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ABSTRACT

Mean velocity profile data are reported for blown, unblown,
and sucked accelerated turbulent boundary layers. The pressure
gradients investigated are those corresponding to constant values
of the pressure gradient parameter,

vV o0

K = >
o9}

The two values of K considered in detail are 0.57 x 10—6 and
1.45 x 10_6. For each pressure gradient, the surface boundary
conditions cover a range of constant blowing and sucking fractions
from F = -0.002 to +0.00%4.

Velocity profiles corresponding to these accelerated flows
are shown to differ substantially from those characteristic of
zero pressure gradient flows.

For each case of a constant K acceleration, sequential
values of the momeﬁtum thickness Reynolds number approach a
specific constant, and the velocity distributions near the wall
are similar in both wall coordinates and outer coordinates.

Results obtained here can be reproduced by a numerical
integration of the boundary layer equations using a modification
of the Van Driest damping factor, A+ , derived from the data

presented here. The AT correlation is presented.




NOMENCLATURE

A function in modified Van Driest mixing-length hypothesis
(Pv)y,
B blowing parameter
(PU) o (cp/2)
. 2
cp/2 friction factor; c./2 = g 1 /(pUs, )
exp base of natural logarithms
F blowing fraction; F = (pv)w/(pU)OO
0y
H profile shape parameter; H = 5
2
k Von Karman constant
. du,,

K local pressure gradient parameter; K = —5 |

U, dx
y4 Prandtl mixing-length defined by T = pf° |5uléu

e sy lay
P pressure

g, W _
P+ pressure gradient parameter; P+ = —< 3W (%g) = —————E§7§
Pt <Cf/2)
U X

ReX Reynolds number based on position along the plate; -
Rey, U, 62/v

% U,
RX Integrated x-Reynolds number, RX = v/av—-dx

o
U, velocity in the mainstream direction, ft/sec
u velocity, ft/sec

. . . +
u dimensionless velocity; u' = u/uT




shear velocity; u, = VTWgC/p , ft/sec

velocity perpendicular to the wall, ft/sec

. . . . +
dimensionless blowing velocity; Ve = vw/uT

distance along the plate in the flow direction,

inches

distance along a line perpendicular to the plate,

inches, y = O at plate surface

dimensionless distance; y+ = yuT/v
boundary layer thickness; y at %» = 0.99

(o)

displacement thickness;

u
SR O mE

outer region mixing-length constant

dynamic viscosity, lbm/(sec 1)
kinematic viscosity, ftg/sec
density, lbm/ft3

2
shear stress, lbf/ft

R . +
dimensionless shear stress; 7 = T/TW




Subscripts

t denotes turbulent contribution

W wall condition

o free-stream condition




INTRODUCTION

The turbulent boundary layer with non-zero normal veloclty
at the surface, Vi is of congiderable practical interest.
Injection of fluid at a surface is frequently used for thermal
protection, and suction is used for boundary layer control. 1In
many applications the mainstream fluid 1is accelerating or de-
celerating and the combined effects of transpiration at the sur-
face, and acceleration at the main flow, must be considered. A
survey of the existing data on the turbulent boundary layers
where transpiration and mainstream acceleration are present
indicates a need for further work. Existing turbulent boundary
layer "theory'" presently relies heavily on expefimental results;
accurate and well documented veloclty measurements are necessary
as a test for any theoretical developments.

The present paper is restricted to boundary layer flows

characterized by constant values of the acceleration parameter

y_ -—dU°°) d bl fract F( T—)—pﬂw) he f1
K(K = an owin raction F = . The flows
( U2 ax ’ ° pU 0

[o0]

considered are two-dimensional, constant property flows over an

aerodynamically smooth surface, as nearly as the apparatus permits.

Review of Previous Experimental Work

Although in recent years a number of experimental hydrodynamic

investigations have been concerned with transpired or accelerated
boundary layers, only two are known to consider the combined
effects. Bach dealt only with blown layers, and neither pre-
sented enough experimental data to adequately represent the

boundary layer characteristics.




