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Compressibility Effects
Preliminary calculations of the vorticity Reynolds number

profile for a compressible laminar boundary layer shows that
the maximum value of this function moves toward the edge
of the boundary layer with increasing Mach number and also
indicates a decrease in transition Reynolds number with in-
creasing Mach number. Further calculations including heat
transfer indicate that at constant Mach number the transi-
tion Reynolds number should increase with decreasing wall
temperature. These trends are consistent with experiment.
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Some Characteristics of the Turbulent Boundary Layer with
Air Injection

0. E. TEWFIK*
University of Minnesota, Minneapolis, Minn.

Measurements of turbulent velocity profiles on a 2-in.-o.d. circular cylinder, aligned with
its axis parallel to an approximately 110-fps air stream and with air injection into
the boundary layer, are described. The injection rate per unit area of cylinder
surface was uniform and equal to 0.00107, 0.00202, 0.00312 of the freestream mass ve-
locity. By means of appropriate mass and momentum balances, the local and average skin
friction and the distributions of the radial velocity component and shear through the boundary
layer were determined. Study of the results yielded the following. 1) Contrary to the assump-
tion in some theoretical analyses, the radial velocity component was not constant through the
boundary layer but increased from its wall value to up to three times as much at the edge of the
boundary layer. 2) The assumption that the excess of shear stress in the boundary layer over
the wall-shear stress is equal to the product of the mass injection rate per unit area and
the local axial velocity component agreed well with the results of measurements in the inner
tenth of the boundary layer but became progressively poorer towards the edge of the boundary
layer. 3) The local skin friction was found to agree with the measurements of Tendeland
and Okuno but to be substantially higher than those of Mickley and Davis and of Pappas and
Okuno. 4) The measured ratio of skin friction to its value with no injection agreed well with
Rubesin's and Van Driest's analyses for a smooth flat plate but disagreed markedly with
Turcotte's analysis. 5) Injection increased all boundary layer thicknesses and distorted the
velocity profile from its typically turbulent shape for no injection, the extent of the distortion
depending upon the injection rate.

Nomenclature

= dimensionless shear stress = 2r/pWoo
= local skin friction = 2rw,/pw00

2

= local skin friction without injection
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CfW = aver age skin friction, Eq. (5)
C/wo = average skin friction without injection
m = index in power law for boundary layer growth, Eq. (9)
ra = air mass injection rate per unit area of outer cylinder

surface
n = index in power law for velocity u in terms of y, Eq. (9)
p = pressure
q = index in power law for average skin friction in terms of

Reynolds number
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R
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X
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0

cylinder radius
Reynolds number = xu^/v
radial distance from cylinder axis
axial velocity component
radial velocity component
axial distance from effective starting point of fully

developed turbulent boundary layer
axial distance from starting of porous section for rough

cylinder, or the junction with nosepiece for smooth
cylinder

radial distance from outer cylinder surface = r — R
kinematic viscosity
density
boundary layer thickness at which u/um — 0.99
boundary layer displacement thickness, defined by

MAIN STREAM

d*/2R) rJo
-u/u03)(r/R)dy

boundary layer pseudo-displacement thickness, Eq. (4)
boundary layer momentum thickness, Eq. (3)
dimensionless distance from cylinder wall = y/d
dimensionless boundary layer thickness = 5/R
shear stress

Subscripts
1 = inside the boundary layer
a = interface between laminar sublayer and turbulent layer
w = at the wall
0 = no injection
oo = freestream

I. Introduction

THE problem of injection of a fluid through a porous wall
into the adjoining boundary layer, thereby modifying

the latter's characteristics, is of current interest. Focusing
attention on the particular case of flow with slight stream-
wise pressure gradient and air injection into an adiabatic
turbulent boundary 'layer, a fairly large number of experi-
mental as well as theoretical investigations now are avail-
able. Most of the former investigations, however, report the
effects of injection on some overall characteristic of the
boundary layer such as skin friction. Besides, the range of
Reynolds number in some of them is rather limited. Al-
though skin friction in itself is of considerable engineering
interest, it is necessary to investigate the details of the flow
in the boundary layer for a thorough understanding of the
effects of injection. These details include the distributions
of the various velocity components and the shear through-
out the boundary layer and the growth of the boundary
layer. One objective of this paper is to measure and discuss
these particular characteristics of the boundary layer in a
fairly wide range of Reynolds number.

