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Effect of Curvature on
Three-Dimensional Boundary-Layer Stability

M. R. Malik*
High Technology Corporation, Hampton, Virginia

and
D. I. A. Pollt

Cranfield Institute of Technology, Cranfield, England, U. K.

The problem of the stability of a three-dimensional laminar boundary layer formed on a curved surface is con-
sidered. A calculation scheme, which takes account of the curvature of the flow streamlines and of the surface, is
proposed for the prediction of the development of small-amplitude temporal disturbances. Computations have
been performed for the flow over the windward face of an infinitely long yawed cylinder and comparisons have
been made with experimental data. These indicate that the theory correctly predicts many of the features of the
unstable laminar flow. The theory also suggests that transition, in this particular situation, is dominated by
traveling disturbance waves and that, at the experimentally observed transition location, the wave which has
undergone the greatest total amplification has an amplitude ratio of approximately e11'. When the effects of cur-
vature are omitted, the maximum amplitude ratio of the transition is about e17.

Nomenclature
A = disturbance amplitude
a = leading-edge radius of cylinder model
C - chord length of cylinder model measured in a plane

normal to the leading edge
c = velocity component in the 17 direction
/ = disturbance frequency, Hz
glt2 = metric coefficient for the x,y,z system of axes
hj 2 = metric coefficients for the £,r/,z system of axes
TV = logarithmic exponent of disturbance amplitude ratio

(eN=A/A0)
p = static pressure
Q = total flow velocity, (u2 + v2)1/2

r = radial coordinate in the cylindrical polar system r, 6, f
Rc = freestream Reynolds number (Q^ C/v)
s = velocity component in the £ direction
t = time ______
Tu = turbulence level, [ 1A (u2 + v2 + w2)/Qi ] l / 2

U0 = boundary-layer reference velocity
u, v, w = velocity components inside the boundary layer in the

x,y,z directions
x,y,z =set of fixed reference axes (Fig. 1)
a,j3 =real disturbance wavenumber in the £ and rj direc-

tions, respectively
6 = boundary-layer reference length
e = angle between x and £ coordinate directions
r] = coordinate direction in the wave aligned £,r?,s system
0 = azimuthal coordinate in the cylindrical polar system

r,0,f(Fig. 1)
A = cylinder leading-edge yaw angle
X = wavelength of stationary disturbances
v — kinematic viscosity
£ = coordinate direction in the wave-aligned £,17,* system

(Fig. 1)
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</> = angle between the wavenumber vector and the £
direction

\l/ = angle between the external streamline direction and
the x direction (Fig. 2)

a? = complex disturbance frequency
f = axial component in the cylindrical polar coordinate

system r,0,f

Superscripts
( ) =mean (time averaged) quantity
( A ) = fluctuating quantity
( ) = disturbance amplitude function
( )' = differentiated with respect to z

Subscripts
e = at the edge of the boundary layer
/ = imaginary part of a complex number
r = real part of a complex number
oo = in the undisturbed freestream

Introduction

T HE rapid increases in the cost of fossil fuels over the
past decade have provided a very strong incentive for

