B a™(¥)s Te(y),Priy), oo
etc. This Intormation can then be used for theoCetical ana-

lysis or the boundary layer.




i ™ T .
LRE

Bl

T

CHAPTER VII

FEFECT OF FLOW AMGLES ON BOUNDARY~LAYER
CALCULATIONS

As nentionec Lefore in Chapter V, the angles of the frees-
trean flow will affect the bounddry=layer f£low.®* One ¢of the
objectives c¢f this research was to investigate the capabil-
fty of the available computer programs (Wwuy and Lock's ana
sTANS) to handle pitch and yaw anygles that are a siyrificant
fraction of ard to obtain some cenclusions regacding the
analytical touls needed to analyze such cases.

The oriyinal Wu and Lock program was modified to calcu=-
late the eftective vyaw angle for arbitrary combirations of
Yaw abd pitch aryles. The eguations derived by Dunn et al
111 vinre used 1n subroutine ANGLES to calculate the azinuth
dafiyre ot the probe, as discussed in Chapter Ve Tt was found
tnat the extended wu and Lock program works well wilth all
the cases gtudled.

One case wds studied tn some detail, viz., Case 40,547

which "as the following Cata 2

Ly}

M, = 0.6, Req = 5 x 10°, q, = 586 psi,

(= [ :U.OHO.

tTransition 15 offected when o/ § is changec Dby + 5%,
{(Reterencu 9),

24
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This catse was PLCKed up 45 d 5Lart Lecause of tls relatively
Small Macu number would allow neglection of nnise etfect
[144,015%). Tne ocutput ot the proyram (edyge velocities and
Initia) protiins) was input to STANS. [t was tound that the
FeSults or S5TAND for this case Wwere exactly the sawe as the
cdse of zero tlow anclese This was rot uhexpected sipce (a )
and (@) are vary small in this case.

Then, the same case was Trepeated but with larger
angles, viz., a=2.0, B=2.,0 ceyrees, which places the probe
135° rrom the windward element, and a=«2,0, B =2.0 deyrees
which places the probe 45° trom the winaward elemente The
fesults of these twe funs, toyether with the origiral run,
are sphown in Ftyure €f, k 135 defined as 2y/D. The plottea
resulls adrea witn the observation that the pressures on the
WinGear ¢ sice are greater tnan those on tne leewarc side and
that a sern~inclidence flow lies 1in between these. However,
by compariry the values ol wall shear sttess, at the probe
aziruth anglie, and the bpoundary=-layer thicknesses &, 8%

6, the eftect ot a and B is wneyligihle as showP in table
1le It was, thurefore, deciced to confine the present stage
ol tesealch tv the cases of very small flow angles. A possi-
ble reason for STANS's (nsensitivity ts its assumption of
axtiaymmetry while real f(low with large pltcn arafor yaw
Angles witl bhave signiticant cress Llow, thus forming

&

tnree~dimenstunal flow.
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TABLE 1I

SENSITIVITY OF STAN5 COMPUTATIONS TO
CHANGES IN FLOW ANGLES?

to the probe locate

d at the top of the cone.

Cede 8= 0.0 A @20, 8 s 20
Cef2 § 6% 10 [Cef2 8 6% | 8 [Cef2 ) é* | 8
0.11842 | 615 [153] 56 |838( 572 153156 [ 843 | 574 | 153 ] 56
0.21593 | 811 [216{ 78 | 590} 849 216178 593 853 | 217 78
0.31483 [ 999 [265] 95 | 4821020 264195 1484 1 1025 | 265 96
0.41417 | 1157 {305(110 | 17{ 1182 305[110)419 | 1188 | 306|110
0.50374 | 1310 | 341|123 | 372 1322 341 [ 71221375 ] 1330 | 342|123
0.6/ 341 | 1449 | 374(134 | 340] 1425 374 1134|342 | 1430 | 374134
A1 numbers, except x, are multiplied by 106. The case
analyzed is 40.547. The azimuthal angle, ¢, corresponds




CHAPTFR VIII
CORRFLATION OF SKIN FrRICTION
B.1 Theoretical Background

Dimensiona) analysis £17) has led tg 2 wall-law 01 the torm

+ +
u = fly) (8.1)
L * tol e
wiiere U = ufu*, y = yry/y and
uslongitudinal velocity, u*=shear velocity VA /o
Ii wa wuyse the ircompressible kerncully equation to relate

u to the pressure ditference between a Preston tube rest-

ing e¢n the wail and local static bPressure, the la2w-gt=the--

wall can then be written in the foliowing form.