In theoretical investigations of the effects of injection,
several assumptions have been introduced in order to obtain
a solution of the governing equations, as is usual in turbulent
flow. The validity of each of these assumptions never has
been established by measurements. Another objective of
this paper is to examine critically some of the assumptions
in the light of the results of measurements undertaken.

II. Method of Present Investigation
Consider a circular cylinder with its axis parallel to the

direction of motion of an oncoming fluid having a uniform
velocity distribution far away from the cylinder, as shown in
Fig. 1. This flow model is postulated, since the measure-
ments reported in this investigation were made on a circular
cylinder in axial flow. Fluid having the same properties as
the main stream is injected at a uniform and steady mass
rate per unit area (m) through the porous walls of the cylinder
into the adjacent boundary layer. The radial velocity com-
ponent at the wall is given by

m = PWVW (1)
Procedures are presented below to determine some character-

COORDI NATES

BOUNDARY LAYER
EDGE

Fig. 1 Flow model and boundary layer

istics of the boundary layer, such as local and average skin
friction and the distributions of the radial velocity component
and the shear throughout the boundary layer, from mass and
momentum balances on appropriate control surfaces. To
carry out these balances, the distribution of the axial ve-
locity component through the boundary layer, at various
axial locations, has to be measured.

A. Local and Average Skin Friction

A control surface is shown in Fig. 1 in the form of a cylindri-
cal annulus of axial length (Ax) with its plane circular faces
cutting through the boundary layer, its outer cylindrical
surface in the uniform freestream, and its inner cylindrical
surface coinciding with the outer surface of the porous wall
of the model. A small pressure gradient in the axial direc-
tion of magnitude (dp/dx) exists in the freestream. By
Bernoulli's theorem, an axial freestream velocity gradient
also exists there and is given by

dp/dx = — pum(dum/dx)

Mass and momentum balances on the control surface yield
the following expression for the local skin friction :

Cfw/2 = dB/dx - vw/um - (dp/dx) (29 + d**)/PuJ (2)
where 6 is the momentum thickness defined by

(4)

(5)

and 5** is defined by

In this derivation, the fluid is assumed incompressible.
The average skin friction is defined by

(?,„-(/; <?,„&)/*
where x is the axial distance measured from the effective
starting point of the boundary layer, at which the thickness
(momentum or displacement thickness) vanishes. Substi-
tution for CfW from Eq. (2) into Eq. (5) yields

Cfw/2 = 6/x - vw/um - (dp/dx) (26 + d**)/Pum* (6)
with the assumption that the last term does not change with;
x.

For a turbulent boundary layer, all the dependent variables
appearing in Eqs. (2-6) are time-average values; the con-
tribution of the average of products of their fluctuating com-
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ponents is assumed negligible. This assumption is justified
by the results of measurements of such average products
without injection available in the literature.

B. Distribution of the Radial Velocity Component

Let the outer radius of the control surface shown in Fig. 1
shrink from rm to r\, so that its outside cylindrical surface lies
wholly in the boundary layer. A mass balance yields the
following expression for the radial velocity component Vi:

dx —

Introducing the substitutions

•n = y/6 £ = S/R
with the assumptions that

£ = A(x/R)™ u/um = Br
in which A, B, m, n are constants, into Eq. (7) yields

5(dp/dx)/Pu^][l/(n + 1) +

(7)

(8)

(9)

+ 2)] (10)
From Eq. (10), (vi/um) is a function of the dimensionless
distance from the wall 77 and also of f , the ratio of boundary
layer thickness to cylinder radius.

G. Distribution of Shear

A momentum balance on the control surface shown in Fig. 1
after shrinking its outer radius from rm to rj. yields the follow-
ing equation for C/i, the dimensionless local shear :

=)(£) £•(=)'(*)*
Introducing the substitutions given by Eq. (8) and the as-
sumptions given by Eq. (9) into Eq. (11) yields the following
expression for C/i :

a

-:)' (nm^R
x

dp\f
dx)\2n

1

n + 2 (12)

Notice that C/i and Vi depend on £ and rj. Similar mass and
momentum balances for a flat plate will yield C/i and Vi as
function of rj only, and hence the appearance of the parameter
£ must be due to the cylindrical geometry. Inspection of
Eqs. (2,10, and 12) shows that it is only necessary to measure
velocity profiles at several axial locations in order to deter-
mine C/w and the distributions of v/um and C/.

