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and

sin(4 s i i f 1 ) (7)

where ei and €2 are efficiency factors which are liable to
depend on aspect ratio, foil profile, Reynold's number, etc.

In Eq. (7) c'', which is a measure of cavity length, is still
unknown. Some work has been done on producing expres-
sions for the cavity length. Thomsen1 produced an expres-
sion from potential flow conditions but this result is inad-

• equate with respect to both velocity and angle depen-
dence. Swales et al.2 evaluated the cavity length from cen-»
trifugal considerations for a circular cylinder and suggest-
ed that an extension to aerofoils was possible. This is not
easily accomplished but the concept does have one major
advantage, namely, that the proposals for shape mean
that the free surface boundary condition on the cavity is
adequately satisfied. Following the concept leads to the
conclusion that c' at the half span point, z = — c, may be
expressed by

(8)

where a and b are constants and g is the acceleration due
to gravity. The constants a and b may be determined
from measurement of cavity lengths in a water channel
and the function k from pressure measuremerts. The effi-
ciency factor €1 is chosen to give the nonventilated lift
slope and 62 was initially given the value unity since the
ventilation greatly reduces the three-dimensional nature
of the flow on the wetted face. The value of e2 was modi-
fied in the final runs to take into account changes in ef-
fective submergence of the foils. Using these values the
lift distributions are shown in Fig. 1. The curves shown in
this are compared with the forces measured in the Leeds
recirculating water channel3"5 for decreasing angles of in-
cidence after ventilation; the discontinuity is the jump in
side force which occurs on washout.

The good agreement between analysis and experiment
refutes the suggestion that the force change caused by
ventilation is solely the effect of the loss of the suction
contribution on the low pressure face and confirms the hy-
pothesis that the cavity influences the fluid flow to such
an extent that the high pressure face in preventilated flow
can become the suction face after ventilation. This point
was confirmed by the experimental pressure measure-
ments. The theory also explains the force reversal which
can occur on ventilation since at inception the force drops
to a point on the curves plotted in Fig. 1, where the force
coefficient may be negative. The circumstances for which
reversal actually occurs are correctly reproduced.
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Introduction
THICK axisymmetrical turbulent boundary layers along
slender cylinders are of importance for the estimation of
the skin-friction drag of ships and rocket bodies. Investi-
gations were carried out by Rao,1 White,2 and Cebici,3 on
the behavior of mean velocity profile showed that it is
quite different from that of flat plate. However, these pro-
files also exhibit a logarithmic nature near the surface.
Recently, Joseph et al.4 showed that the mean velocity
profile can also be fitted by power law, which depends on
the radius of the cylinder.

Employing Joseph's criterion, we can derive a method
to predict the parameters of a thick axisymmetrical tur-
bulent boundary layers. Good comparisons are obtained
with existing experimental data.

Analysis
The steady momentum integral equation of incom-

pressible fluid flow over a circular cylinder, with its axis
parallel to the stream, can be written as

<»
with the boundary conditions

u — 0, at r = a
u = U as r -* °°

where x is the coordinate measured along the axis of the
cylinder, y is the coordinate normal to the surface, u is
the mean velocity component in the x direction, U is the
freestream velocity, a is the radius of the cylinder, C/ is
the local skin -friction coefficient, and 5 is the boundary-
layer thickness measured from the surface of the cylinder.
An experimental study by Joseph et al.4 showed that the
velocity profiles can be adequately described by the power
law relation

(2)

(3)

u/U=
where n can be expressed by the form

(n -7)a1 '26 = 0.62 for a < 0.75 in.

n = 1 for a > 0.75 in.
The aforementioned relation is valid over a certain range
of Reynolds number. Substituting Eq. (2) into Eq. (1) and
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Fig. 1 Development of bound-
ary-layer thickness (17 = 57.87

fps).
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Fig. 2 Development of bound-
ary-layer thickness (a = 0.25

in.).
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Fig. 3 Variation of local
skin-friction coefficient
along the surface of the cyl-

inder (U = 57.87 fps).

