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Transition Correlations in Three-Dimensional Boundary Layers

Helen L. Reed* and Timothy S. Haynest
Arizona State University, Tempe, Arizona 85287

The stability and transition characteristics of three-dimensional boundary-layer flows are examined. First,
the flow over a rotating cone is considered computationally. An increase of stagnation temperature is found to
be only slightly stabilizing. Parameter studies on the simple rotating-cone geometry provide a large database
of three-dimensional boundary-layer profiles and associated stability characteristics. To determine the possibility
of correlating transition location with parameters based purely on basic-state three-dimensional boundary-layer
profile characteristics, an empirical transition location of N = 9 is assumed. Transition location does not correlate
with the traditional crossflow Reynolds number. A more appropriate definition for crossflow Reynolds number
is found and termed R wew. This new parameter appears to correlate for transition location when plotted against
maximum crossflow velocity. Then, the flow over a yawed cone is considered experimentally. The correlation
results obtained from the rotating-cone work are applied to the actual measured transition locations on two
different yawed-cone models under various angle-of-attack conditions in two different experimental facilities
and are verified. This correlation is only suggested as a tool for preliminary transition prediction and design
in three-dimensional boundary layers; once a preliminary shape is selected, further linear stability theory or

parabolized stability equation calculations are strongly urged.

>

Nomenclature
= Pri2(y — 1)M?/2

c* = Chapman-Rubesin parameter based on T*

e = Chapman-Rubesin parameter based on T,

H = factor in R wew including compressibility

H, = crossflow shape factor, 8,0/V...x

hy = r + y cos 8 (dimensional)

L = factor in R ;wew including cooling

M = freestream Mach number

M, = local edge Mach number with respect to a
reference frame fixed to surface of rotating cone

N = amplification factor

Pr = Prandtl number at reference temperature 7*

R = Rcf("cw)Ue/Wmax’ Eq (17)

R = traditional crossflow Reynolds number,

Eq. (13)

Rwewy = new crossflow Reynolds number, Eq. (10)

R, = Re at transition according to linear stability
theory

R, = Re at x,

Re = Reynolds number based on local edge
conditions and reference boundary-layer
thickness

r = distance from body axis to surface, dimensional

r = radial distance on rotating disk, dimensional

T = temperature, dimensional

T.a = local adiabatic wall temperature, dimensional

T, = edge temperature, dimensional

T, = local wall temperature, dimensional
T* = reference temperature, dimensional
* = reference temperature for adiabatic wall,
dimensional
U, = local inviscid flow speed; for rotating cone,

reference frame is fixed to the surface,
dimensional
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W..x = maximum crossflow velocity, that is, velocity in
direction perpendicular to local inviscid flow; for
rotating cone, reference frame is fixed to
surface, dimensional

x,y,z = streamwise, normal-to-wall, spanwise
coordinates, dimensional

X, = initial streamwise position for calculation of N;
or upstream position for marching, dimensional

Vimax = height of W_,,, above wall, dimensional

—oa; = negative of imaginary part of streamwise
component of wave number; spatial growth rate

B., B; = real, imaginary part of spanwise component of
wave number

y = edge ratio of specific heats

8 = boundary-layer thickness, dimensional

8,4 = boundary-layer thickness for adiabatic wall,
dimensional

800l = boundary-layer thickness for cooled wall,
dimensional

8ncomp = boundary-layer thickness for incompressible

constant-temperature flow, dimensional
8, = reference boundary-layer thickness,
dimensional; (v,x/U,)?

S10 = height above y,,, where crossflow is 10% W,
dimensional

n = similarity variable in normal-to-wall direction;
normal-to-wall computational coordinate