III. Apparatus and Experimental Procedure

The model, shown in Fig. 2, is a 2-in.-o.d. circular cylinder
having an ogival nosepiece followed by a porous section and
an afterbody. The outer shell of the porous section was
rolled out of a thin screen woven from stainless steel wire.

[^-POROUS WALL SECTION

WIND TUNNEL TEST SECTION

———————— 30" ———————————

WOVEN WIRE'
(POROUS MATERIAL)

INJECTION AIR

INSIDE MODEL

Fig. 2 Schematic of injection air flow system

The weaving, sintering, and calendering processes done to
the screen resulted in the formation of small depressions in
the outside model surface approximately 0.005 in. deep.

The cylinder was aligned with its axis parallel to the air
stream in the 1 X 2 ft test section of the closed circuit con-
tinuously operating wind tunnel of the Heat Transfer Labora-
tory. The speed of the air stream was around 110 fps and
its turbulence level 0.2%. Air from a compressor facility
was ducted to the inside of the model and injected at a pre-
scribed mass rate through the model porous walls into the
boundary layer. The distribution of the injection rate over
the porous wall was found by measurements to be uniform
within ±4%. An American iron case gas meter measured
the volume of injected air with an accuracy of ±1%. By
means of a timer and by measuring the density of the air at the
meter outlet, the air mass injection rate was determined.

At each of three air injection rates, velocity profiles through-
out the boundary layer were measured at various axial loca-
tions by means of an impact probe made out of flattened
hypodermic tubing. The mouth of the probe measured
0.006 X 0.040 in. on the outside, and its wall thickness was
0.001 in. The probe was attached to a micrometer, from the
readings of which its distance from the model wall was
determined.

IV. Results

There was a slight pressure drop in the tunnel test section,
amounting to about 0.1 in. of oil in a distance of 20 in. In
order to calibrate the apparatus, velocity profiles first were
measured without injection. The average skin friction was

Fig. 3 Effective starting point of boundary layer at various
injection rates
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Fig. 4 Effect of injection on boundary layer development

determined from Eq. (6) and the local skin friction from Eq.
(2) by numerical differentiation of the momentum thickness.
When compared with the Prandtl-Schlichting semi-empirical
correlation7 for a smooth flat plate, they are larger by about
25% in both cases. The discrepancy may be attributed
mainly to surface roughness.

In order to investigate more thoroughly the effects of sur-
face roughness, velocity profile measurements were carried
out on an almost identical but smooth and nonporous cylindri-
cal model previously constructed for other investigations.8
The focal and average skin frictions were higher than the
Prandtl-Schlichting correlation by about 10%, which is
within the scatter of the data of various investigators of skin
friction on a smooth flat plate.7 Hence, the method of meas-
uring skin friction was considered satisfactory.

Next, velocity profiles of the boundary layer were measured
at various axial locations at each of three injection rates given
by vv/um = 0.00107, 0.00202, 0.00312. The momentum
thickness, displacement thickness, and 99% thickness of the
boundary layer were determined. Figure 3 presents the
growth of the momentum thickness along the model. By
extrapolation to zero thickness, the effective starting point
of the boundary layer for each injection rate was determined
within ±J in. Next, the exponent m, describing the growth
of the boundary layer according to the relation 5 = Cxm, was
determined by plotting the boundary layer thickness vs
the axial distance measured from the effective starting point
in logarithmic coordinates, as shown in Fig. 4. It is clear
that, at a given x} d and 0 increase with the injection rate. It
also is observed that the rate of boundary layer growth
slightly decreases as the injection rate increases.

Similarity of the velocity profiles was investigated for the
largest injection rate by plotting u/um vs y/6* in Fig. 5 and
vs y/d in Fig. 6. It is apparent that all the points lie close to
a single curve, and hence it may be concluded that similarity
exists, at least within the range of Reynolds number of the
experiments.

y/s

Fig. 6 Similarity of velocity profiles with injection

The profile shape at the highest injection rate is compared
in Fig. 5 with that without injection. It is clear that the
injection process affects the velocity distribution throughout
the entire boundary layer. A similar conclusion was made
in studying velocity profiles on a flat plate with air injection.9

The profiles for the smaller values of the injection rate exhibit
the same trend but with progressively smaller deviations from
the zero injection profile as the injection rate is decreased.

From Fig. 6, it appears that the velocity distribution does
not obey the same power law throughout the entire thickness
of the boundary layer. Near the wall, the index n is 0.21,
whereas in the outer three quarters of the boundary layer it is
0.32.