Up. =\/2(|>Pt -P)e  =yZF" (.2)
R - o(tams)
W

Mow, 1f we further assume that

(8.3)

the eftective center ot the

DLUOLE,Y orry 1o at fts halt-neagnt, le #e,y

B
* 2
2o <o (o7 7

Mow Pultiply tne numerdator i

Keff =2feff/D=1.0,
thien

(f.4)

untominator on the Jett by

the appropriate factor, {n orger tG outuipn the sape Y1 oupinyg

o1 telms 45 appear 3n the function Ge
AP D2/4n\)2 . :DZ 4 2
e papl SANED Ay
TWD /4pP

8
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Tnis last relatron provides a convenient way for determining
the skin friction since tne snear stress is now uniguely
relatet to the difference 1n pressure head measured with a
Preston~tube static-hole combinatior. #For a Preston tube ot
9iven geometry, the function F can theoretically pe deter-
mined trom pipe flow experiments where the skin friction can
he deduced from messufements of pressuce dEop. In view of
the fact that the wall-laws for pipe and bouncery laver
tlnws arae identical €171, the calibration 1s expected to
holc als0 in bouncary layer tlows.

Equatioen (8.5) 1is for tncompressible flow in which the
assumption c¢f constart properties 1s valid. For our case,
the flow is compressinle and the properties, therefore, are
not constant. for zpplications to Preston-tube data, the

progerties 3n Fquation (8.%) should be evaluated zt tne wall

(¢obe surrace) €131, i.e.,

2
1. D 2
w AP D
. R F _._.._,___2. ( 8 . 6’
4 Pu Vi 4 Ou Yy

Tie chaice ot wall properties 1s consistent with Pradshaw
anc Unseorth's correlation €201 for compressible, tucbulent

hounddlfy lLayer.

.7 Cholce of tilw Funpctioh ¢

Patel C1A1,L17Y established calibration curves Lot the lami=

naft gyhtayert, butter or transition region ano
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fully-turoulent layers. His c¢orrelation four the lawmipar
sublayer i1s

y* = 0.5 x* + 0,037 (f.17)
where x and y 2are cefined, lor coupressible flow, as fol-
lows:

2

x* = logqg %—2;3‘;2 (8.8a)

D2
10910 7o (8.8b)
Ao,y

y‘k

Alternatively, x* and y* can be expressed in the torme

x* = ]ogm[EE_p_e Rg] , (8.8c)
Py
y* = tog[ &5 Pe RS (8.84)
8 p '
W
where CP = Preston—~tube pressure ccefricient

=(Ppy =Py )/ (5 pg 1),

Cf locai skin trictvion ceeificient = Twl(.S peﬂz),
and

r

b

D trestcu=-tube Reynolds nuaber

it was decided to try a stretght-line* correlation for
lamirar ooundary layers in analoyy with Equaticn (B.7),
51rce It was expected thet tbe behaviour of a laminar sub-

layer is simitar to tnat of the leminar boundary layer.

---------- - e ey oan am

Afatuf investiydation shodea that using a second=-order
turction ai¢ not i1nprove the curve-titting accuracy.
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Bs3 Tha Curve-ritting Program

The computer program utilized tftor the curve titting is
called CURFIT. After applying fquation (3.1), the Preston-
tube pressure ddata 1s read 1in, together with other parame-
ters like Pw ’ Cf ’ Pw’ Ve 2Na Ue obtained from the Wu ang
fLock €41 and the STANS {21 computer programs.

The prcbe characteristic length, D, was first taken to
be eguial to the heiyht of the prove. iees, 0.0097" (See Fig-
ure 2). Hut since Patel®s correlations were based on round
brones, 1t wdas decided to use an eguivalent diameter of the
nrobé. This was done by assumlpy the probe face to be an
aidipse w1tk major ar¢ minor axes

23

131

0.013R ¢+ 0,004 = 0.0178" and

2b 0.00997", respectively.