the development of a new generation of energy-efficient
transport aircraft. There are several aspects of aircraft aero-
dynamic design that, with varying degrees of technological
development, could lead to significant reductions in cruise
drag.1 However, of the various options available, laminar
flow control (LFC) offers the greatest potential for improved
aerodynamic efficiency. Unfortunately, at the Reynolds
numbers typically encountered in long-range cruise, the
boundary-layer flows formed on the wings of aircraft in cur-
rent service are usually turbulent right from the leading edge.
Consequently, the establishing and maintaining of laminar
boundary layers under such conditions requires a quantum
jump in wing design methods and in related systems,
materials, manufacturing and operating technologies. It
follows that success or failure in such a "high-risk," long-
term venture depends crucially on our understanding of the
physics of laminar flow stability and, in particular, on our
ability to predict those conditions for which laminar flow is
no longer viable.
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At present, the "state-of-the-art'' transition prediction
method involves the use of linear stability theory coupled
with an eN breakdown criterion. This particular method was
originally proposed by Smith (see Ref. 2), who showed that
for transition in two-dimensional and axisymmetric flow the
TV factor takes a value of about 10 when the freestream
disturbance levels are small (TU<0.15%). The extension of
the method to three-dimensional flows is not entirely
straightforward since the extra degree of freedom means that
there are several ways to calculate an N factor from the
stability characteristics. The envelope3 and saddle point4'5
methods are two such alternative approaches. However, it
has been demonstrated by Malik and Orszag6 that, for a
given case, the ultimate values of TV are only very weakly
dependent upon the approach adopted. Given this, it would
appear that a three-dimensional version of the eN procedure
may have a useful role as a design tool if it can be
demonstrated that the TV factor is still equal to 10 when the
computations are compared with transition data from fully
three-dimensional experiments. Initial attempts to provide
the necessary "proof" have been carried out by Hefner and
Bushnell,7 who used the SALLY code of Srokowski and
Orszag3 to analyze a series of transition experiments per-
formed on swept-back wing configurations. On the basis of
the few experimental situations available to them, they con-
cluded that the TV factor at transition was between 7 and 11.
However, when Cebeci and Stewartson5 applied the method
to the problem of flow over a rotating disk, the TV factor at
transition was found to be about 20.

The SALLY code and the code used by Cebeci and
Stewartson5 derive the stability characteristics from solutions
of the Orr-Sommerfeld equation. This classical stability
equation is obtained from the time-dependent Navier-Stokes
equation for the perturbed flow by way of several important
physical assumptions. For the three-dimensional stability
problem, Stuart8 has shown that, in general, the stability of
the flow is affected by curvatures of the body surface and
also of the flow in planes drawn parallel to the surface, plus
the Coriolis forces if the body is rotating. Therefore, if the
Orr-Sommerfeld equation is to provide reliable stability
data, the contributions from these extra terms must be
negligibly small in comparison with those from the retained
terms. Since there is no a priori formal justification for ex-
cluding the curvature and Coriolis effects from the stability
analysis for the rotating disk problem, Malik, Wilkinson,
and Orszag9 performed computations in which these effects
were included. Their results showed that these terms had a
powerful stabilizing effect and that the contribution of flow
curvature in planes parallel to the surface was particularly
important. Moreover, the revised analysis showed that the
experimentally observed transition point corresponded to an
TV factor of 11.

The results of Malik et al.9 have important implications
for the prediction of transition near the leading edge of a
swept-back wing (or yawed cylinder). In this region, both the
surface and the flow streamlines are highly curved. The cur-
vature of the streamlines leads to the development of a
"cross-flow" velocity component within the boundary layer,
and the velocity profiles associated with the cross flow are
known to exhibit instability at low Reynolds numbers (e.g.,
see Refs. 7 and 10). Despite the fact that cross-flow instabil-
ity has long been recognized as a major transition-inducing
mechanism on swept wings, the effect of the streamline cur-
vature on the stability characteristics has never been
addressed. We also note that none of the swept-wing ex-
amples considered by Hefner and Bushnell7 involved transi-
tion in regions of high curvature and so their rather tentative
conclusions cannot be expected to be globally valid—par-
ticularly in view of the rotating disk experience.

The object of the present paper is to present a method for
calculating the stability characteristics of a flow having cur-
vatures of both the surface and the streamlines. Computa-

tions are presented for the case of the flow over the wind-
ward face of an infinitely long yawed cylinder. This is
known to be a situation in which {he transition process is
governed by the instability of the curvature-induced cross
flow and, consequently, it provides an excellent test case for
the extended stability analysis. Finally, the predictipns are
compared with experimental measurements made on a
cylinder model in a low-speed wind tunnel with a low
freestream turbulence level.

