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Effect of Transverse Curvature on the Stability of
Compressible Boundary Layers

Robert E. Spall* and Mujeeb R. Malik}
High Technology Corporation, Hampton, Virginia 23666

Linear stability theory is used to determine the effect of transverse curvature on the estimated location of the
onset of transition for supersonic boundary layers. Results have been obtained for Mach § and Mach 1.25
boundary layers formed over cylinders and sharp cones. As transverse curvature increases, the growth rates for
the first mode (asymmetric) instability increase, whereas those for the second mode decrease. The overall effect
of increasing curvature is to lower the transition Reynolds number at the Mach numbers studied. Transverse
curvature is also shown to introduce an apparent unit Reynolds namber effect on transition location; for a given
cylinder, the transition Reynolds number increases with the increasing unit Reynolds number.

Introduction

N recent years considerable interest has been focused on the

development and application of compressible linear stabil-
ity theory. This has been brought about, in part, by the need
to predict laminar/turbulent transition over hypersonic vehi-
cles such as the aerospace plane. Equally important perhaps is
the confidence generated by successful correlations at high
speeds of experimental transition data with theoretical results
based on linear stability theory. For instance, data obtained
using conventional supersonic wind tunnels indicated that
transition on a cone occurred at a higher Reynolds number
than on a flat plate (see Ref. 1). In contrast, eV calculations
based on linear stability theory gave opposite results.>® This
discrepancy was resolved when an experiment performed in
the NASA Langley Low Disturbance Tunnel vindicated the e?v
calculations.* Thus, in general, the ¢” method provides a prac-
tical means for investigating laminar flow-control applications
and the estimation of the onset of transition in low-disturbance
environments.

The numerical calculations for the compressible stability of
flat-plate boundary layers over a wide range of flow conditions
were performed by Mack (for a comprehensive review see
Ref. 5). Mack obtained a number of important results and
demonstrated the existence of higher instability modes. These
inviscid modes appear whenever the mean flow relative to the
disturbance phase velocity is supersonic. Above about M =4,
the first of these modes, called the second mode, is most un-
stable. The prediction by Lees® that wall cooling could be used
to stabilize the boundary layer was dispelled by Mack. In fact,
Mack’ showed that the second mode instability is actually
destabilized by cooling. Demetriades® provided experimental
verification of Mack’s findings regarding the effect of cooling
on the second mode.

Stability calculations of a compressible boundary layer over
a sharp cone at a zero angle of attack have been performed by
Malik,? Mack,? Gasperas,'®!! and Malik and Spall.!? Mack
indicates that the inclusion of transverse curvature terms in the
computed mean flow has little effect on the planar stability
calculations for a 7-deg half-angle cone at Mach 6.8. Malik
and Spall'? provide plots of mean flow temperature and veloc-
ity profiles at Mach 5 for 2- and 10-deg cone half-angles, both
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with and without curvature terms. They found that the effect
of neglecting curvature on the mean flow is small for the
10-deg cone but significant for the 2-deg cone. No attempt was
made to determine the effect on the stability calculations. They
did, however, report that mean flow transverse curvature ef-
fects were important when computing the second mode stabil-
ity characteristics of a series of thin-cylinder boundary layers.
The effect of increasing curvature was stabilizing and resulted
in an upward shift of the unstable frequency band. Gasperas!?
found a small stabilizing influence when some of the transverse
curvature terms were included in the parallel flow stability
equations. To date, the effect of transverse curvature terms in
the mean flow and stability equations on N-factor calculations
has not been reported.

Duck!? obtained an asymptotic solution for the inviscid axi-
symmetric stability of a hypersonic boundary layer over a thin
cylinder. The radius of the cylinder was restricted to the order
of the boundary-layer thickness. His results indicated that cur-
vature effects are stabilizing with respect to both first and
second mode axisymmetric disturbances.

Cone stability experiments have been performed by Ken-
dall,'® Demetriades,® and Stetson et al.'é Major disagreements
between these experimental results and the stability calcula-
tions still exist. For instance, the experiments all show a range
of unstable frequencies above those associated with the second
mode disturbances. These unstable bands have not been pre-
dicted using linear stability theory.