™nen the equivalent circle nas d4n agrea of

n 2 = wab
4 mm
+'+ Dag = Y4ab

Deg 0.01314
The proyrar then calculates x¥ and v* fcr each ¢hservation
point¢, anc wv1a a curve~fitting package prepated by Ur.
Chandler C10Y ot Oklahoma State Uriversity, it tits the
values of x* and y* to a stcatght Yaine of the fornm

y* = Ax* + K (8.9)

oy b MR p ol e mh Uy s M E MR e

*observative pulnts were taker 045" apdft dowh to the
#nd ot the laminar portior of the beunddry layer.
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where A (slope) anc ¥ (y=-intercegt) are conutarts to be

determined by the program.

B.4 Results anpd Improvements

The resulting stratght~lipe 3t to all poeints wéas found to

he

y* = 0.632 x* + 0.415 (4.10)
With @ rovt-mean=-square error® of 1.2%. This ercor was Con-
S1delfed unsatistactory.
I't was assuwed that the reason for this data scatter is the
correlation made! (6.9) «aoes net zccoult for variable pro-
perty effects, Tnese effects can he accounted tor by intro-
fuciny the retlerence temperature, T, intce the correlation.
At this temperature, average values for densttly and viscos-
ity can bpe calculated. Tetervin (181 suggested tnat to
trarster the incompressible skin-frictior relatior of Ludwig
and Tiliman T19J) into coumpTessible ftorm, two paraneters neea
to be 1ncluced, namely Mg anc T*/T,. He and numerous ather
investigators have mogeled the efiects ¢f these two parame-
ters by 1ntroducing gensity and viscosity at a reference
tompegature. Although Allen (201 selected the referepnce
temperature of Sommer and Short C131, we have chosen to use

“ekertts fotmula tor T’ as detined in Fyuation (C.3). Also,

----------- - -

3jefined A4 1/2

[ Yistans  Ycugerr | 2
A1 points Y*STANS
No. of points
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the u-e ol the fncompressinle Perpoulli equation to

calculate uPt’ Fguation (B.2), is not accurata. Assuming

1s0eneryetic flow (Tt,Pt=Tt,e’ 4cross the oouncary layer.

upt €dn de calculated more accurately as follows:
Ppe/Py = (1% S My )

2 2 (v~1)/
or My, = -+ [(Ppt/Pw) LRI 1]

.Y_'I (8011)
M T
Pt Pt _ t,e
and /U J J J
‘Pt Me Te t Pt
MPt 1+ Ii M l 2
Up, /U, = & 2 (8.12)
Pt’ ~e M Pl
AN
and x* 1s now Aefinec ag °
x* = ]cg_lo (u2 2"4 5) (8.13)
Thus, the jfmproved me¢del 1s in the torm
y* = A X* + B 1og(T'/Te) + K
Tne resulting corfrelation is
y* = 0.655 x* + 2,005 ]og]U(T'/Te) - 0.895 (8.14)

with an rms errer of 1%, To further isprove tre fitting

ACCUL 8Cy, & fquadratic model or the torm

y* A x*z

+Bx +C 10g;o (T'/T,) + K
was triude The result is

0.273 x*°

]

y* - 2.618 x* + 1,645 10g10(T‘/Te) + 8,921 (8.15)

Wwith an a8 efror of 0.8%58. tquation (H.15) can bPe written

i the torm
] (u D/2P )0.546
0 og]0 Upt
. 9w -5 ' -
Cf = 6.67 x 10 5 ]0 Up 5.236 7 )].645 R 2 (8.16)
e t- T D
2v e

whiclk nas e¢n rws error of E HE%e Fliyure 7 shows tne data

scatter tn of Cf. Figure 8 cowpares the recommended corfela-
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. *
tion (R.15) wath the data., The term 2 5 defined 25

2% =2 0,273 x™? < 2,618 x" ¢ 1,645 log  (1°/1,)

The extraneous data, which appears above the 10% line 1in
Figure 7, corresponds to a Mach number ¢f 0.80 and Regy of
thfee and fcur millien. It is Speculated that these data are
a result ot the formation of a trarsonic shock aon the stea
of the flow=-angularity probe (e.g. see Reference 8) which
affects the weasured values ot Pof 2and thus Py . Discarding
only this particuler data, a new f1t results in the

following equation.

y = 0.0942 x2 - 0,438 x" + 2.023 log (T'/T)+2.272 | (8.17)

The correspcending tes error 1in Cf is 4.93%. Thus, FEquatior

(8.17) 13 tre reconnended correlation tor relating q= ang PPt

within subsoric, compressible laminar boundary layers.
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Ba® General Remarks

