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Effect of Curvature on Stationary Crossflow Instability of a
Three-Dimensional Boundary Layer

Ray-Sing Lin* and Helen L. Reedt
Arizona State University, Tempe, Arizona 85287

An incompressible three-dimensional laminar boundary-layer flow over a swept wing is used as a model to
study both the wall-curvature and streamline-curvature effects on the stationary crossflow instability. The basic
state is obtained by solving the full Navier-Stokes (N-S) equations numerically. The linear disturbance equations
are cast on a fixed, body-intrinsic, curvilinear coordinate system. Those nonparallel terms which contribute
mainly to the streamline-curvature effect are retained in the formulation of the disturbance equations and
approximated by their local finite difference values. The resulting eigenvalue problem is solved by a Chebyshev
collocation method. The present results indicate that the convex wall curvature has a stabilizing effect, whereas
the streamline curvature has a destabilizing effect. A validation of these effects with an N-S solution for the linear
disturbance flow is provided.

I. Introduction

THREE-DIMENSIONAL boundary-layer stability and transi-
tion on a swept wing has become an increasingly important

research subject for the effective application of laminar flow con-
trol. A recent review is given by Reed and Saric.1 Although there
are a variety of instability mechanisms that may cause transition in
a swept-wing boundary layer, the present work focuses on the
study of the stationary crossflow instability. According to Bippes,2
Kohama et al.,3 and Radeztsky et al.,4 flows with low turbulence
levels reveal dominating stationary vortices, and these provide the
mechanism for breakdown; traveling modes appear to play a pas-
sive role.

The state of the art in swept-wing design still involves the use of
linear stability theory. Stuart (Gregory et al.5) was the first to
derive the three-dimensional linear stability equations for applica-
tion to the rotating-disk flow. He also determined a transformation
reducing the three-dimensional temporal problem to a two-dimen-
sional one. Independently, Kobayashi et al.6 and Malik et al.7
showed that the Coriolis force and streamline curvature have a
very stabilizing effect on disturbances in a rotating-disk flow.
Although both groups reported almost identical critical Reynolds
numbers, their formulations of the streamline-curvature effect
were different. These differences have been commented on by
Mack8 and Spalart.9 Spalart conducted direct Navier Stokes (N-S)
simulations and confirmed that correct theories should include the
curvature terms.

For nonrotating three-dimensional boundary-layer flow, Malik
and Poll10 adopted Stuart's theory and studied the incompressible
flow over the windward face of a yawed infinite cylinder and
reported that the location of transition had an N factor of 11, as
compared with 17 when the effects of curvature were neglected.
However, this work contained the surface curvature and was
inconclusive as far as the streamline-curvature effects were con-
cerned. To apply Stuart's stability theory, one must guess the wave
direction, which is part of the solution and is generally difficult to
approximate. Malik and Poll suggested iteratively rotating the
coordinate system until one of the coordinate axes aligns with the
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wave number vector. Then the local growth rates are obtained.
Two metric terms mn and m2l associated with the final coordinate
system are claimed (in that paper) to provide the effects of stream-
line curvature. (For definitions of ml2 and m2l see Ref. 5.) This
seems to be difficult to justify for three reasons.

First, there is no unique coordinate system satisfying tangency
to the wave number vector, and hence the values of ml2 and m2l
can depend on the choice of the trial coordinate system. Second, to
overcome the pressure force in the crossflow direction, near the
wall in a swept-wing boundary layer, the flow must follow stream-
lines that are more curved than the local inviscid streamlines.
Thus, streamline curvature must vary with the normal direction,
and typically ml2 and m2l are locally taken as constants. Third,
streamline curvature is actually induced by the spatial variations of
the basic state, which have long been known as "nonparallel
effects." In previous work, these have been routinely neglected.