In the present study, we investigate the effect of transverse
curvature on transition location as predicted using the eV
method. For the purposes of this paper, transition location is
equated to the location where the disturbance amplitude ratio
(A /A ), as calculated from linear stability theory, first reaches
a value of e°. We consider the boundary layer over a series of
adiabatic wall cones and cylinders at Mach 5, and adiabatic
wall cylinders at Mach 1.25. The nonsimilar mean flow calcu-
lations are performed using a compressible boundary-layer
code developed by Harris and Blanchard.!” For the cylinders,
the effect of transverse curvature is included in the calculation
of both the mean flow and the stability results. For the sharp
cone cases, mean flows are computed both with and without
transverse curvature terms. Stability results are computed by
including the transverse curvature terms. An apparent unit
Reynolds number effect due to the nonsimilar mean flow pro-
files is also investigated.

Problem Formulation and Numerical Method
_The goal of linear stability theory is to determine the re-
sponse of some predetermined mean flow to an infinitesimally
small disturbance. In this study, the mean flow is taken to be
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the solution of the compressible boundary-layer equations for
a perfect gas. In particular, we consider the ‘‘quasiparallel’
linear stability of a compressible boundary layer over conical,
cylindrical, and flat-plate configurations.

A brief discussion of the boundary-layer equations is in
order. The mean flow is given by the solution to the two-
dimensional/axisymmetric compressible boundary-layer equa-
tions
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where # and v are the velocity components in the x and y
directions, respectively, p is the pressure, p is the density, f is
the first coefficient of viscosity, T is the temperature, k is the
thermal conductivity, and ¢, is the specific heat. In the fore-
going equations, j =0 for two-dimensional and j =1 for axi-
symmetric flows. The boundary-layer equations are singular at
x =0. In order to remove this singularity and provide for a
nearly constant boundary-layer thickness in the computational
domain, we utilize the Mangler-Levy-Lees'® transformation
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where the subscript e refers to edge values. We define three
new computational variables

F=2 (5a)
Ue
) ) '
V=——— Fl— )+ 5b
Pel‘-euergj ax, \/i GO
T
== 5
0 T. (50)
and write the boundary-layer equations as
d oF oF oF
—(ay— ) - V—+ a(0-F) =2t F— 6
e <a1 3n) o ax( )=2¢ T 6)
v oF
— +F= 26— 7
a7 + £ T )
3 a0 a0 aF\? a0
— — ) —V—ta| —) =26F— 8
o <a3 31)) an a4(3n> : at ®
In the aforementioned equations,
a = (1+x¥ 2E (92)
Pele
2£\ du, ’
=|—]— 9%
“ <u> d ©o®)
=2 (9¢)
g
as=(y- I)Mezal 9d)

Note that x=y/rocos\ is the ‘‘transverse curvature’’ term,
where A and rg are given in Fig. 1. In addition, M is the Mach
number and ¢ the Prandtl number. Transverse curvature is
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expected to affect the mean flow profiles significantly for cases
in which the thickness of the boundary layer is not negligible
relative to the body radius ry. If in the case of a cylinder or
sharp cone configuration, the transverse curvature term is ne-
glected, Eqs. (6-8) reduce to a set of similar equations. Then,
for identical edge conditions, the cone profiles are thinner than
the flat-plate and cylinder profiles by a factor of V3 at common
streamwise locations.

The linear stability equations are derived from the com-
pressible Navier-Stokes equations. The Navier-Stokes equa-
tions, nondimensionalized with appropriate constant free-
stream reference values and some reference length /, are
written as
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where ® =NV -u)? +u/2[Vu + Vu']? is the viscous dissipa-
tion function, A is the second coefficient of viscosity, v is the
ratio of specific heats, and # = (u,v,w). In addition, the Rey-
nolds number is defined as R =(p.u./)/p. and the Prandtl
number, which is taken as a constant, as o= (u.c,, )/ k.. Other
variables are analogous to those in the boundary-layer equa-

_tions presented previously.

We employ body-fitted orthogonal curvilinear coordinates
X,y,z, where x is the streamwise direction, z is the azimuthal
direction, and y is normal to the surface (see Fig. 1). In this
system, elements of length are A; dx, dy and A, dz. In addi-
tion, we limit our study to two-dimensional or axisymmetric
flows and make the quasiparallel flow assumption that re-
stricts the mean flow to be of the following form: &= U(y),
v=0, w=0, T=T(»), and p = p(»). There is no a priori justifi-
cation for the parallel flow approximation except at high Rey-
nolds numbers, where it is formally valid depending on the
disturbance characteristics. At finite Reynolds numbers, the
parallel flow approximation introduces an unknown amount
of error in the solution. The nonparallel multiple-scale calcula-
tions of Gapanov'? and El-Hady® for Mach 4.5 flat-plate flow
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show these effects to be small. The foregoing equations are
decomposed into a mean part and small-amplitude harmonic

disturbance of the form
u(x,y,z,t) = a(y) + eit(y)eix+Fz=wn (14a)