A« The increase of U dgiscussed In sectior 8.3, resulted (n

better tit, This can be explained &s follows t Ir the pro-
cess ot deriving Equation (8.4), the non~dimensioral effec~

tive center of the probe, keff ¢« 15 assumed to be unity.
Pate) C16] and Prozorov (221 and others, €+gde Chue £173,

have founa that 0.55<yef¢/u<u.o5. Thus, writirg Fquation

(4e4) in the forw
* D
AP

u
e -
» g[;"inﬁg]’ Deq = 1.30
15 equivalent to assuming that the average value of Yoff =

12 0/2= 0,65 N, our equivalently ke = 1.3,

ff
The better fit is an indication of the strong effect of

thie probe geometry expressed by RD. One «can alsc conclude

that keff is a function of RD. This conclusion was postu-

lated hefure by Preston £21J. Patel €161 and Prozotrov {223
shcwed that keff 15 a function of uptD/v -

be Although the assumption that Keff is a8 constant works

well, keff s not a constant in fzct. This can te seen in
Flgure 6, [t increases slowly with x. It €an be shown that a
constant Keff Fayuires that the ccefficient of x* in the
correliation pae 0.5, The tigher coetficient in Fgquation
(d4.10) confiras that keff is not a constant. Assuaing a Bla-

3iUs  type pirolile, it s shosh tn Appendix O that

.337 .355

€s  The correlation (8.15) 15 true lor boay geometries cother

taan the cone since 1t is basec on local variables. It

it T
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accounts for heat transfer conditions since it includes the
temperature ratio T'ITE- It is also thought to he valid tor
blessure yradients since 1t is bised on condiations near the
wall. Thus, 1t 1s considerec to be a general aeguation Lor

estimation of skin-friction coefticients in subsornic, Jami-
Nar houndary layers,

A« Tu an attempt to improva the curve-fit, we tried various

calibration moduls., Anong thew were the followiny tesults @

y* = 0,102 x* - (0,232 10910 M, +0.815 1og10 Reft

(Be.l8a
- 0.867 log, g - 3.458 )
with an ras ecror ot 0.27%,

) 2
y* = 0.011 x* - 0,582 log, (1+M ) + 0.481 Tog o Re,

- 1.972 log,, % - 1.554 (8.18b)
with an ems error of 0.06%, anqg

1
10910 ¢ = 0,002 ]og]o [(PPt - P /q 1+ 0.024 109]0 (1+M 2)
X
+ 0.501 10910 (Reft D E) + 1.688 (R.18¢c)

Wiln an s error of 0.02%, Though the accuracy ¢t the tit

became better and better, the depgendence on x* anc¢ the Pre-

SLon-tube measurements becawe less ang less. This weans that

STAMNS  calculations were correlated in  these calibration

models rather than the experimental data.

The use of frevstream patameters (nm,Reft) ir correla-

tions (YelfAe,b,c) Fimits their use to the 10~cegree cone

Measutewents, Lee., the Cuelficients of N°° ang Reft 1t these

correlatfons dre not universal. To corcect ror that, the

lucal *aca ruwbor Hp and Rex Shioulo pe uysed.
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@e The calibration models used by Bradshaw anc UnsWworth,
Allen, Fenter and Stallmach, ano Patel which were reportac
by Allen 1in his survey report (€203 were all trie¢ tor the
present laminar data. It was touna that none of them was
competitive with our correjation in terms of the rms error
in skan=friction coetficient. Allen's 2nd~degree nocel fit-
ted tie laminar data with an rms ercor in Cf of 8.64,

f. Bradshaw and Unsworth €231 have criticized Allen's use of
the refecrence temperature to evaluate density anc viscosity
in the ¢lassical law-gf-the-wzll. Rather than replace the
Conventional evaluation of properties at the wall, we have
tollowed the procedure by Tetervin (181 and others to obtair
a compressible equation for QF by saimply sultiglying an
incompressible egquation for Cf by the ratio of T'ITe raised
to some exponent. Here we have determined the exponent via a
curve fit ot the data. Thus, we are pattialiy accounting for
Aradshaw and Unsworth's objection. However. thelr second
objection stilt appties to our analysis i1n that the refer=~
ence temperature method 1s based c¢n Zero-pressure-gradient
flows ané has ar unknown range of valicity for flows with

pressure yradients.
Ae & Prozorov Correlatior

Aussuming a telatively small hetyht of the Prestun=-tube, Pro-
zoruv L1221 expanaed the velocity u about the wa2ll wusing
Maclaurin's series anc reacnhec the tollowiny simple correla-

ticn for incompCesstible laminar boutidary layerse
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% Yof - TerTT dx
e " (B.19)

He analytically varified Equation (8.19) for round and rec-

tanyle openings ¢t the probe (for which Y off €4l be theoret-

1cally calculated).