Romanenko and Kharchenko [1] recorded friction factor and
Stanton number data for some combined cases, but did not present
profiles of velocity or temperature. McQuaid [2] reports two
combined blowing and accelerated runs. Using friction factors
corresponding to Stevenson's inner law [3], McQuaid was able to
predict momentum thickness distributions which agreed well with
the experimentally determined distributions, but there is a
question as to whether this is a sensitive test of friction
factor when blown boundary layers are considered. Accelerations
were relatively small compared to those considered here,

Experimental investigations have shown that significant
changes in boundary layer characteristics resulﬁ from acceleration
even on an impermeable surface. Launder and Stinchcombe [4]

studied flows with accelerations at constant XK in which the

local momentum thickness Reynolds number, ReM s approached an
asymptotic limit. The velocity profiles exhibited similarity.
6 6 6

Tests were run at K = 0.7 x 107, 1.25 x 10 7, and 3 x 10~
and, as K was increased, a continuous shift from a typical
non-accelerated turbulent profile was shown. This shift was
characterized by a thickening of the viscous region resulting
in an upward displacement of the velocity profile in the log-
arithmic region on u+ s y+ coordinates, and a simultaneous
decrease in the extent and strength of the wake region. Later
experiments of Launder and Jones [5] do not corroborate the
quantitative results of Launder and Stinchcombe, but the same
qualitative conclusions were found to apply. This behavior in

the inner regions of the boundary layer 1s consistent with the

findings of the structure studies of Kline, Reynolds, Schraub
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and Runstadler [6]. They found that a decrease in the bursting
rate of turbulent disturbances originating at the wall is
assocliated with an increase in K .

The experiments of Badri, Naroyanan and Ramjie [T7] were
concerned with both constant and variable K flows, and demon-
strated the same profile behavior. The experiments of Patel and
Head [8] were concerned with boundary layer flows for which K
was strongly varying, but otherwise showed the same effects.

The case of transpiration with constant free-stream velocity
has been fairly completely studied (see for example McQuaid [2],
and Simpson [9]). It is evident that the case of acceleration
with no transpiration has been only incompletely studied, and
the combined case of transpiration with acceleration has been
virtually untouched. In view of the substantial structural
changes observed for either of these effects alone, 1t is
extremely difficult to anticipate the influence of the combination

of transpiration and acceleration.

Description of an Asymptotic Boundary Layer

The two-dimensional momentum integral equation can be

presented in the forn,

dReM Cp
aﬁ—e—};zé———ReM(H—}-l)KwLF (1)

UOO
where dRe, = -— dx . (2)




For constant values of K and F , the possibility exists that
the boundary layer will develop such that the terms on the right

side of equation (1) will balance, forcing the derivative

dRe

F?EM to zero. Such g boundary layer will be termed asymptotic
Tx

in the regime where Re is constant. There is no question that

M

such boundary layers exist for laminar flows:; in fact, they form
a family of similarity solutions. Turbulent boundary layers also
behave in this manner. Such boundary layers exhibit both inner
and outer similarity, with cf/E and - H being constant, as

well as ReM .
The experiments reported here were restricted to asymptotic

and near asymptotic boundary layers for purposes of convenience.

For these flows, equation (1) yields one method of estimating
dRe
M

YN
dReX

friction factor since the derivative, represents a cor-

rection to the asymptotic form of equation (1). This is a
degirable characteristic since direct measurement of friction
factor was not possible on the apparatus used. These flows are
also characterized by constant values of the blowing parameters

B and vw+ , as well as P+ , Which are desirable characteristics

in the formulation of data correlations.

Objectives of the Present Work

The overall intent of the work presented here was to investi-
gate the fluid dynamic behavior of the turbulent boundary layer
where the combined effects of transpiration and acceleration are
present. The range of blowing, suction, and acceleration considered

covers many practical applications where turbulent boundary layer
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theory 1s appropriate. The particular objectives of this paper
are:
(1) To present mean velocity profile data taken on the
Stanford Heat and Mass Transfer Apparatus;
(2) To present skin friction results obtained from the

mean velocity profiles;

N
(8]
p—

To represent the combined effects of transpiration
and acceleration in the form of a mixing-length model

based on the Van Driest damping function,

EXPERIMENTAL APPARATUS

The Stanford Heat and Mass Transfer Apparatus was used in
these experiments. Since this is described in detail by Moffat
and Kays [10,11], only a brief description will be presented
here.

The apparatus consists of a 24-segment porous plate, 8-
feet long and 18-inches wide. The plate forms the lower surfsce
of a test duct of rectangular cross-section, 20 inches wide and
6 inches high at the inlet end of the duct. The upper surlace
1s adjustable to achieve any deslred free-stream velocity ais-
tribution along the duct. The plates are 1/4-inch thick, smooth
to the touch and uniform in porosity within + 6 percent in the
six-inch span along the test duct centerline where velocity
profiles are taken. Separate mainstream and transpiration
blowers provide the system with alr, while heat exchangers are
used to control air temperature. Conventional temperature and
flow rate instruments were used to monitor the operation of the

apparatus.