0 = angle between body surface and body axis

v, = edge kinematic viscosity, dimensional

¢, m, { = streamwise, normal-to-wall, spanwise
computational coordinates

Q = cone rotational speed; rotating-disk rotational

speed

I. Introduction

A. Background

T high speeds, the wings of vehicles are swept and the

flow is three dimensional. In the leading-edge region of
a swept surface, both the surface and flow streamlines are
highly curved. The combination of pressure gradient and sweep
deflects the inviscid-flow streamlines inboard; this mechanism
reoccurs in the pressure-recovery region near the trailing edge.
Because of the lower momentum fluid near the wall, this
deflection is made larger within the boundary layer and causes
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crossflow, i.e., the development of a velocity component in-
side the boundary layer that is perpendicular to the local
inviscid-flow velocity vector. The crossflow profile has a max-
imum velocity somewhere in the middle of the boundary layer,
going to zero on the surface and at the boundary-layer edge.
The crossflow profile exhibits an inflection point (a condition
that is known to be dynamically unstable) causing so-called
crossflow vortex structures to form with their axes aligned
approximately in the local inviscid direction.! These crossflow
vortices all rotate in the same direction and take on the fa-
miliar cat’s-eye structure when viewed along their axes. Ex-
amples of other three-dimensional flows of practical interest
include rotating cones, yawed cylinders and cones, corners,
inlets, and rotating disks. It appears that a consistent char-
acteristic of all of these flows is the presence of streamwise
vorticity within the shear layer. For a recent review of this
subject, see Reed and Saric.2

B. Transition Prediction and Correlation Parameters

The state-of-the-art transition-prediction method still in-
volves linear stability theory coupled with an eV transition-
prediction scheme®* and is applied at all speeds.® Linear sta-
bility theory proves useful in determining the important flow
conditions or parameters affecting transition and their trends,
that is, whether and by how much a change of some parameter
is stabilizing or destabilizing. Here, the resultant growth or
decay of small disturbances in the boundary layer which lead
to transition is the measure of transition enhancement or de-
lay. N is the result of the integration of the linear growth rate
from the first neutral-stability point to a location somewhere
downstream on the body. Thus, e is the ratio of the ampli-
tudes at the two points, and the method correlates the tran-
sition Reynolds number with N.

Aside from the eV method along with various modifications
(e.g., Cebeci et al.®), several past investigators have identified
nondimensional parameters (based solely on basic-state
boundary-layer profiles) quantifying the characteristics of the
crossflow instability and, in some cases, attempted to correlate
these numbers with transition location. Some examples fol-
low.

In subsonic flow, a crossflow Reynolds number was intro-
duced as the governing parameter and it was suggested that
transition occurs when the crossflow Reynolds number be-
comes equal to about 150; a value for W, ,, of order 3% of
the local inviscid speed is typical for wind-tunnel and flight
tests. (Poll* discusses the details of this correlation.) Pfenninger”
used crosstlow shape factor Hy = y,,,./8,0 and crossflow Rey-
nolds number R = W,,,.8,,/v, in the design of supercritical
airfoils. Dagenhart® then considered stationary crossflow vor-
tices and, instead of solving the linear stability equations each
time, he used a table lookup of growth rates based on the
profile characteristics: crossflow shape factor and crossflow
Reynolds number. He reported that he could adequately re-
produce the results of the more complicated stability codes
using less than 2% of the computer time.

In supersonic flow, Chapman® and Pate!® made similar con-
clusions that crossflow Reynolds number correlates well with
transition location. On a yawed cone, King!* found that there
was no correlation with the traditional crossflow Reynolds
number. However, when he reformulated this parameter to
include both compressibility and yawed-cone geometry ef-
fects, he found a correlation for both his and Stetson’s!2 data,
but only as a function of azimuthal angle around the cone.
Therefore, because this parameter depends on cone yaw an-
gle, cone half-angle, and azimuthal angle, it is limited in its
applicability to general geometries.

C. Objectives

With the current interest in high-speed flight, there is a
keen desire to determine correlating parameters, based purely
on basic-state profiles, that can be easily incorporated into
existing basic-state codes and will estimate transition location

(or trends) for crossflow-dominated problems. In the present
work, to evaluate parameters quantifying stability character-
istics, the linear stability of the flow over a rotating cone at
zero incidence is examined. This simple geometry has been
used successfully in incompressible flow as a model for the
crossflow instability.'>* At very high speeds, where even the
basic-state calculations are a problem, the simple geometry
of the rotating cone becomes a suitable and valuable model
to study the crossflow instability.! Results are then applied to
available experimental data on other geometries.

II. Numerical Approach

A sharp cone rotating about its axis located in a supersonic
freestream at zero angle of attack is considered, see Fig. 1.
The governing boundary-layer equations for a compressible
ideal-gas flow are solved in a body-oriented coordinate system
using the Cebeci-Keller box scheme.!> By varying the free-
stream Mach number, rotational speed, cone angle, and po-
sition on the cone, a wide parameter range of possible three-
dimensional boundary layers can be studied, and the various
nondimensional parameters associated with the crossflow pro-
file are easily fixed (Re, Ry, H, . . .). The details of the
basic-state formulation are available in Ref. 1.

