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Nomenclatare
P =staric pressure
r =¢ylinder radius
X =boundary-layer coordinate measured from stag-
nation point
¥ =boundary-layer coordinate normal 1o surface
U =local x~direction velocity in the boundary layer
U, =1lgcal velogity at the edge of the boundary layer
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= freestream velocity

=local y-direction velocity in the boundary layer
=ratio of cylinder surface speed to freestream velocity
=local boundary-tayer thickness

=similarity parameter (a/v) *y

= angle measured from stagnation point

= fluid density

= fluid kinematic viscosity
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Introduction

HE calculation of a boundary layer on & rolating cylinder

in crossflow by finite difference technmiques requires the
specification of an initial velocity profile near Lhe stagnation
poinl and a moving surface boundary condition along with
the streamwise pressure distribution. General solutions for
this problem are quite complex, however, due to the un-
symmetrical wake region which produces a strong coupling
between the boundary layer and potcntial flowficld.

The objective of this Noie is to present the successful ap-
plication of a well-known finite difference boundary-layer
procedure to the rotating cylinder problem incorporating an
exact calculation of the initial profiles based on stagnation
flow onto a moving wall. The comparison is only made for the
sied of the cylinders moving streamwise.

Initial Profile

Consider stagnation flow onto a moving surface as shown
in Fig. 1, The following analysis is a modification of the fixed
wall stagnation flow analysis duc to Himenez and reported in
Schlicting. !

The x-dircction momentium gqualion

au U I oP v Uy
vVi—+V—=—— — v( s + 2)
ax ay p ox dx* v
and the 2-dimensional continuity equation
(aU/ax) + (dV/ay) =0

may be reduced to an ordinary differential equation by a
sirnilarity transformation first introduced by Glauert? for the
solution of the boundary layer in the slagnation region of a
cylinder oscillating about its axis.

The similarity transformation is

U=x/" (p)+e(»)
and
V=—f»n

which assumes that the ¥ component of velocity is unaffected
by wall motion and that the effect on the {/ compenent is in-
dependent of x, These variables satisfy continuity identically.
Substitution of the similarity variables into the momentum
equation and expressing the pressure gradient as

(dP/dx) = —pa’x

Fig. 1 Stagnation flow onto a
movinyg waull,
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from a potential flow analysis where « is a constant yields
—X[f P =ff —a? —uf  =gf —fg —vg” {1)

Noting that the right-hand side of Eq. (1) is independent of
x, the term in brackets must equal zero. Thus

Fff —at ~uf =0 2)
Ditferentiating, gives
SL I —uf =0
Comparison with the right-hand side of Eq. (1) indicates
Lthal
g=Cu”

where O, is an undetermined constant. A further trans-

formation to simplify Eq. (2)1s
Sy =(ar) i)

where n.= (a/») * yresults in the cquation

" +pd" —o =0

which is the sume equation solved lor the fixed wall case and
the sclution is reported in Schlicting and elsewhere, The
velocity components become

U=xue'(9) +C,alalr) o7 (n)

and
V= —{a/v) "¢y}

The constants @ and €, may be found by matching this
solution (o the potential flow solution along wilth the ap-
plication ol appropriate wall boundary conditions (o obtain

! _2X¢, - 3 6" (n)
U, S 7T st
and
Vo ( 2 )’-‘ S (n)
U, U, re K

These equations may be used to calculate the initial conditions
atany location near the stagnation point.

Calculations and Comparison with Experiment

The difficulty in obtaining measurcd velocity profiles near u
rotating cylinder is borne out by the scarcity of dara available
in the literature. Brady and Ludwig?® did, however, obrain
boundary-layer velocity profiles on a 4 in. rotating cvlinder
while studying fundamental characteristics of stall. Their con-

_figuration consisted of a rotating cylinder with shrouds as
shown in Fig. 2. A measured pressurc distribution along the
cylinder surface was obtained with a rotating static port in the
cylinder surface that was connected (o a transducer. This
pressure distriburion is given in Fig, 3,

With the starting profile as previously described and the
measurcd pressure distribution from Fig. 3, a modified ver-
ston of the Cebeci-Smith* finite difference boundary-layer
calculation technique was applicd This technique has been
previously modified by Tennant® for a moving wall houndary
condition in laminar or turbulent flow, the latter requiring an
additional modification to the eddy \«m.osny Howcver, the
boundary layer in this problem was entirely laminar as deter-
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Fig. 5 Comparison of predicted and measured velocity protiles.

mined by the Revnolds Number based on momentum
thickness, which remained below 360 and this is an accepted
crileria for transition on a fixed wall. For the moving wall
case, Swanson® reported that transition to turbuient bound-
ary layer is retarded relative to the fixed wall case on the sice
of the evlinder moving streamwise.

Figure 4 prescnis the development of the velocity profile
[rom the leading vdge of the cylinder to the separation point
as predicted by the analysis for 3=0.30. The initial profile is
taken from the leading cdge similarity selution obigined at
x/r=0.12216 (#—-7°). Figure 5 shows a comparison of pre-
dicted and meuasured profiles at =78, 90°, 100°, 110° , and
120" for a lrecsiream velocity of 9.0 m /sec and a cylinder sur-
face speed of 3.0 m/sec. The agreement is seen to be excellent
at all locations except 120° where proximity to the separalion



APRIL 1977 ENGINEERING NOTES

point produces the traditional difficulty in solving the bound-
ary-layer equations in this region,

Conclusions

Based on this study it may be concluded that the Glauert
rransformation results in a similtarity solution which produces
Ca satisfactory starting velocity profile for the numerical
calculation procedure. The calculation procedure based on a
modification of the Cebeet-Smith method accuratcly predicts
the boundary-layer development on a rotating cylinder for the
case of a relatively low wall velocity on the sirgamwise moving
side. No data is available 1o determine the accuracy ol this
procedure at high wall velocities.
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