Mean velocity profiles were taken with stagnation pressure
probes similar to those used by Simpson [9] and using the same
manual traversing equipment. The probes had flattened mouthes,
0.012 inch by 0.035 inch. They were attached to micrometer-
driven traversing instruments fastened to a rigid support frame.
Dynamic pressures were measured with calibrated inclined manom-
eters.

Static pressure taps were located at 2-inch intervals
along one side-wall of the test section. Free-stream static
pressure was shown to be equal to that sensed by the side wall
taps by using static pressure probes 1in each accelerated flow.

A1l recorded data were taken using the side-wall taps.

QUALIFICATION OF THE APPARATUS

It has already been reported by Simpson, Moffat and Kays
[12] that the apparatus meets the requirements of the idealized
flow model for constant free-stream velocity: 1.e., steady, two-
dimensional, constant property flow over a smooth uniformly
permeable flat plate. Acceleration emphasizes other requirements,
beyond those of the flat plate. Those effects are given additional
consideration [13] in the present experiments. These are sum-
marized below,

Free-stream turbulence intensities were found to be between
0.8 and 1.2 percent at the inlet conditions although velocity
profiles for impermeable flat-plate flows satisfy Coles'
criterion for "normal" boundary layers [14].

Surface roughness effects were investigated by a series of

tests at 42, 86 and 126 fps. In the data for 42 and 86 fps, mean
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velocity profiles exhibited u' wvs. y' similarity near the

wall (y+ < 150), when wall shear was determined from sequential
velocity profiles by means of the momentum integral eQuation.
In the data for 126 fps a slight drop in uw’  was observed for
the velocity profiles, so tests were restricted to velocities
less than 86 ft/sec. Plate roughness elements, considered as
half the particle diameter, were calculated to remain inside
the viscous region of the boundary layer as best as this can

be determined.

Accelerating flows are necessarily accompanied by stream-
wise variations in static pressure. Variations in the transpira-
tion mass flux through each plate due to these variations were
found to be negligible., For each static pressure distribution
in the experiments reported no temperature gradients were found
in the plates when they were heated, with either blowing or
suction applied. The pressure drop through each plate was found
to be not less than 10 times the drop across the span of any
plate at the lowest blowing fraction of 0.001.

Two-dimensionality of a flow can only be determined by
elaborate probing of the boundary layer. This was not done, but
gsecondary evidence was obtalined by comparing enthalpy thickness
derived from plate heat transfer measurements with values deter-
mined from temperature and velocity profiles. Such checks were
made possible by thermal data obtained on the apparatus for the
same conditions as the hydrodynamic data [15]. Energy balance
checks showed agreement within 8 percent for all blowing runs.
This is within the uncertainty calculated for the enthalpy thick-

ness integrals using the method of Kline and McClintock [16].
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In view of these results, the observed behavior of the
data presented 1s felt to fairly represent the effects of ac-

celeration and transpiration.

EXPERIMENTAL DETERMINATION OF FRICTION FACTOR

Determination of friction factors to an acceptable degree
of accuracy from veloclity profile measurements 1s extremely
difficult at best. When the flow 1s accelerating, and there is
transpiration at the wall, the difficulties are compounded. There
is no turbulent "law of the wall" with which to compare profiles;
in fact an important objective of the experiments was to attempt
to establish a "law of the wall" under these conditions.

There are two physical principles which must hold; (a) the
momentum integral equation of the boundary layer must be satisfied,
and (b) in the region very near the wall the turbulent shear
stresses should be small relative to viscous shear; 1.e., a
velocity equation based on viscous shear alone must be satisfied.
However, there are consgiderable experimental uncertainties in
using either of these principles to extract friction factors from
the data. Eq. (1) can be solved for cf/2 , but uncertainty in
the term dRe,/dRe (which is never quite zero) coupled with
uncertainty as to the degree of two-dimensionality of the flow,
result in uncertainties in cf/2 of at least + 15 percent for
the unblown runs, and as much as + 50 percent for the highly
blown runs. On the other hand, the use of a viscous sublayer
equation as suggested in (b) above, is subject tTo uncertainties
resulting from the use of a probe which is "large' compared to

the boundary layer.