A. Skin Friction

Local and average skin friction were calculated from Eqs.
(2) and (6), and the results are presented in Figs. 7a-7c as a
function of Reynolds number, with the injection rate as
parameter. The characteristic length in the Reynolds num-
ber is the axial distance from the effective starting point of
the boundary layer. The data points for the average skin
friction are quite smooth, but those for the local skin friction
exhibit a rather large scatter of up to ±15% in some cases.
This scatter is due to the procedure for obtaining the local
skin friction by numerical differentiation of the measured
momentum thickness. In fairing a best fit for such scattered
data points, two guiding steps were followed :

1) It is clear from Fig. 7 that on roughly the first half of
the model the average skin friction obeys a power law, say,

5.b
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Fig. 8 Reduction of skin friction with injection

CfW ~ Rex«, in which q can be determined fairly accurately
from the slope of the graph. Since C/w = d(CfW-x)/dx, it
follows that Cfw = (q + l)Cfw. In this way, Cfw was deter-
mined along the first half of the model from the well-defined
curve for C/w.

2) On the latter half of the model, the average skin friction
was determined by fitting the measured momentum thick-
ness by a straight line and computing the slope of this straight
line. It is shown in Fig. 7 as a dashed line. The curve for
Cfw has to satisfy the condition that this dashed line repre-
sents the average of the local C/w values on the latter half of
the model. With this stipulation as a guide, the best fit
for Cfw was determined along the latter half of the model.

1. Comparison with previous measurements

The results of the present measurements now will be com-
pared with those of Mickley and Davis.2 In this latter work,
a flat plate fabricated from an 80-mesh screen, 12-ft long by
1-ft wide, was incorporated into the walls of the test section

of a low-speed wind tunnel, with boundary layer removal
ahead of the plate leading edge. Air was injected at a uni-
form rate per unit plate area of up to 0.005 of the freestream
mass velocity. The Reynolds number was formed with the
distance from the leading edge as characteristic length, and
its range was extended from about 2 X 105 to 3 X 106. Local
skin friction was determined from the rate of growth of the
momentum thickness along the plate, obtained from meas-
urements of velocity profiles. Figure 7 shows the present
measurements to be higher than those of Mickley and Davis
by about 50% at the smallest injection rate, and by up to
about 150 to 200% at the highest common injection rate,
depending upon Rex.

Since the experimental conditions were about the same in
both cases, such as the roughness of the model surface, the
freestream Reynolds number range and its Mach number, and
the method of calculating skin friction, it is interesting to
investigate the reasons for such appreciable discrepancy.
These appear to be the following. First, Mickley and Davis
neglected the contribution to skin friction of the pressure
gradient term in Eq. (2). On examining their data, the
pressure gradient along the plate, although small in absolute
value, cannot be neglected in comparison with the small dif-
ference between the two other terms in the right-hand side of
Eq. (2). When taken into consideration, it would increase
their skin friction values by about 15% at the smallest in-
jection rate and 50% at the highest common injection rate.
Second, there is a question of accuracy of calibration of the
apparatus of Ref. 2, since the surface roughness of the plate
failed to show any effect on skin friction for the case of zero
injection. This is rather surprising, since the turbulent
boundary layer is known to be sensitive to surface roughness.10

In particular, such roughness in the present measurements
was shown to increase the skin friction by about 15%.

The extent of the reduction in skin friction due to injec-
tion is compared in Fig. 8a with the results of Pappas and
Okuno3 obtained by direct measurements of drag forces on a
smooth 15° porous core, aligned with its axis parallel to a
Mach 0.3 air stream. Garnet paper glued to the cone nose
piece served as boundary layer trip. The Reynolds number
ranged from about 0.9 X 106 to 5.9 X 106, and its character-
istic length was the length of ray of the cone measured from
its tip. The present measurements are higher by up to
about 25%. The discrepancy may be due to some difficulties
in directly measuring the drag force and the neglect of
pressure gradient along the cone in computing skin friction.

2. Comparison with theory

At present, many analyses are available for predicting the
effects of air injection. The analyses of Rubesin4 and of Van
Driest5 are very similar. In either, the boundary layer is
divided into a laminar sublayer and a fully turbulent outer
layer. The turbulent shear stress was related to the distance
from the wall by a Prandtl mixing length hypothesis. The
constant in the mixing length and the value of ua/(r/p)1/2

were assumed identical with their values at zero injection.
The two analyses differ in their choice of the injection param-
eter, namely, (vw/ua) (2/Cfw) and (vw/um) (2/C/.)1/2, respec-
tively. Since a relation between C/w and Rex with either
injection parameter readily can be transformed into another
relation in terms of the other injection parameter, either
parameter may be chosen for data correlation.

