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INVESTIGATION OF SOME TURBULENT-BOUNDARY-LAYER
VELOCITY FROFIIES AT A TUNNEL WALL
WITH MACH NUMBERS UP TO 1.2

By Marshall P. Tulin end Ray H. Wright

SUMMARY

Turbulent—-boundary—layer profiles at large Reynclds mumbers and
with Mach numbers up to l.2 are presented. Under the conditions of this
investigation, the veloclty profile shapes were substantially unaffected
by compressibility. The nondimensional profile shape was found to be a

: 5
function only of the parameter Ei (E& = 51, where Si and 65 are the
1
displacement thickness and momentum thickness, respectlvely, which would
be optained if the veloclity profliles were analyzed as for the incompressible
flow). At a Mach number of 1.2 and with the low values of H; exlisting

for this investigation, the turbulent boundary layer under the shock did
not separate. The increase in dlsplacement thickness across the shock
could be calculated by use of the momentum eguation. )

INTRODUCTION

An investlgation of turbulent—boundary—layer profliles alt large
Reynolds numbers and Masch numbers up to 1.2 was carried out In conmnection
with the design and investigation of a clrcular supersonic nozzle for
Mach number 1.2. No systematic varilatlon of the variables influencing
the boundary-layer development was attempted. Only the boundasry—layer
profiles existing at various positions on the nozzle wall were investigated.

The results obtalned in thls investigation are turbulent~boundary-—
layer—profile data at large Reynolds numbers, of the order of 40,000
based on the momentum thickness, and at Mach numbers up to 1.2. The
effects of compresslibllity on the veloclty profile shapes and form
parameters were Investigated. Some boundary—layer shock—interaction
data are presented.

The experimental data obtalned are of considerable value, particu—
larly because no experlmentel work lnvestligating the effect of compressl-
bility on the turbulent—velocity profile shapes has previously been
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reported, although semliempirical methods for calculating the thickness
of the incampressible turbulent boundsry layer have, by the use of
reasonable assumptions, been extended to campressible flow (reference 1).

SYMBOIS

ratio of dlsplacement thickness to momentum thickness for

5 *
campresslible flow <-6i->
c

ratio of displacement thickmess to momentum thickness for

Oy *
incompressible flow 9-—-—
1

Mach number outside boundary layer

Reynolds number based on boundary—layer momentum thilckness
PgUe
L _c
it

absolute stagnation temperature inglde boundary layer

absolute stagnation temperature at outer edge of boundary layer

valoclty Inside boundary lsyer

veloclty outslde boundary layer

distance from throat, posltive downstream

distence normal to surface

distence from surface to outer limit of boundary layer

boundary—layer dleplacement thickness for compressibvle flow

S
_ _ou
‘/; (l ps“)dy
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51* boundary—~layer displacement thickness for incoinpressible flow
o
1 -
(/ ( U)ds)
ec boundary—leyer momentum thlckness for compressible flow
3] .
F’JL.( - E)dy
<JC Pglr T ).
64 boundeary—layer momentum thickness for lncompressible flow
(3]
21 - .E)d;f
fo LA
“6 coefficlent of viscoslty at outer edge of boundary layer
p density inside boundaxry layer
ps density at outer edge of boundary lsyer
.—--"”,-—_-H" S
APPARATUS AND METHODS = *7,;_;' )
. "'"*--._.._____._/" 4

This investigation was carrled out in the Langley 8—Ffoot high-speed

tunnel. The Reynolds number per foot was of the order of 3 X 106 and
varied from 18,000 to 64,000 based on the boundary—layer momentum thick—
ness. The variation 1n Mach number was continuous up to nearly 1.00,
but only one supersonlc Mach number, approximasely l.2, was attalnable
wlth approximstely zero pressure gradlent at the measuring station.
Mach numbers between 1.00 and 1.2 exlsted only iIn the accelerating flow
between the throst and the supersonlc test section. Except for the
possibility of moving to verlous positlons along the nozzle, the
boundary—layer Reynolds number was not varied Independently of the Mach
number, and only two reglons existed, one nesr the throat and the other
gt the supersonic test sectlon, where the pressure gradlents were
approximately zero.