The stability of this laminar boundary layer is determined
using linear theory, with the stability equations solved to de-
termine the eigenvalues using the compact two-point, fourth-
order finite-difference method.'® The details of the linear sta-
bility analysis are also available in Ref. 1.

Locally, for a given frequency, the maximum growth rate
—ay is found by varying B, and setting 8, = 0. Then, the
amplification factor N is determined by integrating the growth
rate in the streamwise direction x from the branch I location
Xo. With the Reynolds numbers (based on reference bound-
ary-layer thickness 8,) at x, and x being R, = (U,x,/v,)'* and

XY, Z)
(En,0

20

U

z
A

\J

vy~

-
N

Fig. 1 Rotating cone in supersonic axial flow and coordinate system.
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Re = (U,x/v,)'2, respectively, and the growth rate — «, non-
dimensional with respect to §,

N= -2 f}:) a; d(Re) (1)

To estimate transition location for the present study, a value
of N = 9 is empirically chosen because values of 9-10 have
been demonstrated to apply over a large speed range for
various flow conditions.” Then, all possible frequencies are
sampled to determine where each individual disturbance
achieves N = 9. The most upstream of this locus of streamwise
locations is deemed the estimated transition location. The
values of other parameters characterizing crossflow may then
be evaluated against the results of N = 9. It must be em-
phasized that the purpose of this empirical computational
study is to reveal any trends, and the results are later applied
to and verified by experimental measurements.

HI. New Crossflow Reynolds Number

The object of the present work is to investigate parameters,
based purely on basic-state profiles, that will estimate tran-
sition location (or trends) for crossflow dominated problems.
As pointed out in the Introduction, the traditional crossflow
Reynolds number is successfully used for low-speed flows. In
this section, an attempt is made to compensate for compress-
ibility effects and to adjust this parameter accordingly.

White'” points out that to estimate the boundary-layer
thickness for a flat plate, one should consider the similarity
variable so that

7n(5)
SRelx = L (T/T.,) dn )

(Refs. 18~20). Taking advantage of this idea, then, a three-
dimensional compressible boundary layer & should approxi-
mately thicken with respect to the corresponding ““incom-
pressible” layer &;,comp as

[

n(8)
e R AT ®

incomp

The quantity 6;,.,m, IS @ constant-temperature incompressible
value that is determined simply by setting 7/T, everywhere
equal to unity in Eq. (2); that is, &, .ompRe/x = 7(8).

In addition, the estimated thickness of a cooled-wall bound-
ary layer 8, to that of an adiabatic wall 8,, can be estimated
as (following suggestions of White'” and considering a Crocco?!-
Busemann? relationship between velocity and temperature,
with a recovery factor included for Prandtl number effects®
and quantities evaluated at the reference temperature®*)

BuoorlBaa = (CHICL)> (3.279 + LT21[T T, J[1 + A]
+ 0.664A)/(5 + 2.385A) (4)

where
A = Pr'?(y — 1)M?/2 6)
C* = (T*T,)"(1 + 110.4/T)([T*/T,] + 110.4/T,) (6)
= (THTH)(1 + 1104/ T)([TH/T.] + 110.4/T,) (7)
TT, = 0.5 + 0.5T,/T, + A6 (8)
THIT, = 0.5 + 0.5(1 + A) + A/6 9)

where the Chapman-Rubesin®® parameter is approximated as
a constant C* across the boundary layer.

Now the “‘boundary-layer thickness” present in the cross-
flow Reynolds number is 8,,, and so 8 is replaced with §,, in
Eq. (3). Because the incompressible crossflow Reynolds num-
ber correlates reasonably well for incompressible flows, a new
general definition for R, then, is

Rcf("ew) = HLRcf = HLWmaXSIO/Vc (10)

where

n(819)
i = ato0 /[ 0Ty an a

L = (C*C5)V(3.279 + LT21[T /T W[l + A]
+ 0.664A)/(5 + 2.385A) (12)

and all temperatures are in Kelvin and 7(8,,) is the value of
n at 6,y. The quantity 8,, has been scaled back to an incom-
pressible value with the inclusion of the new factor H. To
compensate for a cooled wall, then, the factor L is used. Note
that, because one is essentially taking the ratio of two normal-
to-the-wall lengths, the new factor H is easily computed no
matter how the normal-to-the-wall coordinate 7 is defined.
Note also that R ... reduces to R, for incompressible, adi-
abatic-wall flows.