Analysis
We begin by considering the three-dimensional flow over a

curved surface and we define two sets of orthogonal cur-
vjlinear coordinate systems as indicated in Fig. 1. The first
(x, y, and z) is a set of reference axes that remain fixed
relative to the body with x and y lying in the plane of the
surface and z being normal to the surface. Since these are, in
general, curved axes, elements of length in the x, y, and z
directions are given by g'jdx, g2dy, and dz. Therefore, a
general element of length d£ is given by

f= [ (gjdx)2 + (g2dy)2

The velocity components u, v, and w are assigned to the x, y,
and z coordinate directions. A second set of curvilinear coor-
dinates (£, 77, and z) is then defined. In this case, the £ and rj
coordinates lie in the plane of" the surface. Elements of
length in this system are /z;d£, /z2dr/, and dz, respectively.
Therefore, a general element of length is

The velocity components in the £ and 77 directions are s and
c, respectively. This system of coordinates is used for the
stability analysis and is free to rotate relative to the xtytz
system. The angle between the £ and x axes is e.

Consider a flow where the instantaneous values of velocity
and pressure may be expressed in terms of a steady mean
component and a fluctuating component,

(s,c,w,p) = (s,c,w,p) + (s,c,w,p)

We now assume that the fluctuating components may be
described by a very weak harmonic disturbance wave that
makes an angle e with the x coordinate direction and we
specify that the wave amplitude is a function of time only,
i.e.,

(s,c,w,p) =Re{ (£c,w,/5

where a is a real wavenumber and co a complex frequency.
The equations governing the temporal stability of a wave
whose wavenumber vector is tangent to one of the coor-
dinate axes (£) in an orthogonal curvilinear system (f,ry,z)
have already been derived by Stuart.8 However, in a given
problem, the geometric properties of the disturbance wave
are not known at the beginning of the computation.
Therefore, it is necessary to develop an' iterative scheme for
the solution of Stuart's basic equations.

The process begins by considering an initial orientation for
the %,vi,z system relative to x,y,z— say e;. We then consjder a
wave of the form

where a and ft are real wavenumbers in the £ and t] direc-
tions. For this wave, we note that the wavenumber vector
makes an angle 0 with the £ axis such that

(1)
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In the present analysis, we follow the authors of Refs. 2, 3,
and 5-7 and continue to neglect the contribution from the
nonpar allel terms. Therefore, the equations governing the
disturbance behavior in the £,rj,z system of coordinates are

+ m13sw= -

' w + m12 (sc + cs) — 2m21cc

[s" - (2a)

= -pf

0C — co)c + c'w — 2m12ss + m21 (sc + cs)

[c" - (ag + $)c] (2b)

(2c)[w"

and

) + w' + m]2c + m21s + (m13 + m23 )w = 0 (Id)

The boundary conditions are

s = c=w = 0 at z = 0

s^O, c-*0, w^O as z^o° (2e)

In this system of equations, all the variables have been non-
dimensionalized with an appropriate boundary-layer velocity
U0 and a reference length scale 6. Both these quantities are
assumed to be local constants. The "in-plane" curvature
coefficients are given by

and m21=21
dh2-12 h1h2 drj 21 h1h2 3£

while the surface curvature coefficients are given by

d dh, d dh2m^-——— and m23=-———13 hj dz h2 dz

Finally,

and the Reynolds number used in the stability analysis is

R = U05/v

where v is the kinematic viscosity.
These are general equations governing the quasiparallel

stability of three-dimensional boundary layers and, clearly,
an application to a specific problem requires the determina-
tion of the various curvature coefficients. It may also be
readily shown that, if these coefficients are set to zero, then
Eqs. (2) can be reduced to the familiar Orr-Sommerfeld
equation. Assuming that the necessary curvature coefficients
are available, a solution is obtained by specifying the fre-
quency of the disturbance cor and then determining the values
of a. and ft by requiring that, at any point on the surface, the
temporal amplification rate co, is maximized at a fixed
Reynolds number. This procedure is known as the
"envelope" method and is the same as that used by Malik et
al.9 for the rotating disk problem. Having obtained a first
estimate for the shape of the disturbance wave everywhere in
the x,y,z space, a new set of £,i?,z coordinates is specified in
such a way that the £ coordinate is locally aligned with the
wavenumber vector, i.e.,

(3)

The stability characteristics are then recomputed. This pro-
cess is repeated until </> [see Eq. (1)] is effectively reduced to
zero. In this event, the solution of Eqs. (2) is also a solution
of Stuart's8 disturbance equations (with the nonparallel flow
terms set to zero) and the stability characteristics then in-
clude all the effects of streamline and surface curvature.