The principal measurlng staetions are indicated in figuwre 1, which
also shows the nozzle profile shape along with representative Mach
number dlstributions. The data presented in figures 2 and 3(a) were
obtalned at theme stations. In these figures ldentificatlion of the
test conditlons is facllitated by the values of x and M given. It
will be noted that for the data of figures 2 and 3(a) long regilons of



3 AR Re RACA RM LoH2Ga

accelerating flow preceded the test positions. For the general asnalysis
of figure I, data from various positions on the wall of the nozzle and
also from a previously used subsonic test section are included. The
data presented In figures 5 end 6 were obtalned wnder the normal shock
terminating the supersonic flow at the downstream end of the supersonic
test section (see fig. 1).

In order to find out whether the boundary-layer development was
affected by condensation of water vapor, measurements were teken with
the tumnel sufficiently cool to cause considerable fog Iin the flow, and
these measurements were campared with those taken at much higher
temperatures. No appreclable dlfference appeasred in the boundary—lsyer
meagsurements.

The methods of reference 1, in combination with some boundary-—
layer measurements in the entrance cone of the tunnel, were employed
in camputling the boundary—lsyer dlsplacement thickness used in the design
of the supersonlc nozzle. The success of the nozzle designed in
producing the design supersonic flow attested to the over-ell accuracy
of the boundary—layer celculatlons; but because of local pressure
gradlents at the walls and because of asymmetry angularly aboiut the
tunnel wall of the wall boundary layer (the cause of thls asymmetry has
not been determined} the boundary—layer calculaetions could not be
accurately checked by mesns of boundary—layer surveys along a single
axlal line. The present paper ls therefore limited to the investigation
of boundary—lsyer profiles and of the behavior of the turbulent boundary
layer under the terminel normal shock.

The total pressures through the boundary layer were measured by
means of banks of tubes open to the oncoming flow. The banks were of
two sizes extending outward into the flow 3 inches and 6 inches, respec—
tively. For the flrst 3 Inches the total-pressure tubes were spaced

8t %-—inch intervels measured fram center to center. On the 6—inch
banks the tubes were spaced st %n—inch intervals, mpasured from center to

center, over the outer 3 inches. The pressure differences were measgured
snd photographlcally recorded on mancmeters containing tetrabramocethane.
Only data neer a Mach number of 0.5 and above are presented. The total—
rressure tubes used were of 0.050—inch—outside—dlameter tubing. In a
few cases the total-pressure tubes were interspersed with total
(stagnation) temperature probes constructed by placing small thermocouple
heeds at the entrances to total-pressure tubes; 0.060~inch—outside—
diameter tubing was used far these probes. Temperature probes calibrated
in the free stream where the stagnstlon temperature is known showed only
small corrections regquired. With the =small supersonic Mach numbers
encountered In this Investigation, the corrections to the total pressure
were small.
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For taking accurate measurements of the boundary—lasyer profile at
a glven point over a perlod of time, single total—pressure, static—
pressure, and temperature probes were mounted on a mlcramester screw.
With this apparatus the positlon of the tubes was contlnuously veriable
from the wall outward to 3 inches from the wall.

For most of the surveys the static pressure was obtalned from
measurements of the pressure at orifices in the Sunnel wsll. These
arifices were 0.031 inch in diameter. ZExcept in the region under the
terminal normal shock, the pressure gradlents were sufficlently small
to cause the stabtlc pressure to be essentlally constant through the

boundary layer.

Mach numbers were obtained from the ratlo of static pressure to
totdl pressure. Veloclty and density were camputed under the assumption
of constant stagnation temperature through the boundary layer. Under
operating condltions the stagnstion temperature in the tunnel normally
rises as much as 140° F, but because of inadequate mixing of the cooling
air, the temperature near the wall was as much as 50° less than that
near the center of the tunnel.

The boundary-layer data have been reduced as 1f they had been
obtained on a flat rather than & cylindrical surface. Because the 4—foot
radius isg sufficlently large, the error due to this simplicatlon in
calculation of the momentum thickness 6 and of the displacement

thickness &c* 1is less than 2 percent and that in the form param—

o *
eter H, = ==— 1s negligible.
. % 6

RESULTS AND DISCUSSION

Temperature conslderations.— Temperature data obtalned wers

incomplete and not sufficlently reliable to permit the exact calculation
of velocities within the boundary layer and of the boundary—layer
displacement and momentum thicknesses. The values of these quantities
presented herein are therefore based on the assumption that the stag—
nation temperature 1s constant throughout the boundary lsyer. Same
stagnation—temperature profiles, which, however, are not regerded as
campletely reliable because each profile was taken polnt by point over