IV. Results

A. Rotating-Cone Calculations

Using the traditional crossflow Reynolds number and shape
factor

Rt = WiaxOr/ve (13)
Hcf = ymax/BIO (14)

Figure 2 shows the attempt at transition correlations for the
present rotating-cone calculations at a freestream Mach num-
ber of M = 3 and various cone angles 6, rotational speeds
1, and wall and freestream temperatures 7, and 7T,, respec-
tively. The various flow conditions represented are docu-
mented in Table 1. The spread in R, is on the order of 200%
with values ranging from 250—-450 and is therefore not useful
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Fig. 2 Traditional crossflow Reynolds number vs shape factor at
transition (VN = 9) for various wall- and freestream-temperature con-
ditions at M = 3: A set I, O set II, O set III, 2 set IV, ® set V, O set
VI, and @ set VII.
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Table 1 Rotating-cone configurations for M = 3

Varied
Fixed parameters
Set parameters and range
I Q = 0.375
T, =70 K
Adiabatic wall 8, deg 10-35
I Q=025
T,=70K
Adiabatic wall 0, deg 10-20
11 9 = 15 deg
T.=70K
Adiabatic wall Q 0.1-0.8
v 0 = 15 deg
T, = 260 K
Adiabatic wall Q 0.1-0.8
\" Q = 0.375
T, = 260 K
Adiabatic wall 8, deg 10-35
VI 8 = 15 deg
T, =70K
Cooled wall O 0.1-0.8
Vil 6 = 15 deg
T, = 260 K
Cooled wall Q 04-0.8
0.8 =}
0.7 &
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Fig. 3 Transition Reynolds number (N = 9) vs cone rotational speed
for various wall- and freestream-temperature conditions at M = 3: &
T, = 70 K, adiabatic; 0 T, = 70 K, T,/T,y = 0.6; A T, = 260 K,
adiabatic; and A T, = 260 K, T,/T,q = 0.6.

for design. Moreover, these values differ a great deal from
those on the order of 150 reported for low-speed flows. Figure
3 shows the same data plotted considering transition Reynolds
number R, vs rotational speed () (with increasing €} implying
increasing three-dimensional effects). Cooling is only slightly
stabilizing (see also Refs. 1, 26—28), and an increase of stag-
nation temperature has an even smaller stabilizing effect. Even
so0, these temperature effects produce large changes in R.

Table 2 shows comparative results for upstream freestream
Mach numbers of M = 0.01 and M = 3 for different free-
stream-temperature (7,) and surface-temperature (7,/T,)
conditions and a wide variety of rotating-cone geometries.
The M = 3 conditions correspond to those in Fig. 2 and Table
1. The results of the new definition for crossflow Reynolds
number with compressibility effects included, R s [Eq. (10)],
are contrasted with those obtained from the traditional def-
inition, R [Eq. (13)]. Also included is the maximum cross-
flow velocity; the significance of this should become apparent
in the subsequent discussion.

Table 2 Traditional and new crossflow Reynolds numbers for
rotating-cone configurations

ML, Te, K Tw/Tg Rcf Rcf(new) Wmax/Ue’ %
0.01 0.01 300 1 165 165 59
3 3.1 70 2.6 241 119 3.2
3 3.2 70 2.7 311 149 4.5
3 3.4 70 2.9 373 170 5.7
3 3.6 70 3.2 409 175 6.1
3 3.8 70 3.5 428 171 6.1
3 3.1 260 2.5 210 107 2.6
3 3.1 260 2.6 263 132 3.6
3 3.2 260 2.7 316 154 4.8
3 34 260 2.9 366 168 5.9
3 3.7 260 3.2 388 166 6.1
3 3.9 260 3.5 400 161 6.0
3 32 70 1.5 339 177 4.6
3 33 70 1.5 354 179 5.5
3 3.6 70 1.5 354 168 6.1
3 3.8 70 1.5 344 155 6.1
3 4.1 70 1.5 332 140 5.8
3 4.2 260 1.5 448 201 5.6
3 3.8 260 1.5 323 156 6.0
3 4.1 260 1.5 310 142 5.7
400
300
3
E 200 A
e A
P
a a
A
100 4
0
0 2 4 6 8
Winax / Ue (%)

Fig. 4 New definition of crossflow Reynolds number (including com-
pressibility effects) vs maximum crossflow velocity for computational
rotating-cone data assuming a transition location of N = 9: various
freestream- and wall-temperature conditions as well as cone geometries
are represented; A M = 3and® M = 0.