Here, ¢ is a small parameter, w the disturbance frequency, o
the x direction wavenumber, and @ the z direction wavenum-
ber. For an axisymmetric body of radius ro,

B=n/ry (14b)

where 7 is the wavenumber for asymmetric disturbances. We
are interested in the spatial stability, so that w and 3 are as-
sumed real and « is complex.

Substituting the decompositions into the Navier-Stokes
equations and dropping bars from the mean flow quantities,
we obtain the following system of equations for the perturba-
tion quantities (see Malik and Spall'?):
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In the aforementioned equations,
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The curvature coefficients m,, and my; are defined as

In this study, we consider only cylinder and sharp cone con-
figurations. For a cylinder m,; =0 and m,3 =¢/(1 +€y), where
e=1/ry. For a sharp cone, my =[(I/ro) sin\]/(1 +¢y) and mys
=¢/(1 +ey), where A is the cone half-angle and e = (/ cosN)/ry.

The foregoing equations are solved subject to the following
boundary conditions:

=w=9=T=0 at y=0 (20a)

=

#,9w,T—-0 as y—o (20b)

The numerical scheme used to solve the stability equations is

discussed in detail by Malik.!® A brief description follows.
Equations (15-19) are written in the form

(AD*+BD +C)®=0 (21)

where & is a five-element vector defined as (&,9,p, T',#)". The
boundary conditions for Eq. (21) are given as

y=0; q)1=4)2=¢4=¢5=0 (223)
Y — 0, ¢1’¢27¢4a¢5_’0 (22b)

The transport coefficients have been expressed in terms of
mean temperature and temperature perturbations as

&
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Following Mack,® for temperatures greater than 198.6°R,
Sutherland’s law is used, whereas a linear relation is used for
lower temperatures. A is a diagonal matrix defined as
[1,1,0,1,1]” and B and C are 5x 5 coefficient matrices. The
nonzero elements of these matrices depend on the mean flow
quantities, streamwise and spanwise wavenumbers, and the
disturbance frequency.

Both global and local methods are employed in the stability
code. The global method, used to provide an initial guess for
the local method, solves the stability equation in the form
previously given. For the spatial problem, the streamwise
wavenumber appears nonlinearly in Eq. (21). This nonlinearity
arises from the streamwise diffusion terms. To use methods
available for generalized eigenvalue problems, we linearize the
equations by dropping the &, (i.e., o) terms. Since we are
interested in hypersonic boundary layers in which the instabil-
ity is generally inviscid in nature, and the global method is only
used to provide a guess for the local method, the approxima-
tion is acceptable. The equations are discretized using a sec-
ond-order finite-difference method on a staggered mesh. The
staggered mesh eliminates the need for pressure boundary con-
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ditions. The discretized equations are expressed in the form of
a generalized eigenvalue problem as

Ad = oB® 23)

which may be solved using the QZ algorithm.

The global solution is computationally expensive since the
results include all the eigenvalues of the discrete system. As a
result, a local method is used to refine the accuracy of the
desired least stable eigenvalue. The local method is based on
the fourth-order compact finite-difference scheme of Malik et
al.?! The scheme requires that Eq. (21) be written as a system
of first-order equations as
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The fourth-order-accurate compact finite-difference scheme is
derived by means of the Euler-Mclaurin sum formula
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where ¥Y*=Y(y,) and Ay =y; —yx_1. Expressions for the
derivatives of Y in Eq. (26) are replaced using Eq. (24), where
we define Y = {¥; }. This results in a system that can be written
as
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Equation (27) is rewritten in block tridiagonal form as
A Y 'y B YF 4+ C Y = H (28)

where A;, B, C, are 8 X8 matrices and H is an 8§ X1 null
matrix. The block tridiagonal system of equations is solved
using LU factorizations. Since Eq. (27) and the boundary con-
ditions are homogeneous, a trivial solution may result. In or-
der to avoid this, the boundary condition ¥,(0)=0 is replaced
with the nonhomogeneous pressure boundary condition
¥,(0)= 1. With an initial guess for «, a nontrivial solution to
Eq. (28) can now be obtained for Y. Newton’s method is then
used to iterate on « until the boundary condition ¥;=0 is
satisfied. The foregoing procedure is described in detail by
Malik.2
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Results and Discussion