a period of time during which steady temperature conditions may not

have exlsted, indicated a meximm change In absolute stagnatlion temper—
ature throughout the boundary layer not exceeding #6 percent. At a
Mach number of 1.2, the largest for these tests, the absolute stagnation
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temperature exceeds the stream temperature by somewhat less than 30 per—
cent of the stream temperature; and 1f, as has been found by other inves— .
tigations, with a turbulent boundary layer approximstely 90 percent of
thig temperature difference 1s recovered at the wall provided no hesat
transfer tskes place through the wall, the change In stagnation temper—
ature through the boundary lsyer at this Mach number is ahout 3 percent.
With these conslderations in mind, a linear variastion of stagnation
temperature amounting to a 6—percent decrease at the wall was assumed,
end the resulting errors involved in assuming conatent stagnetion tem—
perature were estimated. The following percentage errors were found In
the various guantities: . .

Maximum errcr *
Quantity (percent)

s & & s e ¢ ® & e ®* & & « « o s . . . @ v = _'10 -

Q o0 Q
.
.
»
-
.
.
.

e e & s & s s ® s 8 4 ¢ e 8 8 s 2 e e & s e s s s & e % o s s 19

H

The probable errors are, of course, much less than these maximum values.
In particuler the values of u and Hi presented herein sre not believed

to be appreclably in error on account of the stagnation—temperature
variastion.

' Yeloclty profiles.— Typlcal veloclity profiles wlth Mach numbers
from 0.5 to 1.19 are shown in figure 2. The wvelocity within the boundsxry
layer u In terms of the velocity U outelde the boundary layer 1s
plotted agalnst the nondimensional distance normal to the wall ¥y /ei,

where 8y is the value of the boundary-—layer momentum thlckness that

would be cobtalned from a plot of u/U against y if the flow were
asgumed incompreasible.

With incompressible flows, all nondimensional turbulent-boundary—
layer profile shapes have been found to be approximately functions of
the single perameter

= = (1)
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(See, for i1nstance, reference 2.} It 1s of interest to discover

whether a slmilar relation holde also with compressible flow. The com—
pressible nondimensionsl veloclty profiles have therefore been analyzed
as 1f they applied to Incompressible flow. The values of 51*, 65, and

their retlo .'E[i have been determined, and values of u/U at various

values of ;r/ai have been plotted against H; in figure 4. The symbols
apply to the data of this investigation, which lnclude measurements at
Mach numbers fram 0.5 to 1.2 with variastions in Reynolds number caused
by changes in speed and variations in position along the tunmel wall.

In scme ceses, the pressure gradlents Immediately upstream from the
measuring position are positive and In some cases negatlive. Measurements
in the boundary lsyer under normal shock are also lncluded. The solid
lines in figure U4 are taken from the low—epeed data of reference 2.

Since all the u/U values at each value of y/Gi arrange themselves

gpproximstely into single lines, that ls, a definite value of u/U
corresponds to each value of y/ 8, for each H; value, it may be

concluded that the nondimensional vsloclty profile shape 1n compressihble,
a8 well as In Incompressible flow, is spproximately =z function of the
single paramester H:l' Furthermore, because the data of thils paper agres

approximately with the low-speed data of reference 2 (note epproximste
agreement between lines and symbols in fig. 4), the functional relation
between Hi end the profile shape ls the ssms for compressible as for

incompressible flow, and thus could be spproximately represented by a

formula of the type I? = <§) as 1n reference 1.
Most of the values of H, found in this investigation are smaller

than those reported in reference 2. (Ses fig. 4.) The reason for the
small values of Hy obtalned 1s believed to be the exlstence of the

long region of accelerating flow which, In most cases, preceded the /z
measuring point. The lsrge Reynolds number RG is also favorable to [ 4

low values of Hy. Values of Hi as great as 1.3 were cobtalned only
in the reglon of shock. '

Because the profile shapes depend on H;, the effects of compressi—.