A third principle, which can only really be applied sub-
Jjectively, is that the final results must be internally consistent.
Abrupt changes in cf/2 are not expected when all of the external
parameters are held close to constant, and the variation of
cf/2 with the external parameters is expected to be continuous.
The inner region of the velocity profiles, when plotted on wall
coordinates (u+ vs. y+) should collapse together when P+ and
V; are nearly constant, regardless of whether the profile is
obtained very near the asymptotic condition, or considerably
before it.

The procedure used here to determine cf/2 was based on
the momentum integral method with the results adjusted inside
the uncertainty interval to obtain similarity in the sublayer
region (yJr < 15) in u, y+ coordinates.

The first estimates of cf/2 were determined by evaluating
the terms of Equation (1) at each of four stations inside the
constant X region: note that the most difficult term to
evaluate, dReM/dReX , 1s nearly zero for the runs reported here
(it would be identically zero for a perfectly asymptotic flow).
Data from each of the four profiles were then reduced to u+, y+
coordinates using the momentum-based values of cf/2 and compared
with the laminar sublayer equation predictions for the same con-
ditions of blowing and acceleration. A single sublayer prediction
was Judged appropriate for each run, covering four profiles since
the sublayer equations, Equations 3 and 4, are not highly sensitive
to the value of cf/2 and the momentum based values of cf/2

did not vary much along the acceleration region
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and,
+ +
ut =y B (%)
for v oo 0.0

These equations result from integration of the X-momentum
equation of the boundary layer, neglecting X-derivatives of
velocity and turbulent shear stresses.

In general, the profile data fell close to the sublayer
prediction inside y+ of 15, although not exactly on the curve.
Part of the difference was attributed to random uncertainties in
the momentum-based friction factor and part to the systematic
effect of the velocity gradient on the apparent location of the
pltot probe when near the wall. No attempt was made to evaluate
wall-displacement effects on the probe readings. For each run,
one or more reference profiles were selected and their cf/2
values fixed exactly at the momentum based value. Values of
cf/2 for the other profiles were then adjusted to force
coincidence with these reference profiles in the sublayer region.
This is an attempt at removing the random component of the un-
certainty in cf/2 by smoothing the momentum based results thru

the sublayer equation. It does not constitute a true sublayer

-10-




method, since no effort was made to eliminate the effects of
shear and wall proximity from the data. In all cases the

cf/2 values stayed within the calculated uncertainty intervals
surrounding the original estimates of skin friction based on
the momentum equation.

For the cases of no transpiration, and constant free-stream
veloclity, a further consideration was that the results should be
consistent with the "law of the wall" established by Simpson [9]
from measurements on the same apparatus:

ot o= %m oyt 4 5.55 (5)

The final skin friction results for 58 out of 68 profiles
fall within + 10 percent of the results obtained from the momentum
integral method, and all of the profiles presented in this paper
are within the + 10 percent interval. Because of the degree of
subjective interpretation involved, the velocity profiles are
presented not only in terms of ut Vs, y+ » but also in their
original form, u/U_ vs. y/0 . The authors feel that the true
values of cf/2 cannot differ from the reported values by more
than + 10 percent 1f serious internal inconsistencies are not

allowable.

EXPERIMENTAL RESULTS
The experimental data consist of mean velocity profiles
obtained in near-asymptotic boundary layer flows where the
pressure gradient parameter K and blowing fraction F are

maintained constant. Data are presented for two pressure
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gradients: K = 0.57 x 107, and 1.45 x 107°., For each pressure
gradient, the conditions investigated cover a range of uniform
blowing fractions from F = -0.002 to +0.004, A complete descrip-
tion of these data is presented by Julien [13] along with other
data covering K = 0.77 x 10'6 and data for higher blowing fractions
than reported here (up to F = +0.006). The data selected for pre-
sentation here are bélieved representative of the processes involved.

Selected data are summarized in Figures 1 through 6 and are
also presented in Table 1 for the convenlence of those wishing
quantitative values for comparison with predictions.

The velocity profiles are presented in wall coordinates (u+
VS, y+) in Figures 1 through 6. For purposes of comparison, the
"law of the wall", with constants proposed by Simpson [9], is also
presented on each of the graphs. The profile obtained in the con-
stant free-stream velocity approach region 1s presented along with
the profiles obtained in the pressure gradient region of the duct.