In this section, we discuss the results of the stability cal-
culations for a series of sharp cones and hollow cylinders
at a boundary-layer edge Mach number of 5.0. The majority
of results are presented in the form of N-factor calculations
that can be performed in several ways. The N-factor is com-
puted as

X
N(fH)= —j a;(x) dx (29

X0
where x is the streamwise location of the onset of instability
for the dimensional frequency f. A choice must be made re-
garding the prescription of the wavenumber (. For the purpose
of this paper, 3 has been chosen to maximize the disturbance
growth rate. For first mode disturbances, this is done by en-
forcing the condition dor;/dB=0 at each streamwise location,
which amounts to constructing an envelope for the individual
growth rate curves for fixed n [see Eq. (14b)]. For second
mode disturbances, the foregoing condition is satisfied for
B=0 (i.e., n =0), since in that case, two-dimensional (or axi-
symmetric) waves are most amplified. The effect of transverse
curvature on the most unstable wave angles for first mode
disturbances is discussed in the work of Malik and Spall.!?

We first examine the effects of transverse curvature on the
linear stability of a series of boundary layers formed over
hollow cylinders. The freestream Mach number is 5.0, the
stagnation temperature S40°R, and the unit Reynolds number
1 million. Adiabatic wall conditions are specified for all mean
flows. Note that in the figures to follow, the Reynolds number
is plotted as R =u,l/v,., where the length scale / is defined as

=+/Vex/u,. Thus, R =~/Re,, where Re, is the usual Rey-
nolds number based on the streamwise distance x. We also
define a ‘‘cylinder’’ Reynolds number as Ry = u,ry/v,, which is
simply the unit Reynolds number times the cylinder radius.
The nondimensional frequency Fis given as F = 2xv,)/(U2)f.
For the N-factor calculations, the most dangerous frequencies
(those that first reach N =9) have been determined to within
+10%. We note that for all the cylinder configurations, cur-
vature terms have been included in both the mean flow and
stability calculations. We will later note that, for a given Mach
number flow, the effect of curvature scales with the cylinder
Reynolds number R,.

Neutral stability curves are presented in Fig. 2a for the
flat-plate case and in Fig. 2b for the case ry=0.025 ft, or
Ry=2.5x10* These represent the limiting cases for no curva-
ture and large curvature, respectively, in the N-factor calcula-
tions for cylinders that follow. The most prominent difference
in the neutral curves is the separation of the first and second
mode unstable regions, which is attributable to curvature ef-
fects (Fig. 2b). This separation is due to the second mode
region where the instabilities have been shifted to higher fre-
quencies. In addition, we see a significant narrowing of the
unstable frequency band. The upward shift is not unexpected
since increasing transverse curvature in the mean flow results
in a thinning of the boundary layer due to transverse curvature
effects. Since second mode instabilities scale with the bound-
ary-layer thickness, the unstable band occurs at higher fre-
quencies. It also appears that at high Reynolds numbers, the
second mode instability may be completely damped. This is
because as the boundary-layer thickness increases, transverse
curvature effect will increase for a fixed cylinder radius. We
note that transverse curvature effects on the first mode region
are not significant, although the maximum unstable frequen-
cies at low Reynolds numbers are increased by some 20%. A
detailed discussion of these effects is presented by Malik and
Spall.!? They indicate increased growth rates for the oblique
first mode waves and decreased growth rates for the second
mode, as curvature is increased, which is consistent with the
results in Figs. 2a and 2b. The question is what effect this will
have on the integrated amplification rates.
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Fig.2 Neutral stability curves for Mach S boundary layer: a) Flat
plate; b) r0=0.025 ft.

We next examine N-factor calculations for a series of cylin-
ders. These calculations are shown in Fig. 3 for increasing
levels of transverse curvature, i.e., Ry=o0, 1x 106, 1x10%,
5x10% and 2.5 x 10* (rp= o0, 1.0, 0.1, 0.05, and 0.025 ft). The
lines in the figure do not represent the envelope curves, but the
frequencies that first reach NV =9. The illustration also indi-
cates that as the Reynolds number R, is increased from
2.5%x10%to o, R,,is increased from 2600 to 3050. For the cases
Ry=2.5x10% 5x10% and 1x10°, the second mode has no
effect on transition location and the increase in Nis due to first
mode instabilities only. For the flat-plate case and the case of
Ry=1x10%, second mode instabilities influence transition
location due to their large amplification rates at higher Rey-
nolds numbers. Thus, we conclude that first mode distur-
" bances are destabilized with increasing curvature.