For engineering purposes, the reduction in skin friction is
of particular interest. The relation between (CfW/CfwQ) and
the injection parameter turns out to be a weak function of the
axial Reynolds number or freestream Mach number. For
convenience in applications, the injection parameter appears
to be either (vw/ua) (2/CfwQ) or (vw/um) (2/C/u,0)1/2. From
Figs. 8a-8c, the present measurements show satisfactory
agreement with Rubesin's and Van Driest's analyses.4-5 No
clear advantage of the choice of any injection parameter could
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Fig. 9 Distribution of radial velocity with injection

be distinguished, however. Good agreement between Rube-
sin's analysis and the measurements of Tendeland and
Okuno has been reported elsewhere.1 Hence, the present
measurements agree satisfactorily with those of Ref. 1.

The analysis of Turcotte6 divides the boundary layer into
a fully turbulent outer layer and a sublayer in which both
laminar and turbulent shear stresses occur right up to the
wall. The turbulent shear stress was related to the distance
from the wall and the local velocity by a Rannie eddy dif-
fusivity formula. The injection process was assumed to
affect only the sublayer. From Fig. 8c, its predictions dis-
agree markedly with the present measurements, although
they were shown elsewhere6 to agree quite well with the meas-
urements of Mickley and Davis. From Fig. 5, it is evident
that the injection process affects the velocity distribution in
the entire boundary layer. Later, it will be shown that it
affects also the shear stress distribution. Hence, a basic as-
sumption in Turcotte's analysis does not agree with the
present measurements, which may account for the observed
discrepancy.

A question was raised by Leadon9 regarding which of the
injection parameters (vw/um) (2/C/w0)1/2 or (vw/um) (2/Cfw0)
would correlate best the skin friction predictions or measure-
ments. From the present measurements as presented in
Figs. 8a-8c, no clear advantage of any particular parameter
could be distinguished.

From the foregoing comparison of the results of the present
measurements with pertinent theory, it would appear that
the Prandtl mixing length hypothesis for the turbulent shear
stress offers at present the best means of predicting the effects
of injection on skin friction with reasonable accuracy.

B. Distribution of the Radial Velocity Component

This is presented in Fig. 9 for the highest injection rate.
For smaller injection rates, the distributions are similar, and
at a given £ they increase progressively from zero injection to
maximum injection. It is seen that the radial velocity com-
ponent increases steadily from its wall value to almost two
to three times as much at the edge of boundary layer. In
many analytical studies of injection,4-5 the radial velocity
component is considered constant throughout the boundary
layer. This assumption is therefore not strictly valid, except
perhaps in the inner quarter of the boundary layer, and even
then it is a rough approximation. Also, its deviation from
the results of measurements becomes progressively more pro-
nounced as the injection rate is increased.

C. Distribution of Shear

This is presented in Figs. lOa and lOb for the highest in-
jection rate. Similar curves were obtained for the other in-
jection rates. For one particular value of £ of 0.4, the dis-
tribution is shown in Figs, lla and lib for all injection rates.

2

Fig. 10 Distribution
of shear at a given

injection rate

e-4

—— from t = T
—— by measurement

1.0

•fc
.00107

£ 4 . 0 6
V

.08 .10

For the sake of clarity, the distributions close to the wall, in
the inner tenth of the boundary layer, are shown separately.
From these figures, it is clear that, with increasing injection,
the shear stress at the same value of r? and £ decreases at the
wall and in its immediate vicinity but increases in the re-
mainder of the boundary layer. Hence, the injection process
affects the shear stress throughout the entire boundary layer
and not just in the sublayer region as assumed in the analysis
of Turcotte.6

In many analyses,4-5 the following assumption is made
regarding the shear stress in the boundary layer:

From this, it follows that

C//2 = Cfw/2 + (vv/u^u/uj " (13)
Equation (13) is plotted in Figs. 10 and 11 as a dashed line
and compared with the results of the present measurements.
The deviation is less than 5% in approximately the inner
tenth of the boundary layer, and hence the assumption may
be considered satisfactory in the vicinity of the wall. Be-
yond that, the assumption becomes progressively poorer.
Similar conclusions hold when £ = 0.6 and also for the other
injection rates.