It is shown in Figures 1 and 2 that, for the impermeable
wall case, F = O, the inner regions of the boundary layer respond
rapidly to the imposed pressure gradient and assume a unique dis-
tribution corresponding to a given value of K . Similar inner
region profiles exist in asymptotic boundary layer flows, and
the shape of the profile is dependent upon the value of the local
pressure gradlent parameter K .,

Two characteristics of these impermeable wall boundary layer
flows are shown in inner region coordinates: (l) The profiles
depart from the flat plate "law of the wall” by an upward dis-
placement in the logarithmic region, and (2) the wake region 1is

substantially diminished. The degree of upward displacement in
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the logarithmic region increases with K . This behavior can
be interpreted as an increase in the thickness of the '"viscous
sublayer'" region. The diminished wake is a direct result of
the low shear stress in the outer regions of the layer, a
characteristic associated with favorable pressure gradients.

In Figures 3 and 4, similar effects of acceleration are
shown to exist when there is blowing at the wall (F = 0.004),

An upward displacement of the "logarithmic'" region is noted,
together with a reduction of the wake. The wake region shows a
more substantlial decrease than the unblown layer, indicating a
greater increase in friction factor due to acceleration.

The boundary layer flows in the case of suction at the
wall, F = -0.,002,are shown in Figures 5 and 6. The upward dis-
placement of the logarithmic region, relative to the sucked but
unaccelerated layer, is now much more substantial, and the char-
acteristic shape of a laminar profile (roundness of profile) is
approached. It appears that a turbulent boundary layer is still
obtained and is approaching an equilibrium state, but for the
case on Figure © laminarization is apparently closely approached.

In the outer regions of the boundary layer, similar profile
development was attained for all blowing and sucking fractions
considered [13]. This similarity is found in '"velocity-defect

N Ueo—U
coordinates" (—— vs. y/8) as well as w/U_ vs. y/6 . The outer
U o0

region similarity, coupled with the similar conclusion relating
to the inner regions, confirms the existence of completely

similar profiles in asymptotic turbulent boundary layers.

~13-




EMPIRICAL REPRESENTATION OF THE DATA

The primary reason for obtaining and presenting data of
the type discussed in this paper is to provide a basis for extend-
ing turbulent boundary theory and thereby contributing to turbulent
boundary layer prediction methods. The velocity profiles and
accompanying estimates of cf/2 are presented in sufficient de-
tail so that, hopefully, other workers can use the data as a
proving ground for either existing or new theoretical models of
the turbulent momentum exchange process near a wall,

Although new theoretical models will undoubtedly be
developed, the authors have found that all of the results pre-
sented here, together with the complete set of data on the trans-
pired turbulent boundary layer with constant U, presented by
Simpson [9], can be quite adequately reproduced by a relatively
simple mixing-length correlation,

The major influence of both transpiration and acceleration
is evidently in the sublayer region. Acceleration apparently
increases the effective sublayer thickness (in y+ coordinates,
not necessarily real distance), as does blowing. A simple twc -
layer model of the boundary layer, with the laminar sublayer
thickness treated as a function of vw+ and P+ , and using
elementary Prandtl mixing-length theory outside of the laminar
sublayer, works remarkably well. However, for computational
convenience, and perhaps esthetic reasons as well, the Van Driest
mixing-length hypothesis is more attractive, and will be used
here as a method for correlating the results. No claim will be

made regarding a theoretical basis for the Van Driest hypothesis:
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it is merely providing a framework for an empirical correlation
of experimental data. The scheme used is as follows:

The total shear stress 1s considered to consist of the sum
of a laminar component and a turbulent component. The latter,

T is calculated from the Prandtl mixing-theory equation,

-t 2

2| du | ou
el s I ®)
Equation (6) is used all the way to the wall, and the mixing-
length, /£ , is assumed to vary from zero at the wall to ky

farther out, according to the following relation.

b = Ky[ l—exp(hy;+ T+>] (7)

A+ is an empirical constant to which Van Driest [17] originally
assigned a value 26, It is essentially an effective laminar
sublayer thickness. The argument of the exponential is frequently
expressed as simply —y+/A+3 the product y&"J::T 1s the local
value of y+v rather than the value based on wall shear stress.
This alteration has been used by numerous workers becausge 1t has
the effect of diminishing the sublayer region for blowing, and
increasing it for acceleration; in fact, 1t provides all of the
trends of behavior observed. y+\[;:_ is also approximately pro-
portional to the "local Reynolds number of turbulence" which
perhaps provides a further explanation of the significance of

A+. However, despite the fact that evaluation of y+ at the

local shear stress (i.e., y+ T+ ) gives the right trends, the
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experimental data indicate that a still stronger effect is needed
for both transpiration and acceleration. Thus the empirical
correlation to which we have been referring is a correlation of
A+ as a function of vw+ and P .