The results of Malik and Spall'? lead one to expect the
foregoing results. For instance, they showed that the effect of
increasing curvature is to stabilize and shift the second mode
instability to higher frequencies—thus, the absence of any sec-
ond mode effect on transition location for the cases with the
relatively small radius of curvature. What the second mode
instabilities do cause, though, is an abrupt increase in the
frequency responsible for transition, as curvature is decreased.
For instance, in the case of the flat plate, the most amplified
frequency is F =0.6 X 10~4, corresponding to a second mode
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Fig. 3 N-factor calculations for flat plate and cylinders.

disturbance. For cylinder radii from 0.025 to 0.1 ft, the most
amplified frequency is F = 0.27 x 104, which corresponds to a
first mode disturbance. This is due to the effect that transverse
curvature has on first mode (destabilizing) and second mode
(stabilizing) instabilities. In other words, as curvature in-
creases, low-frequency first mode instabilities begin to influ-
ence the N-factor calculations and transition location. These
trends are, of course, only valid in the ranges of frequencies
that, under the present conditions, are important for transi-
tion.

We now look at a series of calculations for 2, 5, and 10-deg
half-angle cones at a zero angle of attack. The flow conditions
at the boundary-layer edge areidentical to those of the cylinder
calculations. Calculations are made both with and without
curvature terms in the mean flow equations. Curvature terms
are included in the stability equations for all calculations. For
the sharp cone, the m,; term in the stability equations is
nonzero. This term is due to the body divergence and is pro-
portional to dry/dx. Thus, we expect m,; to be important for
large cone angles, and m,; to be important for small angles.
This, in fact, was shown by Malik and Spall.!? We also note
that although the effect of curvature on stability and mean
flow increase in the streamwise direction for hollow cylinders,
the opposite is true for the cone. This is a result of the greater
rate of increase in ro compared to the boundary-layer thickness
as the flow develops in the streamwise direction.

Presented in Fig. 4 are N-factor calculations for 2, 5, and
10-deg half-angle sharp cones in which the curvature terms are
included in both the mean flow and stability calculations. Al-
though not apparent from the figures, the integrated amplifi-
cation rates are due to first mode instabilities. We first com-
pare the ratio of cone to flat-plate transition Reynolds number
for the different cone angles. Note that in the following discus-
sion, transition is assumed to occur when N =9. This ratio
may vary slightly if, for instance, N is taken as 10. For the 2,
5, and 10-deg cones, the ratio Rey,,./Re, .. ~0.80, 0.85, and
0.85, respectively. This is consistent with the results of Malik
and Spall,!2 in which they indicate that first mode instability is
enhanced through increased curvature. These values are some-
what higher than the value of 0.68 reported by Chen et al.*
for a 5 deg cone at M, =3.5. In that study, transition was
assumed to occur when N reached 10. The frequencies re-
sponsible for transition over the cone configuration are in the
vicinity of F =0.4x 104, This compares to the frequency of
F=0.6x10"* for the flat-plate case discussed earlier. The
flat-plate frequency is higher due to the effect of the second
mode. If, for the flat plate, first mode disturbances only were
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considered, the most amplified frequency would be approx-
imately F =0.27 x 10~4. This second mode ‘influence also in-
creases the ratio Re,, /Re, . and is partially responsible for
the differences with the resufts of Chen et al.# where only first
mode instabilities were encountered. We thus conclude that
the ratio of cone to flat-plate transition Reynolds number is
highly dependent on the flow conditions. This is especially true
for high supersonic Mach numbers, where both first and sec-
ond mode instabilities are significant.

We now examine the effect of neglecting the curvature terms
in the mean flow equations. The N-factor calculations are
presented in Fig. 5. In this case, the ratio of cone to flat-plate
transition Reynolds number is approximately 0.7, 0.95, and
1.05 for 2, 5, and 10-deg cone angles, respectively. Thus, ne-
glecting curvature terms. results in a destabilizing effect for
small cone angles and a stabilizing effect for larger angles. This
indicates competing mechanisms affecting the first mode insta-
bility: The curvature terms in the mean flow equations are
stabilizing while body divergence terms are destabilizing. This

cone half angle
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Fig. 4 N-factor calculations for cones in which curvature terms are
included in mean flow and stability equations.
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Fig. 5 N-factor calculations for cones. Curvature terms included in
stability equations but neglected in the mean flow.
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is the opposite effect that curvature and body divergence terms
have in the stability equations.!? We can conclude that a
complex relation exists between the curvature terms in the
mean flow and stability equations, and that their relative im-
portance is highly dependent on the specific geometry and flow
conditions.