Method of Solution of the Governing Equations
Several methods are available for solving the governing

linear stability equations. First, these equations can be
represented by a coupled system of fourth- and second-order
differential equations that can be solved by the Chebyshev
spectral-tau approach used in Ref. 9. Alternatively, the
governing equations could be reduced to a system of six
first-order equations, and then the compact difference
scheme described by Malik, Chuang, and Hussaini11 can be
employed for the efficient solution of the eigenvalue prob-
lem. Due to the nature of calculations needed to generate the
coordinate axes, it appeared convenient to adopt an existing
compressible stability analysis computer code (COSAL) for
the present study.12 Indeed, the code required only minor
changes in order to perform the calculations reported in this
paper. A brief description of the numerical method is given
below. The governing stability equations are represented as

(4)

Fig. 1 Notation for the
fixed reference and wave
aligned systems of
orthogonal curvilinear
coordinates.

•Cross section

External
streamline

Fig. 2 Notation for the infinitely long yawed cylinder test case.
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T=

where T is a four-element vector defined by

s

w

P

c

Here F,G,H are 4x4 matrices and D = d/dz. The nonzero
elements of the matrices F,G,H are

F22 = H24= + 2m23Rc

H31 = ia0 + m21

Hn=x-m12Rc

H12 = -Rsf -m13Rs

H13 = -ioi0R

H14= — m12Rs + 2m21Rc

H21 = + 2m13Rs

where

H41 = 2m]2Rs — m2IRc

H42 = —Re' — m23Rc

H43=-i(30R

H44 = x-m21Rs

and 7 is a small artificial compressibility parameter. The
parameter 7 was introduced to solve the governing equations
(2) using COSAL and it was assigned a value of 10 ~1 3 . Tests
were conducted to investigate the dependence of the physical
results upon the value of 7. However, no direct dependence
was observed.

The system of Eq. (4) is discretized on a staggered finite
difference grid where the velocity perturbations are defined
on the cell faces and pressure perturbation on the cell
centers. In this way, no pressure boundary conditions are re-
quired. Homogeneous velocity perturbation boundary condi-
tions are imposed at the solid boundary (z = 0) and in the
freestream (which is assumed to be at z= 100). The govern-
ing equations, along with the boundary conditions, then
result in a block-tridiagonal system of equations with 4x4
blocks that is solved using fully pivoted LU factorization.
The eigenvalue co is obtained by inverse Rayleigh iteration
procedure,13 which has cubic convergence. For a fixed
physical frequency cor, the COSAL code calculates the max-
imum temporal growth rate co/, which then determines a and
]3. The group velocity Vg = (du/da,du/dl3), which is needed
in this maximization procedure and for converting temporal
growth to spatial growth, is also calculated in COSAL. More
details of the numerical method are given by Malik and
Orszag.14

An N factor for transition correlation purposes may be
defined as

where £ is the arclength on the solid body along a curve that
is everywhere tangent to Re(Fg).

Computations for a Yawed Cylinder Configuration
In order to test the method described in the previous sec-

tion, computations have been performed for the flow over
the windward face of the infinitely long yawed cylinder
shown in Fig. 2. The natural choice for the fixed-reference
axes in this case is the cylindrical polar system r,0,f. For the
body-fixed system of Fig. 2, we note that on the windward
face

x = aO, y = £9 and z = r — a

where a is the leading edge radius of the cylinder. Hence, by
considering the length of a small element, it follows that

and

The mean boundary-layer flow was computed, in this coor-
dinate system, from an experimentally determined surface
pressure distribution15 by using a laminar, compressible,
adiabatic wall method known as MAIN.16 For the stability
computations, the reference velocity U0 and reference length
6 were chosen to be the boundary-layer edge velocity and the
displacement thickness in the x direction. Since these scales
are treated as local constants, any other choice of the scales
will do equally well. The general form for the curvature
coefficients in Eqs. (2) is then

dh1 de
—— = kcose-—-

mn=

d dh2

h,h2 9|

6 dhj
hj dz

de
dx

kcos2e
(1 + kz)

and
dh2 ksm2e

where k = d/a. Note that x has been nondimensionalized with
respect to #, and z with respect to d.