bility on the profile shapes can be examined by lnvestigating the varla—
tion of that parameter wlth Mach mmmber. No exsct study of the verlation
of H; with Mach mumber can be made from the data of this investigatiaom,

because the conditions of the tests could not be so controlled as to
meintain constent other variables, such as pressure gradient and
boundery—lsyer Reynolds number, on which the development of E; might

depend. The principsl survey stetlions (fig. 1) were spsclally chosen,
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however, to minimize these extraneous effects, and values of Hj

obtalned fram velocity profiles at these stations have been plotted
against Mech number in figure 3(a). The values of H; for Mach mmbers

less than 0.9 were obtained at & single station end, 1in all cases,
similar flow conditions prevailed. The pressure gradients at the survey
statlions were nearly zero and each of the three survey stations was
preceded by a long reglon of accelerating flow (see fig. 1). The survey
station for a Mach number of 1.19 was a considerable distance downstream
of the other two statlions and was, therefore, preceded by additionsal
accelerating flow. This conditlon may account for the fact that the Hi

value at that station is somewhat less than the valuee found at the
upstream positions. With incompressible flow and with the pressure—
gradlent conditions exlsting for these data, such relatively small
velues of H; change very slowly and it is therefore reasonable to
suppose that in the present case these conditions exert only a minor
influence. It seems unlikely in any case that H; wvariations due to

other causes could approximately compensate any varlations due to
changes in Mach number. The approximate constancy of the BH; values

in figure 3(a) 1s therefore taken as an indication that H; and hence

also the nondimensional veloclty proflle shape are not greatly affected
by compressibility; that is, for the condltions of the present
investlgation the profile shapes are essentlially unaffected by
compressibllity.

Important because of its occurrence in the momentum equation used
in the boundary—layer calculatlons 1s the guantity
5 *
c 8,
where Sc* 1s the actual boundary-lsyer displacement thickness and 8,
is the sctusl momentum thilckness:

5
Sc*ggi//ei 1._P.u_.i (3)
o 650, 81
5/
o, = 91/ ! &‘%(1 —I‘I-l)al (%)
0 g 81

Because jn these equations the velocity ratios u/U at fixed values
of y/ei are unaffected by compressibility, Ec must be dependent on

the density ratlos D/Da- In the absence of & pressure gradient through
the boundary layer, the denslty depends only on the temperature, which,



NACA RM LOH2%a TR 9

with an insulated boundary, Increases from stream temperature outside

the boundary layer to e value almost equal to stream stagnation tempera—
ture at the well. Becauss the difference betwesn stagnation temperature
and stream temperature increases with Mach number, the density ratio and
thereby also H, depend on the Mach number. This dependence 1s shown '

in figure 3(b) where, for a velocity profile

2o

that yields a value of Hi equal to about 1.25, H, is shown plotited

against Mach number. For the top curve (fig. 3(b)) the stagnation
temperature is assumed constant.

In order to show the sensitivity of H, to the temperature dlstri—
butlon through the boundary layer, veluss of H, have been computed for

two cases of cooling at the wall. In both cases, a temperature at the
wall 6 percent less than the absolute stagnastion tempersture of the
stream has been assumed. Stagnatlon—temperature distributions through
the boundary layer have been chogen similar 4o veloclty proflles

;Eg = 0.9% + 0.06 (%)l/n

Variations of H, for n =5 and n =8 are shown (fig. 3(b))}. The
cooling has a substantial effect on the values of H,, though less than

1f the linear temperature distribution used for estimating the possible
errors due to neglecting the stagnation—temperature variatlon had been
aggumed.

From equations (3) and (4) it is evident, because the density within
the Jboundary layer is decreased on account of t\':te -tempergture increase,

that with a given veloclty profile (% agelinst y) the dlsplacement
/4

thickness Sc* is increased and the momentum thlckness €, 1s decreased
by compressibility. With a constant value of Bc, which is the usual

condition for Plat-plate flow (see dilscussion end references of refer—
ence 1 concerning absence of campressibllity effect on skin friction),
the displacement thickness must Increase still more with increase In .
Mach number. Thus, the ususl effect of coampressibllity on the turbulent
boundary leyer l1ls to lncrease its displacement.
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Turbulent boundary lasyer under normsl shock.— Flgure 5 shows the

varistion of indicated (from wall pressures) Mach number M, displace—
ment thickness O *, and form parameter H; through the reglon under

a normal shock near the end of the supersonlc test section. In order
to fecllitate the experiment, the shock wave was moved past the bank of
survey tubes rather then vice versa. This process renders the Mach
number Iinaccurate, because for downstream points in figure 5 the Mach
mmber precedling the shock 1s actuaelly lower than that shown. Never—
theless the phenomensa shown are belleved to be qualitatively correct,
and the experimental method used has the advantage that the effects
shown occur at a given station and variations due to movement from one
position to another In the tunnel are eliminated. Because the only
changes involved are changes in Mach number distribution, the variatioms
shown are due sclely to primary or secondary effects of changes in Mach
number end Mach number gradient. Because of the very thick boundary
leyer (50*‘2 0.5 inch) and, also perhaps, partly because of the observed

unsteadiness In shock positlion, the region of large pressure gradlent at
the wall 1s spread over a distance of some 15 inches.