In this work, a finite difference method to account for streamline
curvature in the disturbance equations is presented. The basic state
is a three-dimensional incompressible boundary-layer flow ob-
tained from a full N-S simulation. The linear stability of this flow
is then examined and the individual effects of streamline curvature
and wall curvature are determined for the stationary crossflow
instability. A validation of these effects with a linear N-S solution
for the disturbance flow is provided.

n. Streamline-Curvature and Wall-Curvature Effect
Figure 1 shows schematically the geometry and the main nota-

tion of the fixed body-intrinsic coordinate system used. The coni-
cal-flow assumption is used for the basic state, which implies
invariance of the pressure and velocities in the spanwise direction
z, and the jc- and j-momentum equations decouple from the z-
momentum equation. Details of the geometric parameters and the
results of the basic-state calculations are provided in Sec. V.A.

The evolution of infinitesimally small disturbances superim-
posed on a basic state is considered, so that the instantaneous non-
dimensional velocities u,v, and w and pressure p can be expressed
as

q (*, v, z, t) =Q (*, v) + q* (x, v, z, t) (1)

where q = (u, v, w, p\ and barred and primed quantities represent
basic-state and disturbance-state quantities, respectively. To nondi-
mensionalize the governing equations, the infinite upstream veloc-
ity £/«, is used and the length scale is chosen as L = ^Rv/U^,
where R is the local radius of wall curvature and v is the kinematic
viscosity. The local Reynolds number Re = UJL/v is then equal to
the local dimensionless radius of wall curvature r =R/L. The length
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Top View
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Fig. 1 Coordinate system for swept wing.

scale so defined allows the identification of the higher order terms
in the disturbance equations given later. This length scale is further
justified for the configuration under consideration in Sec. V.A.,
where comparisons with the usual reference boundary-layer thick-
ness 8r = x/^Rex are given.

Substituting Eq. (1) into the N-S equations, subtracting the
basic-state information, and linearizing with respect to the small
perturbations gives a set of disturbance equations. In body-intrin-
sic curvilinear coordinates, they are

du' r —du' r— + ——U — + a——u
dt r + y dx r + y

V , U , -du' r dp'+ ——u' + ——v' +W— = -—— —
r + y r + y dz r + y dx

Re r + j

2r
r + y 29*

r r a ( i Ti , u' d2u' 1+ — — — r ——— + — r
Lr + yd*vr + y/J fr + v\2 37

2 J (2)
(r + y)

av' -U — + a——u' — -dv' dV
+ V ^" + V Tdy aydt r + y dx

2U , - <W_ = _ dp^ J_ r ( r
r + v dz av Re l \ r + v

f ry a ( 1 Yl °v' aV 1 av' 2r (s _ __ _ i __ _i_ __ _ _ _____ i — — — | — — || -^— + ——
dx df r+y ay (r + y)2

ydx (r + y)'
(3)

r — dw' r—— U —— +o——u
r + y dx r + y

— \j rv . \J r r+ V^~+ VVdy dy

dz dz Re

a w'
•Lr + y dx \r + y Jj dx 3 2 r + y

r aw' 3v'—— — + —
r + y dx dy

v1
——
r + y dz

= 0

(4)

(5)

The boundary conditions are that w', v1, and w' vanish at y = 0, <*>.
Note that a parameter a has been introduced, where a = 1 or 0 to
include or exclude streamline-curvature terms. When a = 1, this is
the set of equations designated as linear N-S (LNS) in Sees. IV and
V that is also solved to provide comparisons with the linear stabil-
ity theory described later. The designation without nonparallel
terms (WONP) in Sec. V.B. refers to the solution of these equa-
tions with a = 0.

For large Re, the system of Eqs. (2-5) can be further simplified
by neglecting terms of order Re~2 and smaller. The neglect of these
terms has very little effect on any of the eigenvalue calculations
discussed later. This was verified by comparison with calculations
in which these terms are retained.

Attention is restricted to regions where wall curvature (1/r)
behaves as a slowly varying function. Thus, r(x) in Eqs. (2-5) is
replaced by its local value.