Since, on the basis of previous experience,10 the most
unstable disturbances were expected to lie close to the
''cross-flow" direction, i.e., in a direction normal to that of
the flow at the edge of the boundary layer, the initial £,??,z
coordinate direction was chosen so that the 17 direction was
aligned with that of the local external streamline. Therefore,
the initial orientation is obtained by setting e = 7r/2-^; i.e.,

= ktanAsm\l/co$2^ /' (streamline divergence)

f (x)
m21 = — /rtanAcos5^————— (streamline curvature)

A:sin2^
m13=—————— (surface curvature in f direction)

(1 + KZ )

(surface curvature in 17 direction)

where f(x)= Ue/U00 and ^ is the angle between the external
streamline and the x direction,

Au.
tanA

~~7w
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This system of coordinates proved to be an entirely satisfac-
tory starting point for the present problem, with convergence
being complete after four iterations through Eq. (3).

Solutions have been obtained for the combinations of
sweep angle A and freestream Reynolds number Rc shown in
Table 1.

The computations for each of these cases showed similar
trends and, therefore, detailed results are presented for case
4 only. These are given in Figs. 3-6. Figure 7 shows a sum-
mary of the variation of Nmax with surface position for cases
1-3. One particularly interesting feature of the yawed
cylinder flow concerns the relevance of the stationary distur-
bances to the stability problem. The existence of such distur-
bances was first noted by Gray,17 who observed them while
performing transition studies on swept-wing aircraft in
flight. Subsequent investigations15 conducted on wings in
wind tunnels have confirmed that the existence of stationary
disturbances in the laminar flow regime is a characteristic
feature of cross-flow instability. In the present analysis, the
stationary disturbances correspond to those waves for which
cor(/) is zero. For test case 4, the results presented in Fig. 3
indicate that the stationary wave is unstable and the varia-
tion of its wavelength and wavenumber vector orientation
are presented in Figs. 8 and 9, respectively.

Discussion
The results presented in Figs. 3-6 indicate that, in the case

of the flow over the windward face of a yawed cylinder, cur-
vature has a significant effect upon the flow stability. For a
disturbance of fixed frequency, the wavenumber and orienta-
tion of the wavenumber vector are modified slightly;
however, the most significant change occurs in the amplifica-
tion rate co,-. The curvature terms are found to produce a
very strong damping effect. This is consistent with the find-
ings of Malik et al.9 for the case of a rotating disk. The
reduced local amplification rate causes a dramatic reduction
in the value of the local TV factor for the various unstable
disturbance frequencies, as shown in Fig. 3. For this case, N
is approximately halved for values of x/C in excess of 0.15.
The results presented in Fig. 3 have two other significant
features. First, for a fixed value of the freestrearn Reynolds
number, the frequency that has undergone the greatest total
amplification (largest N) at a given location is the same (1000
Hz) for all values of x/C lying between 0.1 and 0.31. This is
different from the situation normally encountered in two-
dimensional flow, e.g., the Blasius boundary layer, where
the frequency exhibiting the local maximum TV factor
decreases monotonically with increasing downstream
distance x/C. The second significant feature is that, in the
yawed cylinder case, the most highly amplified wave at a
given position is, in general, a traveling wave (see Fig. 7).
This contrasts with the rotating disk case where Malik et al.9
found that the stationary disturbances gave the highest N
factor over all of the positive real frequencies. Therefore, it
is not at all clear whether the stationary disturbances actually
play a significant role in the ultimate breakdown of the
laminar flow.