The sharp increase in ddsplacement thickness with decrease in
veloclty as the shock 1s moved upstream past the survey position should
be noted (fig. 5). This thickening is, of course, to be expected. By
asguming that the inertis terms were predominsnt for the flow through
the shock and by choosing from figure 6 a value of H,, which in this

case was constent through the shock, the mamentum equation could be

used for camputing the boundary-lasyer displacement thickness. True,
some of the approximations involved In that equation, particularly as

to constancy of pressure through the boundary layer snd thimmess of the
reglon of pressure Jump wnder the shock, are not well satlsfied. Never—
theleas, a polnt so computed (apprcximate theory in fig. 5) falls near
the experimental curve. It seems quite likely, therefore, that with
Reynolds nwmbers sufficlently large to lnsure turbulent boundary layers
the approximate theory may serve as a useful gulde to the behavior of
the boundary layer under shock.

As may be observed from figure 5, the quantlty H;, which charac—
terizea the shape of the velociiy profiles, undergoes the expected
increase 1In the reglon of posltive pressure gradlient under shock. The
variation in the parameter Hc accompanying this increase in Hy
through the shock should not be expected to be as great because of the
effect of the decreasing Mach number in reducing H,. The exact
behavior of H, is dependent on the stagnation—tempersture profile.
Figure 6 shows the variatlon of values of H, calculated on the basls
of a constant stagnation temperature throughout the boundasry layer.
Fraom this conditlon, H, 1s observeld to be neerly constant throughout
the region of shock.
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Because of the relatlvely small values of the supersonic Mach
number attained, the variations of the boundery-lsyer characteristica
in the region under the normal shock were less than those reported in
reference 3, for which Mach mumbers up to l.4 exlsted. In the present
investigation no evidence of separation was found, though speclal
efforts were made to detect 1t. With higher Mach numbers snd, con—
sequently, more severe shocks, separatlon ls to be expected at least

locally.

CONCLUSIONS

Fram the results of en investigation of turbulent—boumdary—layer
profiles at large Reynolds mumbers and with Mach mmbers up to 1.2, the
following conclusions are made:

1. &t low valuss of the veloclity—profile—shepe parameter H:L

Hy

thickness, respectively, which would be obtalned 1f the velocity profiles
were analyzed as for lncampressible flow } found in this Investigation,

no ilmportant effects of compressiblility on turbulent—boundary-—-leyer
profile shapes at large values of Reynolds numbers were found.

)
= 51-, where 51 and 8; are the displacement thickness and mamentum

2. With compresslble flow, as wlth incbi:t_pressible flow, the profile
shape is a function of the single parameter Hi.

3. With a glven value of Hy. the ratio H; of actual 'displacement

thickness to actusl mamentum thickmess is a function of Mach number and
of the stagnatlion—temperatures distridbution through the boundary layer.

. Because of the heating within the boundery lsyer, its displacement
thickness 1s Increassed with increase in Mach number.

5. The pressure Jump through the shock is spread over a distance
at the surface that 1s large coampared with the boundary—layer displace—
ment thickness. ’

6. With the comparatively weak normsl shock corresponding to &
Mach number of 1.2 and wlth a camperatively low value of H:L upstream

of the shock, separation of the turbulent boundary layer did not occur.
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T. For the conditions of thls Inveatigation, the momentum equation
could be umed for calculating the increase in dlsplacement thickness
across the shock.

Langley. Aeronautical Laboratory
Netional Advisory Committee for Aeronautics
Langley Air Force Base, Va.
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Figure 4.— Comparison of velocity profiles of present investigation with those of reference 2 with
respect to incompressible form parameter H;j. (Symbols apply to present investigation and lines

to that of reference 2.)
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Flgure 5.— Turbulent boundary—layer characteristics in the region of
shock a8 messured on the wall of the Mach number 1.2 nozzle in
the Langley 8—foot high—speed tunnel. Reynolds number per foot

is 3.8 x 106,
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Figure 6.— Varistion of form parameter under shock.
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