In the usual, linear, parallel stability theory, the basic state is
assumed to change slowly in the streamwise coordinate direction.
Therefore, the gradients of the basic-state properties in this direc-
tion are usually considered as higher order terms and are routinely
neglected from the formulation. That reduces the system of equa-
tions from partial differential equations (PDE) to ordinary differ-
ential equations (ODE). However, most of the streamline-curva-
ture effect is missing when the terms indicated in boxes in Eqs.
(2-4) are dropped. In this study, in contrast to previous efforts,
both the basic state and the gradients of the basic state are assumed
to be slowly varying functions in the x direction. The basic-state
velocities are approximated by their local values, and, to recover
part of the streamline-curvature effect, the boxed terms in Eqs.
(2-4) are retained in this formulation and approximated by their
local finite difference values.

Following the assumptions made earlier, Eqs. (2-5) give a set of
equations that is separable in the variables x, z, and t. As a result,
the disturbance quantities can be expressed in the form

(6)

Under the normal-mode assumption, Eqs. (2-5) become [ne-
glecting the terms of 0(Re~2)]

VDu- \— }D2u+\DU+—— }
\Re) V r+y)

= 0 (7)

Re

Re

r + y

•^(c
Re

—HL\+vp = o
r + y/

(8)

Re

= 0

(9)

(10)
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where D = d/dy and a = a^Ar + y). Note that the parameter a has
been retained, where a = 1 or 0 to include or exclude the stream-
line-curvature terms. For a = 1 and 0, the solution of this set of
equations is designated bdyll and bdyOl, respectively, in Sec.
V.B.

The boundary conditions for the previous sixth-order system,
Eqs. (7-10), are

u = v = w = 0, y = 0,oo (H)

Also note that if the wall curvature, streamline curvature, and
the normal velocity component of the basic state are neglected, the
previous system of equations reduces to the fourth-order Orr-Som-
merfeld (O-S) equation by Squire's transformation:

= iR [«x0tf0 - Q) (O" - cc^O) -

and the boundary conditions become

0t/5 O] (12)

0> = O' = 0, y = 0,oo (13)

The solution of this system is designated O-S in Sec. V.B.

III. Numerical Method
To study the wall-curvature and streamline-curvature effects,

numerical results will be presented for both the sixth-order system,
Eqs. (7-11), and the fourth-order system, Eqs. (12) and (13).

The Chebyshev collocation method is used to solve the govern-
ing linear-stability equations and the associated boundary condi-
tions on a set of Gauss-Labato points, T|7 = cos nj/M, where M
is the total number of collocation points. The normal coordinate
v (0 < y < Ye) is mapped into the finite interval — l < r | < l b y a
stretching mapping function

y+ /z
+ B + Cy (14)

where

A = 2h(Ye + h) (Ye-2h)
Ye(Ye-h)

B = h-A C = A -2h

In the following calculations, the far-field homogeneous veloc-
ity perturbation boundary conditions are imposed at Ye = 206, and
the stretching parameter h = O.lYe is used for an appropriate distri-
bution of grid points in the physical domain. In most of the calcu-
lations reported later, M is chosen as 41 (see Table 1). The result-
ing eigenvalue problems are solved by a local iteration scheme.11

IV. Linear Navier-Stokes Calculations
To validate the theory described in Sec. II, the linear disturbance

PDEs, Eqs. (2-5), are solved by direct numerical integration. This
set of equations has accuracy up to the nonlinear terms for the dis-
turbances and is freed from any assumption for the basic state
(except conical flow), the wall curvature, or the behavior of the
disturbance-shape function and wave number. Here the effects of
the streamline curvature as well as the wall curvature are treated
exactly up to the order of the numerical truncation errors (a = 1,
designated LNS). To be able to identify the effect of streamline

Table 1 Effect of number of collocation
points M on complex wave number ax = ar + iaz