It should be further noted that eq. (7) 1s only expected
to apply in the region of the boundary layer near the wall, and
not in the "wake' region. The latter is quite adequately handled,
at least for equilibrium boundary layers, by a method to be
described later.

In order to evaluate A+ from experimental velocity pro-
files it is first necessary to determine T+ . PFor asymptotic

accelerating boundary layers the similarity of Velocity profiles

leads to,
+ o+ + o+ 1 u
T =1+Uv,  +Py |[1- 7 ~/r &TJ dy (8)

Equations (6) through (8) were used to solve for the values
of AT necessary to predict the experimental velocity profiles
in the region far enough from the wall so that the flow was
essentiaglly fully turbulent, but not so far that the wake was
included. Essentially this involved matching at about y+ = 100,
although this also resulted in a good match over virtually the
entire inner region, 5

The resulting values of At are presented in Table A as
+

functiong of P+ and VW

AT was also extracted from the data of Simpson [9], obtained

on the same apparatus for a wide range of transpiration with constant
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U . Simpson's results can be adequately represented by,

e}

N\

26.0 - 88.0 v.* + 210.0 (v. M7 v <o
A _ W W W -

+ +)2 +
26.0 - 88.0 v,7 + 110.0 (v ™) vt >

A simpler alternative expression which fits Simpson's results

nearly as well 1is,

+ 4. 42
A = (for all v

(v. " + 0.17)

)

W

Analysis of the profiles in the wake region for both the

present results for asymptotic accelerations, and Simpson's re-

sults, indicates that a constant mixing-length is an adequate
approximation. This scheme has been used extensively in the
past;_it works particularly well for accelerated flows simply
because the shear stress 1s so low in the wake that high

accuracy 1is not needed.

(9)

(9a)

The wake correlation derived from the present (and Simpson's)

results is:

For v/8 > Nk b = AB (10)
where,
-0.125
A= 0.25 Rem [1 - 67.5 F] for A > 0.085
and = 0.085 otherwise

For y/8 < Mk eq. (7) is to be used.

Equations (6) through (11), when used in a finite-difference

turbulent boundary layer prediction program, will reproduce very

adequately all of the experimental data presented in this paper,

and by Simpson [9].
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(3)

SUMMARY AND CONCLUSIONS

Experimental mean velocity profile data have been pre-
sented for constant K accelerated turbulent boundary
layers with and without transpiration. Skin friction
results are included along with shape factors and

Reynolds numbers.

It is demonstrated that an acceleration at constant K
with transpiration leads to an asymptotic boundary layer
having inner and outer similarity and constant %/2,

H , and ReM .

Acceleration apparently causes an increase in the thick—‘
ness of the viscous sublayer. Blowing opposes this effect,
while suction enhances it. It seems evident that strong
acceleration and/or strong suction will lead to a complete
laminarization of the boundary layer, but neither the
acceleration nor the suction were carried this far in the

present experiments,

An empirical correlation of the data is presented in the
form of a correlation of the damping constant A+ in the

Van Driest mixing-length hypothesis.
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Table 1