Curralation (R.19) has the aavantage that it can be
used for high pressure gradtents*, and the disaavantage that
yeff nust be known a priorvi.

Tt 15 also limited to incompressiple flows. |

I'r is sorth menticning that Prozorov's varer 18 the
only study tound in the Jiteraturse that ciscusses correjat- 1

Iny Preston-tube dats with theoretical laminar shear stress.

AR R S S e TR R W R e ey VR NN e R em AR AN

*All the cases investigated 1in this stucy tde small
favotuble dP/ax.




CHAPTER {X

CONCLUS1ONS
1. The Wu 2nd Lock computer program is an accurate and reli-
aple way of calculating the 1inviscid flow field about a
3harp cong at transonic speeds.

With the added subroutines, the program is row capable
of calculating the inviscid pressure and velocity distribu~
*10n alony a conical ray, correspondiny to the Preston tube
sutvey, tor aroitrary combinatiors of pitch ana yEw angles.
It also calculates compressible initial protiles hased or
siFilarrty theory anc¢ the supersonic laminar cone rule; this

information i{s used to start the boundary layer computa-
tions,.

?« The STANS cowputer code does not wWork satistactorily wnen
the flow angles are signiticant, 1t was found that its cal-~
culations ware f{nsensitive to crances in tre flow angles
whep other pardameters weru kept the same. This limits its
utility.

. Tt 18 possible to correlite skir triction and €Xperifen-
tul Freston-tube plessure measurements in the simple form
(se17)e

4« The non-utwensional eftective canter ot the Preston tube,

k ep 18 Pet g constant value but rather 1ncrecses with x
tll- )

And fdecreases with h%(.
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CHAPTER X

SUPPLEMENTARY OBSERVATIONS
1. A 3~dimnensional boundary~layer computert code is needed to
continue 1nvestigation of the role of pitch and yaw angles
on the correlation of Preston-~tube data and skin friction.
?. The laminar cocrrelation needs to he verified in super-
sonic flows and also for free-fiight conditions for which
the wall tempefature seldom equals the agiabatic wall temp-
aratute.
J. By usinyg the measured Prestun-tube pressures a8t the end
ot transiticn, the correlation ot Allen £201 can te used to
initiate computation of the fully~-developed turbulernt boun-
dary lLayers on tha cone. This avoids tackling the develop~
ment of a skin-friction correlation tor the bouncary-layer
transition reqion wuntil the lawminar and turbulent correla-
tions are establishec.
4, The Laamipacr correlation may be connected with Allen's
and/or Bradshaw snd Unsworth's (201 correlations for turbu-
tert bounuary layars in otder to model boundary-layer tran-
S1Ti10h.
e In orger to verify anc make use ol Prozotroves (221 rind-
{ngs, a wmethod 15 reqguired thnat relates tne Prestun=tube

pLeasure t¢ the geometry of tne prote. Une way ot coing this

12
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i by curve-iitting the computed values of keff {opbtained

fron plots siuwtiler to Figure ©) with x and Rex.
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APPENDIX A

AZIMUTH ANGLE CALCULATION

In ttis appendix are presented the equations geveloped by
Dunn et al C£11) to locate the windward elemente. Figqure 9 {is
a schematic of & typical vehicle at angle ot attack which
defines the parameters used in this apgendix. As 1iilus-
trated, the angles of pitech and Yaw are measured with res=-
Pect To the freestream velocity vector. It should be noteq
tnat the reiationship utilized to determine the location of
the windWara element {S sensitive to calculation accurzacy.
For this reason, double precision is used in the computer
subproqgram ANGLES. The pitch and yaw angles are restricted
tu magnitudes legs than 9 deyrees,

The tirst step is to evaluate the angle between the

vehicle axis and the resolved YaWw vector. This anyle will be

denoted by ¢.