M
13
21
29
36
41
61

ar
0.742342
0.741874
0.742030
0.742059
0.742059
0.742059

a*
+0.16016 X10~2
-0.50940 X10~2
-0.48332 X10~2

-0.48313X10-2
-0.48309 X10~2

-0.48310 X10~2

curvature, the equations are solved again but with all of the non-
parallel terms neglected (a = 0, designated WONP). Since all of
the spatially variable coefficients in Eqs. (2-5) are functions of x
and y only, it is appropriate to consider linear disturbances of the
form

q' (x, y, z,t) = q (x, y, t) exp (ifjz) + c.c. (15)

where qr = (u\ v', w', /?')> and p is real, and c.c. stands for complex
conjugate. Substituting Eq. (15) into Eqs. (2-5) leads to a system
of equations for the wave number P in a two-dimensional (x, y)
domain. Although the problem of stationary crossflow vortices
renders a steady-state solution, the time-derivative terms are
retained in the equations because a transient approach will be used
to solve the problem.

The boundary conditions for the linear N-S calculations are as
follows. At the far field, y = y^, all disturbances are assumed to be
zero, and therefore, for all disturbance variables,

Along the stagnation (or symmetric) line, iC is set to be zero,
whereas v' and w' are assumed to be symmetric with respect to the
stagnation line. On the wall surface, no-slip conditions are used,

u' (x, 0, z, r) = wf (jc, 0, z, r) = vf (jc, 0, z, 0 = 0

However, on a specified portion of the surface (JCG < x < JCj), the v1

component is prescribed as a function of x, z, and f,

v' (x, 0, z, 0 = eA (x) T (t) cos (pz) (16)

where t > 0. Typical forms of Av(x) and Tv(t) are given in Fig. 2,
and P is the chosen wave number to be examined. This allows the
introduction of localized steady blowing and suction at the surface
to stimulate an instability. At the downstream boundary, x = jcmax,
the second derivatives with respect to x are set to zero, d2q'/dx2 =
0. For the configurations considered in this work, this boundary
condition works well as long as *max is reasonably large. To dis-
cretize the resulting system of equations, finite difference approxi-
mations of second-order accuracy are used in the x and y direc-
tions. The time derivatives are approximated with a Crank-
Nicolson method. Thus, the method is implicit and of second-order
accuracy. The time step is chosen as A? = 0.002 to ensure numeri-
cal stability. The simulation uses up to 8,000 time steps, and con-
sumes about 60 CPU h on a single processor of a CRAY X-MP/
116se.

^ 1.0
x

< 0.5

a)
0.0

1.0

0.5

0.0

Xo X1

b) tim^step 30

Fig. 2 a) Amplitude-distribution function, Av(x) and b) amplitude- ris-
ing function, Tv(t\ of normal-velocity component for quasisteady blow-
ing-suction strip.
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V. Results
A. Basic State

To demonstrate the new theory of Sec. II, the incompressible,
laminar boundary-layer flow over an infinite-span swept wing is
considered. The symmetric wing at 0-deg incidence has a half-
thickness of 6 cm; its surface consists of a 5:1 elliptic leading-edge
portion followed by a flat plate; however, in the juncture region the
elliptic surface is gradually replaced by a smooth polynomial sur-
face to remove the discontinuity of the wall curvature. The
freestream speed is 35 m/s, and a sweep angle of 70 deg is chosen
to maximize the instability (as discussed later) and to provide sub-
stantial streamline curvature in the leading-edge region.

For this configuration, the length scale chosen in Sec. II
L = ^iRv/U^ where R is the local radius of wall curvature, is
compared with the length scale usually chosen for stability work,

= x/ Rex in Table 2. From this it is seen that L is of the same
order as 8r in the leading-edge region, where surface curvature and
streamline curvature are important and the crossflow instability is
expected to dominate, and is therefore a reasonable length scale to
use for the linear stability analyses of this work. Moreover, as
stated before, the use of L will make the relative sizes of the terms
in the equations more apparent in this study.