Run No. 73068 Run No. 51468
x = 45,64 in U, = 48,7 ft/sec Rey = 775 X = 77.79 in U, = 78.2 ft/sec Rey = 1674
cp/2 = 0,00248 v,/U, = 0.0 X = 145 x 107 cp/2 = 0.00219 v, /U, = 0.0 K =0.586 x 107
v,t = 0.0 P*=-0,01172 & = 0,430 in vyt =0.0 P*=-0.00571 & =0.588 in
y/® WU, y* ut ¥/8 W/ Ueo vt ut
0.0163 0.409 8.66 8.22 0.0102 0.455 11.3 9.7
0,0186 0,440 9.89 8.84 0.0119 0.505 13.2 10.8
0.0209 0.479 1.1 9.63 0.0136 0.547 15.0 11.7
0.0233 0,523 12,4 10.5 0.0187 0.614 20.7 13.1
0.0279 0.566 14.8 11.4 0.0204 0.628 22.5 13.4
0.0326 0.612 17.3 12.3 0.0221 0.642 24,4 13.7
00,0419 0.671 22.3 13.5 0.0255 0.660 28.2 14,1
0.0466 0.691 24,7 13.9 0.0323 0.687 35.7 14,7
0.0535 0.71% 28.4 14,3 0.0391 0.704 3.2 15.0
0.0675 0.748 35.9 15.0 0.0l5g 0.719 50.7 15.4
0.0768 0.765 0.8 15.4% 0,0578 0.738 62.9 15.8
0.0931 0.787 49,5 15.8 0.071% 0.757 78.9 16.2
0.116 0.809 61.8 16.3 0.0799 0,768 88.3 16.4
0,144 0.830 76.7 16.7 0.102 0.792 112.7 16.9
0.175 0.847 92.7 17.0 0.133 0.818 146.5 17.5
0.268 0.8% 1b2,2 17.9 0,170 0.845 187.8 18.0
0.326 0. 173.1 18.3 0.219 0.873 242,3 18.6
0.1466 0.941 247.3 18.9 Q.272 0.894 300.5 19.1
0.559 0.954 2096.8 19.2 0.335 0.915 . 370.0 19,5
0,640 0.964 340.1 19.4 o0.412 0.933 ok 5 19.9
0.757 0.974 401.9 19.6 0.548 0.959 604.7 20.5
0.873 0.981 463,7 19.7 0,718 0.975 792, 20.8
1.11 0.994 587 .4 20.0 0.999 0.990 1102, 21.1
1.34 0.999 711. 20.1 1.24 0.997 °  1478.0 21.3
1.ks 1.000 772.9 20,1 1.68 1.000 1853 21.3
Run No. 80768 Run No., 52868
x = 49.63 in U, = 55.% ft/sec Rey = 353 x = 85,79 U, = 91.4% ft/sec Rey = 734
cg/2 = 0.00310 v,/U, = -0.00205 K = 1.51 x 10-0  cp/2 = 0.00302 v,/U, = -0.00204 K = 0.573 x 10-6
vt = -0.0368 Pt = -0.00874 6 = 0.243 vyt = -0.0370 P* = -0,003%5 .5 = 0.257 in
y/8 w/Uy yt ut y/% W/ U, Al ut

0.0268 0.456 10.2 8.19 0.0233 0.595 15.3 10.8
0.0309 0.499 11.8 8.95 0.0272 0.647 17.8 11.8
0.0350 0.540 13.4 9.69 0.0311 0.687 20.3 12.5
0.0391 0.603 15.0 10.8 0,0350 0.718 22,9 13.1
0,0433 0.637 16.6 11.4 0.0389 0.739 25,4 13.4
0.o0b7h 0.667 18,1 12.0 0.0466 0,766 30.5 13.9
0.0515 0.691 19.7 12.4 0.0622 0.799 40,7 14,5
0.05%6 0.716 21.3 12.9 0.0894 0.829 .5 15.1
0.0597 0.73% 22,9 13.2 0,113 0.846 73.7 15.4
0.0680 0.772 26.0 13.3 0.144 0.863 9k,1 15.7
0.0762 0.800 29,2 14, 0.183 0.881 119.5 16.0
0.0845 0.820 32.3 1.7 0.229 0.899 150.0 16.4
0.0968 0.847 37.0 15.2 0,330 0.929 216.2 16.9
0.102 0.867 4.8 15.6 0.389 0,942 254 .3 17.1
0.126 0.888 48,1 15,9 0.459 0.954 300.1 17.3
C.146 0.905 5.9 16.3 0.540 0.965 353.5 17.6
0.175 0.921 7.0 16.5 0.637 0.973 117.1 17.7
0,241 0.941 92.2 16.9 0.750 0.981 490.8 17.8
0.34% 0.956 131.6 17.2 0.875 0.987 572,2 18.0
0.488 0.969 186.7 17.4 1.01 0.990 661.2 18.0
0,694 0.981 265.5 17.6 1.17 0.993 762.9 18.1
1.00 0.990 383.6 17.8 1.55 0.997 1017.2 18.2
1.31 0.996 501,8 17.9 2.33 1.000 1525.8 18.2
1.62 0.999 619.9 17.9
1.93 1.000 738.1 18.0

Do
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x = 49,52 in U, = 57.0.ft/sec
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vy/U,, = 0.00406 K
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