stn () = ¢/f
tan () = ¢/d
sin (a) = c/e

tan (a) = ¢/a

sin (a )/san () = (cfedflclt) = tte
tan (a )/tan (@) = (c/a)/(c/d) = ala
47




..,F
=

48

VEHICLE
VELOCITY
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ORTGINATL PAGE 13
OF POGR QUALITY

cos (B) ald

Thus tan (¢ )

"

(afd) tan (@) = cos (B) tan (a)
tan (@) = cos (B) tan (a) (A1)

Now the angle & can be caiculated as tollows ¢

G/f = cos (p), cos (&) = a/f = (a/d)(d/f)
v0C05 (@) = cos (B) cos (), 0<ELIO (A.2)
fquation (Re2) determines tne angle @ which 1s denoted as
the effective angle of attack.
At this poirt, we want to find the angle that the windwarg
VECLCr makes with the vehicle axis. The followiry results

cdn be obtaired from Figure 9.

Cos (€ ) = (0'L')/(0'A)

0% = 4 sin (@)

0'0 = & ¢os (&)

tan (@) = (VDY) (00)

cos (€) = (V') /a sin (T) = (D')tan (P /2 sin (@)
€os (€) = a cos (@) tan (¢ )/a sin (@)

“oc0s (€) = cot (&) tan ( ¢) (A.3)

an ¢lternute expressior for calculating € car he tormed by

i
substituting Equation (A.1) tor tan (¢) ‘

cos (€) = cot (&) cos (B) tan (a )




APPENDIX B

CALCULATION OF FREFSTREAM PROPERTIES
Values of Hm ¢ 9, ang Reft are speciiied for a given winag

tunnel setting. From these values, all properties of the

freestream can be calculated as follows ¢

1. Uhtain the freestream total pressure P, as iollows 3
»

G = % 0 U2 = 3o, M2 (v Pso) o
=y 2P /2 '
Poo P
- ---——t’ * b -
Pt’w i Pcc qoo qm
29, (1 + 2 mf) Iy M,

(B.2)

Note that the total pressure ana temperature are constant
for isentreopic, subsonic tlow.
2. Chtain the freestream static temperature as follows
M Reft i u, [ Qn i 9 ) 2
e YYRT, W oo, U° Ve TR,

2 (T + 198.6)

2.27 x 109 1,18 R

. (E.Ef.'& . é-éfLLiO_f{iLB) T2_1 -198.6 = 0
%, 2 woe (B.3)

¥iiere Sutherlandds relation is used for Fog ®

)
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Yo Using fquations (B.l) and (Ba3), p, can be ohtained from
the. tha pertect gas relation @
o, =P/ RT, (B.4)
4. Also the total temperature car be found using the 1sen=~
tropic refation 3
Tt =T (14 15;[— sz) (B.5)
This procedure 15 automated 1n subroutine DLIST. of the

exterded Wu 4and Lock program described in Chapter V. The

listing of the routine can be found in Appencix F,

P
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APPENDIX ¢

CALCULATION OF LNITLAL PROFILES

Sirce STANS is a torward-marching, tinite~diftererce pro=
qraw, starting proriles of velocity and total epthalpy are
Fequired to calculate subsequent velocity and tota) enthalpy
profiles aleny the cone. Care shoula pe taken, therefore, in
calculating these initial protiles. However, the effect ot
the startiny profile on the calculations pecomes swmall after
A certain developmental distarce, as shown 1n Figure 1.

The edge velocity afstcibution can be expressed [13]) as
tollows

u, = ¢ x' (C.1)

dnere ¢ and n are constants., Fitting £quation (Cel) to typi-
cal) edge velocitias near the tip of the cone, &5 obtaineg

from the extended Wwu ond Lock program2, results .in n

B.0047.

The pressure g9rydient patameter tor a conical flow, B
ls telated Lo the tnviscid velocity distrabution €£13) by
. 2N
¢S Tt 0.003128.
This lo turn corresponds to a wedge flow with

B

LW nc/3 = 0.00157,

D L AN Y AR SR R MR S W R AR AR R AR em

LCas%e analyzed hete was Casve 40,547,

Vi
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Frawination of Figure 4-11 of white £13) indicdtes that the
solution tor f(n) corresponaing to B =0 1s expected to he
qo0de. Thneretore, the tabulated solution for Blasius flow may

be used to specify the initial profites. The normal dis-

tance yc can be calculated now trem

.yc = yB/' 3
- . [F-ﬁ—-us Ve ]'5 (C.2)
<o Ye = /5 v % *

Where v’ {s the kinematic viscosity evaluated at the refer-
ence temperature T* as will be shown now. One can obtain
Fyuation (C.2) using Mangler transformation...