The N-S equations and associated boundary conditions in primi-
tive-variable form are discretized by a second-order finite differ-
ence method over a staggered grid. The mesh size is 320 X 128 in
the x and v directions, respectively. Under this setup, there is no
need for any artificial pressure boundary condition. The pressure
Poisson equation is solved by a highly efficient five-level multigrid
method and the momentum equations are solved by a line succes-
sive over-relaxation (LSOR) scheme. Further numerical details are
available in Lin and Reed. 12

The resulting wall pressure distribution is shown in Fig. 3a.
More than 50% of the nose region is under a favorable pressure

gradient. The maximum (in magnitude) crossflow speed, wmax
(perpendicular to the local inviscid direction), ranges between 2
and 5% of the local inviscid speed Ue in the leading-edge region as
seen in Fig. 3b. Figure 4a shows the angle between the local invis-
cid direction and the x axis. This plot indicates that the inviscid
streamlines bend severely in the nose region and then become
rather straight aft. Figure 4b shows the gradient of the wall curva-
ture in the x direction in the leading-edge region. This plot indi-
cates that the previous approximation of slowly varying wall cur-
vature is valid over most of the curved surface except at the very
front. However, the crossflow Reynolds numbers are low in this
region and the stationary crossflow instability is not expected to be
important.

Two dimensionless parameters commonly used both in experi-
ment and theory to correlate crossflow-vortex appearance with
freestream and boundary-layer conditions are the local crossflow
Reynolds number, Rcf = wmaxv10/v, and local shape factor, Hcf =
ymax/y10, based on the maximum (in magnitude) crossflow velocity
wmax, its normal-to-the-wall location ymax, and the location v10
above vmax where the crossflow velocity is 10% of the maximum.
Distributions of these plotted vs chordwise distance from the lead-
ing edge are shown in Figs. 5a and 5b, respectively. Stationary vor-
tices normally seem to appear when crossflow Reynolds numbers

5o>
•D

10. v / 2PXc (cm; 25

Table 2 Comparison of L with 5r

X,cm
0.23
1.71
5.51

10.11
14.77
19.47
21.83
24.19
26.55
28.43

8r,cm
0.005
0.015
0.026
0.036
0.043
0.049
0.052
0.055
0.058
0.060

L,cm
0.016
0.032
0.061
0.087
0.096
0.106
0.121
0.153
0.235
0.487

L/8r

3.2
2.1
2.3
2.4
2.2
2.2
2.3
2.8
4.1
8.1

0.1

0.0

-0.3

-0.4

b)
10 15 20

Xc(cro)
25 30

Fig. 4 Variation of a) local inviscid streamline direction and b) wall-
curvature gradient, d(l/r)/d*.
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Fig. 3 a) Pressure-coefficient distribution along the surface and Fig. 5 Variation of a) crossflow Reynolds number and b) crossflow
b) variation of the local maximum (in magnitude) of crossflow velocity. shape factor.
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are on the order of 100 and shape factors are on the order of 0.3
(Ref. 13).

B. Linear Disturbance Calculations
This section contains a discussion and comparison of the linear

disturbance calculations using the different formulations men-
tioned earlier: 1) O-S: Orr-Sommerfeld—no curvature, 2) bdyOl:
new linear stability theory—body curvature only (a = 0), 3)
bdyll: new linear stability theory—body and streamline curvature
(a = 1), 4) LNS: linear N-S with nonparallel terms—body and
streamline curvature (a = 1), and 5) WONP: linear N-S without
nonparallel terms—body curvature only (o = 0). In all cases, the
basic state is provided by the full N-S simulation mentioned in
Sec.VA.

Since the instability is spatial in nature, all of the analyses are
based on the spatial theory. The spatial growth rates reported here
are obtained by solving nonlinear eigenvalue problems rather than
transforming temporal growth rates using the group velocity. Con-
sidering that the wing has an infinite span, the stationary crossflow
vortices are assumed to have no growth in the spanwise direc-
tion.14 This assumption is represented by setting '(Jf = 0 in Eq. (6).