The new crossflow Reynolds number, Eq. (10), is shown
plotted vs maximum crossflow velocity in Fig. 4. Included are
the values for all of the various rotating-cone configurations
listed in Table 2 at both M = 0.01 and M = 3. Two obser-
vations can be made at this point. 1) There appears to be a
relationship between R ., and W, ... 2) The computed
incompressible value (for M = 0.01) now falls among the
new compressible values of crossflow Reynolds number (for
M = 3).

B. Yawed-Cone Experiments

Because linear stability theory with N = 9 applied to a
rotating cone was used to find these trends, it is important to
verify them against experimental data. The three-dimensional
transition data of King!! on the yawed cone in the Mach 3.5
quiet tunnel at NASA/Langley was a good candidate for this
validation. The King experiment was on a 5-deg half-angle
cone yawed at 0.6, 2, and 4 deg. The data of transition lo-
cations for various freestream conditions, both quiet and noisy,
are documented in Ref. 11.
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King provided the present authors with the computational
mean-flow profiles he used in the analysis of his experimental
results. In the experiment, tunnel conditions were varied until
transition was achieved in turn at each of the cone azimuthal
angles of 0 (windward), 30, 60, 90, 120, 150, and 180 deg
(leeward). This method of varying transition location corre-
sponded to changing the unit Reynolds number and it must
be assumed that there are no unit Reynolds-number effects.
Then the velocity and temperature profiles were computer
generated for the experimentally determined transition con-
ditions at each location. King!! points out that, because of
the considerable growth of the boundary layer with increasing
azimuthal angle, the boundary-layer assumptions break down
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Fig. 5 New definition of crossflow Reynolds number (including com-
pressibility effects) vs maximum crossflow velocity for experimental
yawed-cone data of King!! at M = 3.5 and Stetson'? at M = 5.9: open
symbols are for azimuthal angles 30, 60, 90, and 120 deg; filled symbols
are for azimuthal angle 150 deg; O ® King quiet, & A King noisy,
and O @ Stetson.
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Fig. 6 Linear least-squares fit of the experimental yawed-cone data
of King'' at M = 3.5 and Stetson'? at M = 5.9: open symbols are for
azimuthal angles 30, 60, 90, and 120 deg; filled symbols are for azi-
muthal angle 150 deg; O ® King quiet, 2 A King noisy, and O ® Stetson;
——— quiet fit, R quewy = (38.0)W, .. /U, + 26.7 and noisy fit,
Riemy = 9.H)W,_ . /U, + 21.5.
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Fig. 7 Linear least-squares fit through the origin of the experimental
yawed-cone data of King'! at M = 3.5 and Stetson'> at M = 5.9: open
symbols are for azimuthal angles 30, 60, 90, and 120 deg; filled symbols
are for azimuthal angle 150 deg; O ® King quiet, A A King noisy,
and O ® Stetson; ——— quiet fit, R quew, = (44.00W,,./U, and
noisy fit, R guew = (33.7)W,o/U..

near the leeward ray and the code was unable to obtain so-
lutions for azimuthal angle greater than 144 deg for the largest
angle of attack, 4 deg, and thus extrapolation had to be used.
Therefore, in all calculations presented here (Figs. 5-7), azi-
muthal angle 150 deg results for an angle of attack of 4 deg
are indicated with a filled-in symbol.

Applying the traditional crossflow Reynolds number, Eq.
(13), to the computer-generated profiles for King’s experi-
ments gives values ranging from 80 to 640 for quiet conditions
and from 60 to 560 for noisy conditions. Once again, these
results indicate too much of a spread for design, and the values
are inconsistent with low-speed results. Applying the new
crossflow Reynolds number, Eq. (10), on the other hand, to
these same profiles and plotting the results for azimuthal an-
gles of 30, 60, 90, 120, and 150 deg for all three angles of
attack and both quiet- and noisy-freestream conditions gives
Fig. 5. This is discussed subsequently.