An exprfession tor the reference temperature a2cross the

hounddary layer 1s given by Eckert®s formula £1331 @

T'= T(0.5 + 0.039 M + 0.5 T,/T) (C.3)
Where T = Tt/(] + I%l.mz) (C.4)
, . 2 (C.5)
and Ty = Ty = TO + r 2w

Where r (Prﬂ/zfor laminar boundary layer, ard

(Prﬂ/3tor turbulent boundary layer.
The values of local Mach rumbers Me and the total tempera=~

ture Tt are cawculatea by the extended ¥u anc Lock pLroyrame.

Prendtl number 1S taken to be 0.72 for air.
Now ' can te celculated using Sutherlanct®s retation

[ - '8
= 2.27 X 10 '-'I-".'-'“+ 1‘9‘8‘:‘6" (C¢6)

To obtain ', p' 15 calculated using the pertect yas

relation

(o Pw/R T (C.7)



f4

Whete the gtatic pressure Pw 15 calcutated in tue wmain Wu

and Lvck proygram,.
therefore, frow (Ce6) and (C.?), ' can be calculated,
vi= u (C.8)
Substitutson 1n (C.2), yields a table of Yo Vseny . Feowm the
Rlasius solution tor tt' = u/Ue, «@ can obtatn a tabie of y
Vie Nge  Thus tne initia) velocity grofale 1s specifiued.

The totuli enthalpy 132detined 48
u

hy = ht
t 2g.d
02 for ¢, = constart (C.9)
TR P

The distribution ot T thruu%h the boundary layer may be

approximately expressed [133 as

r‘u2

T=T + (T, -T )W __Tru
aw W Ue 2 cp 9e J

w

Substitution into (C.9) gives

2
- - ST ) Uy e fL-r) ut
hy = o [Tw (Taw Tw) U, 4y 9.

With the assumption 1w 5 Taw' this equation reduces to

2
- Uory

Tw wrs certculated via the Wu and Lock prosren, AnR¢ the ini-

tial stagynation protile was defined hy Equation (C.10),




APPENDIX D

FUNCTIOMAL DEPENDENCE CF THE FFFECTIVE
CENTER OF THE PRORE
For simplicity, we will derive an expression tor keff for
1ncompressible flow over a flat plate. The correlation

(B8.14) reduces in this case to

0.655 , 0.69
Cf—--(ip RD (D«1)
‘rhere Cf = ‘rwl(O.S pUz):
Cp = AP f(0.% puz),
'h = U Dy = (U x/v) Dfx = R%( D/xe Since AP = %;)uptz
Cp cal be written in the totm
? 2
€ = (upy tU)" = () s
p Pt at neff

where [* = 1st derivative of the Blasius function wefete 1,
anAd

Naff = Yors ¥ U/2vx ~Kogep D YRe /X,
S1ince the height of the probe 15 very small (0.00S7*), ali
the laminar poundary-layer uAata was obtained within the

lower 10% of tne layer thickness. In this tegior f*'~ 7 is

valid.

Thereture, LP CdN be expressed as

2 Z 2 2
Com~ N @ Kgpp D7 Rey/xm. (0.2)
Substituting relatfon (D.2) fato (D,)) giveu
1.31 -0.035 ,x,-0.447
Cf-. keff Rex (ﬁ) (D.3}

i m— e
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The well-known relation for qf in this case i3
- -0.5 (D.4)
Cf Rex

Compdring (D.3) and (L.4), the tol’ wind equation 1is

obtatned tor “eff'

-0,355 (X)0.337

k D

-~ Re (D.5a)
X

eff

-0.018 , -0.337
Ot slternatively, K ee™ Re, Ry (U.5b)

Again, relations (D.5a,b) are only valid for inccmpressible
flow over & flat plate and are presented nere only  to

demonstrate that Yaff is not a constant.




Linan oot — o v
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RAW DATA USED FUR SKIN=FRICTION

CORRFLATION
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