The stability of the boundary layer formed on the wind-
ward face of a cylinder with the same geometry as that
sketched in Fig. 2 has been investigated experimentally by
Poll and a comprehensive description of the procedure and
the results is given in Ref. 15. Briefly, the tests were con-

Table 1 Combinations of sweep angle and Rc

Case No. A, deg RcxlO -6

30
55
60
63

3.81
1.68
1.34
0.88

ducted on a model with a chord length C of 0.457 m set at
angles of 53-71 deg to the oncoming flow. The wind tunnel
was capable of providing freestream speeds in the range of
7.5-55 m/s with a freestream turbulence level Tu of better
than 0.16%. Experimental data were obtained for the condi-
tions necessary for the appearance of stationary disturbances
in surface evaporation and surface oil flow visualization pat-
terns, the pitch (wavelength) of the disturbances, and the
orientation of the disturbances relative to the x axis. Data
were also obtained for the frequencies of naturally occurring
time harmonic disturbances and the conditions necessary for
transition onset.

With regard to the stationary disturbances, the observa-
tions made at the conditions corresponding to the case 4
computations have been added to Figs. 8 and 9. It is ap-
parent that the experiment and theory are in reasonable
agreement. For the disturbance wavelength, the discrepancy

10

b e
uo

Case
/1000 Hz

/ (no curvature)

0.1 0.2 0.3
X/C

0.4

Fig. 3 TV factor variation with position and disturbance frequency
for a flow with a fixed freestream Reynolds number.

0.38

0.34
E
D

I 0.30

"6
O

'
0.26

0.22
0.1 0.2 0.3

X/C
0.4

Fig. 4 Disturbance wavenumber as a function of position for a
wave of fixed frequency and a constant freestream Reynolds
number.
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is less than 10% and for the wavenumber orientation the dif-
ference is of order 2 deg. It should also be noted that the sta-
tionary disturbances are found to lie at a fixed angle relative
to the pure cross-flow direction. The present theory suggests
that this angle is approximately 4 deg, while the observations
indicate an angle of about 6 deg. These results support the
original suggestion made by Owen and Randall10 and
Gregory, Stuart, and Walker8 that the stationary disturb-
ances are associated with a velocity profile for which a
point of inflection coincides with a point of zero mean
velocity. This is the so-called "critical profile" and mean
flow computations reveal that, in the present case, this pro-
file makes an angle of 5 deg with the cross-flow direction. In
the experiment, time-dependent disturbances were in-
vestigated by the use of hot wires placed at fixed locations in
the flow. An example relevant to the case 4 computations is
presented in Fig. 10. This is an oscilloscope trace showing
the fluctuating components of the signals from a pair of hot-
wire probes. The cylinder is yawed at 63 deg and the
freestream Reynolds number is 0.9 xlO6 . In the figure, the
upper trace comes from a probe fixed at an x/C of 0.31,
while the lower trace shows the response of a probe in the

Case 4. ( f=1QQQ Hz)

1.0 -

0.8 -

3 0.6 -

c
.9. 0.4

/ No curvature -A

Q.

< 0.2

0

- ! /
1

0.1 0.2 0.3 0.4
x/c

Fig. 5 Temporal amplification rate as a function of position for a
wave of fixed frequency and a constant freestream Reynolds
number.

70

30

10

Case 4. (f = 1000 Hz)

No curvature

0.1 0.2
X/C

0.3 0.4

Fig. 6 Orientation relative to the jc direction for a wave of fixed
frequency and a constant freestream Reynolds number.

attachment-line flow (jc/C=0). The attachment-line trace
shows no sign of perturbation at this Reynolds number, but
at an x/C of 0.31 strong time harmonic disturbances are
present. This disturbance has a very clearly defined frequency
of approximately 1050 Hz. Referring to the computations
given in Fig. 3, it is clear that at the attachment line
(x/C=0) no instability is predicted, for x/C greater than 0.1
a stationary disturbance is amplified, but at an x/C of 0.31
the wave that has undergone the greatest total amplification
is a traveling one with a frequency of 1000 Hz. Clearly, the

20

16

i 8
" xa

Fig. 7 Variation of the maximum N factor with position for cases
1-3.

0.9

.0 0.7

0.5

Experimental
observation

0.1 0.2 0.3
x/c

0.4

Fig. 8 Variation of the stationary disturbance wavelength with
position for the case 4 conditions.