King!! also considered the M = 5.9 experiments of Stetson??
on an 8-deg half-angle cone yawed at 1, 2, and 4 deg and
again provided the present authors with the mean-flow pro-
files he used in the evaluation of this experiment. Considering
what Stetson'? terms as the beginning of transition and ap-
plying Eq. (13) gives values ranging from 140 to 780. The

‘results, then, of applying the new crossflow Reynolds number,

Eq. (10), to these profiles and plotting the results for azi-
muthal angles of 30, 60, 90, 120, and 150 deg for all three
angles of attack are also found in Fig. 5. Once again, because
the same computer code was used to generate the mean-flow
profiles as was used for the King experiments, azimuthal angle
150 deg results for an angle of attack of 4 deg are indicated
with a filled-in symbol. The surface of Stetson’s cone was
cooled, whereas the wall of King’s cone was adiabatic. The
Stetson data were taken with a noisy freestream, and it is
surprising that the Stetson data agrees so well with the King
noisy data considering that two different facilities are involved
with different flowfield conditions and characteristics.

The trends of the three sets of experimental data in Fig. 5
suggest a linear least-squares fit for the correlation of R gnew
and W,,,..

Quiet (M = 3.5)

Regoen = 26.7 + 38.0W,,../U, (15)
for 2% < W,,./U, < 8%.
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Noisy (M = 3.5and M = 5.9)

Reeewy = 21.5 + 29.1W, /U, (16)

for 2% < W,/U, < 8% where W, /U, is in percent. The
two curves are included with the data in Fig. 6. Below the
curves, the flow has not undergone transition. At this point,
it is not clear what happens when W, /U, is greater than 8%,
and caution is urged in extrapolation. (Figure 3 indicates that
transition location becomes less sensitive as rotation speed
increases, so that large departures from the indicated values
of W,_../U, may result in different local behavior of the cor-
relation curve.) Moreover, the lower end of the curve is also
suspect since crossflow has been observed in low-speed flows
to appear when crossflow Reynolds number is order 100.
Below this value, Tollmien-Schlichting instability should be
dominant.

From visual inspection, the data in Fig. 5 (in the range from
2% < W ./U, < 8%) could also be approximated by a line
that passes throughthe origin. Assuming aleast-squares straight
line fit through the origin, then, the implication is that the
correlation reduces to

R = Rcf(neW)Ue/Wmax

HL5,,U.Iv,
44.0 (quiet)
33.7 (noisy) 17

for 2% < W_../U, < 8% at transition, and W,,,, drops out
of consideration (Fig. 7). In other words, a universal constant
R is suggested, based on available theoretical and experi-
mental data, for transition prediction and evaluation in three-
dimensional boundary layers. Again the range of validity should
be considered, 2% < W,,,./U, < 8%. For example, W,,,./U,
for the rotating disk is approximately 18% and with R = 44
[from Eq. (17)], the disk Reynolds number at transition is
predicted to be r(/v,)¥? = 10 which is way too low from the
observed value of order 500 (Refs. 29 and 30).

V. Conclusions

For the examination of three-dimensional effects in high-
speed flows, a rotating cone is used. A large parameter range
of flow conditions can be studied and trends observed, which
are then verified by the available experiments. The following
conclusions can be drawn from this study.

1) Considering a perfect gas, increasing freestream stag-
nation temperature only slightly stabilizes the crossflow in-
stability. This is in contrast to two-dimensional basic states
where a large effect on Tollmien-Schlichting instability is ob-
served.*

2) For the rotating cone, transition location (N = 9) does
not correlate with the traditional crossflow Reynolds number.

3) When compressibility and cooling effects are included
for both the rotating cone and the yawed cone, a new cross-
flow Reynolds number R .. is found. The values of R ew
for W_,./U, order 3% are now in the neighborhood of 150
consistent with the low-speed values reported. This new pa-
rameter contains no geometry explicitly and applies for gas
flows with Prandtl number different from unity. It reduces to
the traditional crossflow Reynolds number when Mach num-
ber goes to zero.

4) A relationship exists between the new crossflow Rey-
nolds number and the maximum crossflow velocity at tran-
sition. This result has been verified for the theoretical rotat-
ing-cone data and the experimental yawed-cone data of both
King" and Stetson.'? _

5) From this relationship, a new universal parameter R is
suggested that can be calculated solely from the basic-state

profiles. As with R .., this parameter also contains no ge-
ometry explicitly and applies for gas flows with Prandt] num-
ber different from unity. As such, it can aid in preliminary
transition prediction and design, including the evaluation of
parameter trends, for three-dimensional boundary layers. Once
a preliminary shape is selected, further linear stability theory
or parabolized stability equation calculations are strongly urged.

6) The reader is reminded to exercise caution in using a
correlation beyond its database. To reiterate, rotating-cone
and yawed-cone geometries were considered and the range
of the data is 2% < W _,./U, < 8%.
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