First, the most unstable wave angles are examined for formula-
tions 1-3, linear stability theory with different combinations of
streamline and body curvature. Here, wave angle is designated as
the angle between the x axis and the wave number vector, n = (ocr,
Pr). Results show that the curvature only has a minor effect on the
wave angles. The direction of the most unstable stationary wave
predicted by the present theory is only about 1 deg different from
that predicted by the Orr-Sommerfeld equation. This result is con-
sistent over the domain of interest.

In Figs. 6a and 6b, spatial growth rates are plotted vs wave-
length for formulations 1-3, where wavelength is measured in the
direction normal to the axis of the vortex. The inclusion of the wall

curvature decreases the most unstable spatial growth rate, espe-
cially in the upstream region where the radius of wall curvature is
smaller. On the other hand, the inclusion of streamline curvature
increases the growth rates. Also note that this destabilizing effect
of the streamline curvature over the surface curvature is increas-
ingly stronger in the downstream direction. To account for this
phenomenon, the comparison between the magnitude of nonparal-
lel terms and I/Re is provided in Table 3. Results show that the
contribution of the nonparallel terms (the source of the streamline-
curvature effect) increases in the downstream direction. Nonparal-
lel terms are of the order of I/Re over the leading-edge region, i.e.,
*<20 cm, and eventually grow out of the order of I/Re in the
region where the boundary-layer thickness increases rapidly and
the crossflow changes sign due to the reverse of the pressure gradi-
ent.

To illustrate the effect of curvature on N factor, calculations
are performed by using the fixed wavelength (kzin spanwise direc-
tion) method.15'16 Thus, the N factor is defined as

= - a . d /

where d/is the arclength along the curved surface and A and A0 are
the disturbance amplitudes at x and jcz (branch I), respectively.

The comparisons of the N factors for formulations 1-3 are given
in Fig. 7, where fixed-wavelength results for \z = 3 cm are shown.
Note, A,z = 3 cm corresponds to the most amplified mode which has
wavelength about 1.2 cm measured normal to the axis of the vor-
tex. The N factors predicted by the present theory are smaller than
those predicted by the Orr-Sommerfeld equation. On the other
hand, the inclusion of the streamline-curvature effect only causes a
relatively mild increase in the N factors over the results including
just the body curvature. This is consistent with the evidence shown
in Table 3.

i*N

— o-s
... MyOI

Xc=12.4 cm roc=65.0 cm

a)
2 3

wavelength (cm)

Table 3 Comparison of nonparallel terms with I/Re
x, cm
0.23
3.37
7.80

12.44
17.12
19.47
21.83
24.19
26.55
28.43

a = (I/Re)
0.77E-2
0.27£-2
0.17£-2
0.13£-2
0.13£-2 .

"0.12E-2
0.10E-2
0.82£-3
0.53£-3
0.26£-3

b*
0.79£-2
0.87£-2
0.73£-2
0.57£-2
0.65£-2
0.82£-2
0.11£-1
0.14£-1
0.16E-1
0.18£-1

•c = b/a
1.0
3.2
4.3
4.3
5.2
7.0

10.4
16.6
29.5
69.4

aWhere 6 =max

Xc = 16.0 cm roc=76.0 crn

b)
2 3

wavelength (cm)

Fig. 6 Distribution of spatial growth rate with wavelength at a) Xc =
12.4 cm, radius of curvature (roc) = 65 cm and b) Xc = 16 cm, roc = 76
cm. O-S (—), without curvature effects; bdyOl (- - -), with wall-curva-
ture effects; bdyll ( o ), with both streamline- and wall-curvature ef-
fects.