integrating with respect toy/a from y = 0 to 6, we have

____n______ d6 _______M________ ^2 _ 1_
(n + l)(n + 2) ~dx + a(2n + l)(2n + 2) ~dx~ = 2 f W

Equation (4) can not be integrated again without the

knowledge of Cf in terms of 6. Assume the relation
u/ur= C(n)(yuT/p)i/n (5)

which has been proved to be a good representation of the
mean velocity profiles of pipe flow, it is also valid for the
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present case, where ut is the friction velocity, C(n) is
function of n only, its value having been tabulated by
Schlichting5 book, and v is kinematic viscosity of the
fluid. Employing the boundary condition at y = 6, we can
transform Eq. (5) into the form

(6)

which gives a relation of C/ in terms of 5. After substitut-
ing Eq. (6) into Eq. (4) and integrating, we have

+ 2)(n + 3) 2(2n + l)(n + 2) Ra J

^5
(" + 3 ) / (" + 1) = D(n)Rx (7)

where

oU aU
v

For the case of flat plate Ra = °°, Eq. (7) can be reduced
to

= 7) (8)

where the subscript, F, denotes the quantity for the case
of flat plate. Dividing Eq. (7) by Eq. (8), we have

r n ! * jR
|_ (w + 2)(w + 3) 2(2n + l)(w + 2) R

f l8<« + 3 ) / ( n * l ) ^(^

0.288 (9)

Equation (9) represents a comparison between 5 and dp at
the same value of Rx. Assuming n = 7, we can reduce Eq.
(9) into a simpler form

6/6F = (10)

which was obtained by Landweber.6 It was shown by Jo-
seph et al.4 that n is no longer equal to 7 for cylinder radii
a < 0.75 in. Equation (10) will not give accurate results
for small cylinders. This part will be discussed later. For a
given radius of a circular cylinder, n can be calculated by
Eq. (3). Knowing the value of Rx, we can calculate ft.F by
Eq. (8), than the corresponding #5 can be calculated by
Eq. (9). Figure 1 is a comparison of the boundary-layer
thickness calculated by the present method to the experi-
mental data of Joseph et al.4 Good results are obtained.
Figure 2 shows the results for a = 0.25 in. Landweber's6

and the present theoretical results are also shown. For this
case n = 10.1. The present method shows better agree-
ment with the experimental data than do Landweber's6

predictions. Other boundary-layer parameters, such as
displacement thickness and momentum thickness, can
also be predicted by the power law relation.

Knowing the development of <5, one can easily calculate
the local skin-friction coefficient by Eq. (6); results are
shown in Fig. 3. For the case a = 0.25 in., n = 7, the cal-
culated results are also shown. It is seen that there is
about 20% difference between the two. Unfortunately, no
experimental data were available to the authors, however,
the tendency is seen to be reasonable.
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Introduction

SUCTION has been approved to be a powerful method
for boundary-layer control for the purpose of increasing
lift and reducing drag. Many theoretical as well as experi-
mental studies have been reported. A surprisingly simple
solution can be obtained when the velocity components
are independent of the longitudinal coordinate. Among
these solutions, Schlichting obtained a solution for the
flow over a flat plate at zero incidence with uniform suc-
tion. Liu2 obtained an unsteady asymptotic suction solu-
tion when the external flow is an exponential function of
time. This Note presents a class of asymptotic suction so-
lution for the flow of power-law fluids over a flat plate.

Basic Equations and Solutions

Under the assumptions of study and two-dimensional
asymptotic suction flow, the momentum equation for the
flow of power-law fluids over a flat plate can be expressed

y ^u ~ jLfbld^L I
dy' (D

with the boundary conditions
u = 0 at y = 0
u = U as y — °o

where y is the coordinate normal to the plate, VQ and u
are, respectively, the velocity components normal and
along the plate. N and K are parameters related to power-
law model.

Equation (1) can be integrated with respect toy, yielding

V«(U-u) = -K ^ (2)

in which the constant of integration is determined by the
condition that at y —> <», u —* U and du/dy = 0. This can
be integrated again by separation of variables, as evident
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