There is a question as to why the predictions of Refs. 4 and
5 show good agreement of skin friction with the present
measurements, in spite of the poor agreement of Eq. (13)

Fig. 11 Effect of in-
jection on distribu-

tion of shear
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with the same measurements throughout the outer four fifths
of the boundary layer. It must be that an overall character-
istic of the boundary layer such as skin friction is not sensitive
to the detailed shear distribution assumed in Eq. (13). A
similar situation exists in the case of zero injection and also
in the insensitivity of skin friction to the velocity profile
across the boundary layer.

V. Summary and Conclusions
A 2-in.-o.d. circular cylinder with porous woven-wire walls

was aligned with its axis parallel to an air stream having a
velocity of approximately 110 fps. The boundary layer was
turbulent. Velocity profiles at various axial locations were
measured by a suitable Pitot tube when air was injected
through the cylinder walls into the adjacent boundary layer
at a uniform mass rate per unit outer cylinder area equal to
0, 0.00107, 0.00202, and 0.00312 of the freestream mass
velocity. From these measurements, the boundary layer
momentum thickness, displacement thickness, and 99%
thickness were determined, and the effective starting point
of the turbulent boundary layer was located for each injection
rate. By means of appropriate mass and momentum bal-
ances, it was possible to compute the distributions of the local
and average skin friction along the model and the distribu-
tions of the radial velocity component and the shear through-
out the boundary layer.

The results for skin friction are presented as a function of
Reynolds number, with the injection rate as parameter. The
Reynolds number was formed with the axial distance from
the effective starting point as characteristic length, and its
range extended from about 105 to about 1.1 X 106.

The results for the distribution of the radial velocity com-
ponent and shear in the boundary layer are presented as a
function of the dimensionless distance from the cylinder wall,
with the ratio of boundary layer thickness to cylinder radius
as parameter. This latter parameter is a consequence of
the cylindrical geometry.

The outside surface of the porous walls of the model is not
hydraulically smooth. Hence, in order to investigate the
effects of surface roughness, similar measurements were taken
on a smooth but otherwise identical cylinder, without any
injection. On comparing the results for the two cylinders,
surface roughness increased the skin friction by about 15%
at the same Rex. For the smooth cylinder, the skin friction
is larger by about 10% than the Prandtl-Schlichting correla-
tion for a smooth flat plate.

The results of measurements with air injection indicate
the following effects of injection on some characteristics of the
turbulent boundary layer :

1) At a given Reynolds number, all the boundary layer
thicknesses are increased. Their rate of growth along the
model is decreased somewhat.

2) Injection has a pronounced effect on the shape of the
velocity profile throughout the entire boundary layer.

3) At a given Reynolds number, the skin friction is reduced
by injection. At the highest injection rate, it is about 25%
larger than the predictions of Rubesin's analysis for a smooth
flat plate.4 This discrepancy is believed to be due to surface
roughness. When the ratio of local skin friction with in-
jection to that without injection is compared with Rubesin's

analysis,4 good agreement is obtained, indicating that in this
form of presentation surface roughness effects largely cancel
out. Maximum reduction in skin friction due to injection
obtained in this work is about 50%.

4) Good agreement also was obtained with Van Driest's
analysis5 and with the measurements of Tendeland and
Okuno.1 The present measurements are higher than the
predictions of Turcotte's analysis6 by up to about 100%.
The assumption made in the analysis that the injection
process affects the sublayer only may have caused this dis-
crepancy. At a given Reynolds number, the measured skin
friction was higher than the measurements of Mickley and
Davis,2 and the discrepancy increases as the injection rate
increases, amounting to about 200% at the highest injection
rate. An important contribution to this discrepancy is the
neglect of the pressure gradient term in computing the skin
friction.

5) The radial velocity component increases with injection,
and its value at the edge of boundary layer is up to three
times its value at the wall. Contrary to assumptions
made in various analyses,4-5 therefore, it cannot be regarded
as constant throughout the boundary layer.

6) At a given value of £, injection reduces the friction factor
at the wall and in its immediate vicinity approximately in
the inner tenth of the boundary layer. Beyond that, the
converse happens. The assumption proposed in various
analyses4-5 regarding the shear stress in the boundary layer,
namely, r = TW + PWVWU, agrees within 3% with the results
of measurements reported here in the inner fifth of the
boundary layer. However, it becomes increasingly poor
beyond that distance as the edge of the boundary layer is
approached.
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