As suggested by Morkovin,?! nonsimilarity of the mean flow
profile may, in principle, bring about some unit Reynolds
number effect. The thin cylinder profiles we have been inves-
tigating are nonsimilar due to curvature effect. We now inves-
tigate the possibility that this nonsimilarity manifests itself in
the form of an ‘‘apparent’’ unit Reynolds number effect. We
compute N-factors for three unit Reynolds numbers—
250,000/ft, 1 million/ft, and 4 million/ft—at a constant cylin-
der radius of 0.025 ft. The results shown in Fig. 6a for the three
different values of the cylinder Reynolds number (Ry) are dra-
matic. The streamwise location of transition is delayed by a
factor of 2 when R, is increased from 6.25 x 103 to 1 x 10° (at
a constant cylinder radius). This unit Reynolds number effect,
which one may observe in an experiment performed on a fixed
radius cylinder, is actually a transverse curvature effect. At
any rate, Fig. 6a shows that transverse curvature effects, which
for the first mode are destabilizing, become more important as
Ry is decreased. We also note that the most amplified nondi-
mensional frequency decreases in accordance with an increase
in the cylinder Reynolds number.
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Fig. 6 Effect of unit Reynolds number on transition for nonsimilar
boundary layers over hollow cylinders: a) ro=0.025 ft; b) ro=0.1 ft.
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Fig. 7 N-factor calculations for cylinders at Mach 1.25.

We now look at N-factors for the case ry=0.1 ft, shown in
Fig. 6b. Here, results for unit Reynolds numbers of 2.5 x 103
(Rp=2.5x10% and 1x10° (Ry=1x 10°) are plotted. The re-
sults are similar to those in Fig. 6a in that as R, (or unit
Reynolds number) is increased, transition is delayed. From
Figs. 6a and 6b, it is clear that transition occurs at nearly
constant Re, for a given R,. The cylinder Reynolds number R,
characterizes the effect of transverse curvature. Therefore, the
preceding results for ry=0.025 ft, for examples, are applicable
to a cylinder with larger radius as long as Ry is held fixed.

To demonstrate that transverse curvature effects are im-
portant throughout the supersonic flow regime, we present
results for a Mach 1.25 boundary layer over a cylinder. The
mean flow stagnation temperature was 540°R and the unit
Reynolds number, 1 million. N-factor results are shown
in Fig. 7. Lines for a flat plate and a cylinder radius r,=0.025
ft (Ry=2.5x10% are indicated. Clearly, the influence of
transverse curvature at Mach 1.25 is comparable to that at
Mach 5.0.

At lower Mach numbers, the boundary layer is thinner and
thus the curvature parameter g g95/7¢ is smaller for the same
cylinder radius r,. However, the sensitivity of the lower Mach
number boundary layer to any changes in curvature, heat
transfer, etc., is greater than at higher Mach numbers. Thus,
the decrease in curvature parameter is compensated for by
the enhanced sensitivity of the boundary layer at lower Mach
numbers,

Conclusions

N-factor calculations for Mach 5 flow past a series of cylin-
der and cone configurations were performed. The purpose of
the calculations was to assess the importance, in regard to
transition prediction, of transverse curvature terms in the
mean flow and stability equations. The results indicate that for
thin cylinders and small cone angles, the terms should not be
neglected. At Mach 5, transition on a flat plate was found to
be dependent on both first and second mode instabilities. Con-
versely, for a cone, transition was dependent on first mode
only. The net result was to increase the ratio of Re,,me/Re,,p]ale
over that found by Chen et al.* It was also found that trans-
verse curvature introduced a unit Reynolds number effect on
the location of transition. As the unit Reynolds number was
increased, the onset of transition, based on the e”¥ method, was
delayed. This is in accordance with experimental findings.
Transverse curvature effects were also shown to be destabiliz-
ing at a Mach number of 1.25. We also note that the effect of
transverse curvature may be characterized by the Reynolds
number based on the cylinder radius.
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