0.5

0.4

0.3-

0.2-

0.1

0.0

— o-s
... MyOl

O My11

8 10 12 14 16 18 20
Xc (cm)

Fig. 7 AT factor calculations for Az = 3 cm with various linear stability
theories O-S (—), without curvature effects; bdyOl (- - -), with wall-
curvature effects; bdyll (o), with both streamline- and wall-curvature
effects.
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,PVV

—— INS
... WONP

10 12 14 16
Xc (cm)

18 20

Fig. 8 Comparison of the local maximum of the disturbance in the
normal direction vmax of the linear N-S calculation: LNS (—), solution
of the full linear N-S equations; WONP (- - -), solution of the linear N-S
equations without the nonparallel terms.

O-*

o-°

—— LNS
... WONP

10 12 14 16
Xc (cm)

18 20

Fig. 9 Amplification curves of the linear N-S calculations based on
vmax: LNS (—), solution of the full linear N-S equations; WONP (- - -),
solution of the linear N-S equations without the nonparallel terms.

predicts a better branch I location. However, all three theories pre-
dict an earlier branch II at the location where the pressure gradient
first changes sign, whereas the computations show unstable behav-
ior farther downstream. This indicates that a more consistent
approximation is needed when the effect of nonparallel terms
becomes non-negligible (Table 3).

VI. Concluding Remarks
This paper addresses the wall-curvature and streamline-curva-

ture effects on the stationary crossflow instability of a swept-wing
boundary layer. The disturbance equations are written on a fixed
body-intrinsic coordinate system; thus the wall curvature is consis-
tently formulated. Results indicate that curvature has only a minor
effect on wave angle. By representing the nonparallel terms with a
finite-difference approximation and comparing with the solutions
of the O-S equation, wall curvature is found to be stabilizing and
streamline curvature is found to be destabilizing for the stationary
crossflow instability. Results are further verified by more expen-
sive linear N-S calculations.

The current method breaks down when the contribution from
nonparallel terms becomes non-negligible. Then a more consistent
approximation is required. But the linear N-S calculations are too
expensive to be useful for engineering application. The recent
parabolized stability equations method18 can be a substitute; how-
ever, at this time, it is not clear from the present work how success-
ful the disturbance-shape function can be considered as a slowly
varying function in swept-wing flow.

The strength of linear theories is in their use for design by com-
paring N factors from one configuration to another. A configuration
with a smaller N factor (using the same theory) is likely to remain
laminar longer. It has been demonstrated here that the new theory
at least qualitatively contains the appropriate relationships be-
tween body and streamline curvature for three-dimensional bound-
ary layers and in this sense will aid in the evaluation of new airfoil
shapes for swept wings.
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Moreover, it must be emphasized that Table 3 demonstrates that
the relative effects (to each other) of streamline curvature arid body
curvature vary with streamwise position and must be evaluated for
each configuration under consideration. For this configuration, the
body curvature is stabilizing and the subsequent inclusion of
streamline curvature on top of this has less of a destabilizing effect
toward the front than farther downstream.

To validate the results, the linear N-S equations are solved as an
initial boundary-value problem by direct numerical integration. To
apply these results to those mentioned earlier, Xz is chosen to be
3 cm. To minimize the contribution of nonlinear terms, e is set as
l.QE-5 in Eq. (16). Moreover, the quasisteady blowing-suction slot
is located at 5.5 < x < 6.9 cm, before the branch I predicted by the
present theory. A steady solution over the domain of interest was
obtained, and results are summarized in Figs. 8 and 9.

Figure 8 shows that the disturbance amplitudes given by the lin-
ear N-S equations with nonparallel terms neglected are every-
where smaller than those predicted by the full linear N-S equa-
tions. This confirms that the effect of nonparallel terms (streamline
curvature) is destabilizing. However, any attempt to compare the N
factors from the theory and the linear N-S calculations is very dif-
ficult, because the linear N-S equations contain the nonparallel
effect exactly. Therefore, the N factors can depend a great deal on
definition. This issue has been addressed by Fasel and Konzel-
mann.17 Nevertheless, in Fig. 9, an N factor is determined for the
computations based on the local maximum of the disturbance in
the normal direction. In comparison with the computations, the
present theory with both body and streamline curvature included
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