50

en
£ 30

10

Experimental
observations

^— Pure 'crioss flow'
direction

0.1 0.2 0.3

*/c
0.4

Fig. 9 Stationary disturbance wave orientation relative to the x
coordinate direction for the case 4 conditions.
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Fig. 10 Oscilloscope trace showing the velocity fluctuations in the
unstable laminar flow (yaw is 63 deg and the freestream Reynolds
number is 0.9 xlO6). Upper trace shows condition of */C = 0.31,
lower trace shows condition of jc/C = 0. Vertical scale is 0.1 V/large
division and time base is 1 ms/large division.

agreement between the predictions and the limited observa-
tions for the instability of the laminar layer is very good.

As stated previously, the main engineering objective of
stability computations is the prediction of the location of the
onset of the boundary-layer transition. In two-dimensional
flows, the current criterion2 is simply that transition begins
at that point in the flow where the N factor for any fixed
frequency disturbance just reaches 10. Therefore, it is in-
teresting to examine the relevance of this criterion to the
highly three-dimensional flow on the yawed cylinder. The ex-
periment provides transition onset data for the computa-
tional cases 2 and 3. At these flow conditions, the surface
Pitot-tube technique indicates that transition begins at an
x/C of 0.26 and 0.31, resepectively. From Fig. 7 it can be
seen that for the computations including the effects of cur-
vature, the TV factors at transition are 12.3 and 11.2. These
are in excellent agreement with the value of 11 obtained by
Malik et al.9 for transition onset on the rotating disk and
they lie well within the uncertainty bounds for TV at the tran-
sition onset in two-dimensional flows as reported by Jaffe et
al.2 However, when the curvature effects are omitted, the
values of TV at transition are found to be 17.7 (case 2) and
16.9 (case 3). It is apparent that the use of the Orr-
Sommerfeld equation for generating stability characteristics
for use in the prediction of transition onset on the cylinder is
totally inappropriate and that this approach, coupled with
the conventional "TV equals 10" criterion, would yield ex-
tremely pessimistic transition locations.

Finally, it should be noted that for cases 2-4 the yaw
angles are relatively large, being 55, 60, and 63 deg, respec-
tively. Since these angles are considerably greater than those
occurring at the leading edges of typical civil transport air-
craft, it is appropriate to examine the effects of curvature on
the cylinder flow at a much smaller yaw angle. This problem
is addressed in computational case 1 where the yaw angle is
only 30 deg. The predicted variation of TV factor with x/C is
given in Fig. 7. These results indicate that the damping ef-
fects of the curvature terms are still strong at the reduced
yaw angle. Moreover, the most highly amplified disturbance
is a traveling wave with a frequency of 2000 Hz. Therefore,
there would seem to be no indication that the stationary
disturbances are any more important in this case than they
are at the large yaw angles. By assuming an TV factor of be-
tween 11.2 and 12.3 for transition onset, it is apparent that
for case 1, transition onset should occur between an x/C of
0.23 and 0.31. At approximately 60 deg yaw, transition oc-
curred in this region when the freestream Reynolds number
was about 1.5 x 106, while at 30 deg the Reynolds number re-
quired is 3.8x 106. This comparison clearly demonstrates the
strong destabilizing effect of yaw.

Conclusions
The effects of curvature on the stability of a three-

dimensional laminar boundary layer have been studied
theoretically. A scheme has been proposed for the computa-
tion of the linear stability characteristics of fixed-frequency,
temporal, disturbance waves and sample computations have
been performed for the case of the flow over the windward
face of a long yawed cylinder. These computations have
shown that in this case the body curvature and streamline
curvature terms produce strong damping effects, together
with significant changes in the magnitude and orientation of
the wavenumber vector. Comparison with the experimental
data available for this flow indicates that the theory correctly
predicts several features of the instability, such as stationary
disturbance wavelength and orientation plus the frequency of
the most highly amplified traveling wave. With regard to
transition, it is found that when curvature effects are
included the onset conditions are reasonably well predicted
by the eN method where TV is approximately 11. The com-
putations indicate that methods which do not include the
curvature effects are unduly pessimistic for transition predic-
tion. Finally, this study has indicated that for strongly three-
dimensional flows the most highly amplified disturbances
are, in general, traveling waves and not the stationary waves.
It is not yet clear whether the stationary disturbances play
any role in the transition process.
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