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Supersonic Boundary-Layer Transition:
Effects of Roughness and Freestream Disturbances

S. R. PATE*
ARO Inc., Arnold Air Force Station, Tenn.

Boundary-layer transition experiments were conducted in the AEDC-VKF, 12- and 40-in.
supersonic wind tunnels at Mach numbers 3 and 4 on an adiabatic wall, 10° total-angle sharp
cone. The effects of spherical roughness elements and freestream disturbances (radiated
aerodynamic noise) on transition were investigated. The large variation in smooth wall
transition locations which exists on models in supersonic wind tunnels of different sizes is
shown to influence trip performance. These studies have also indicated that the "effective
point" location proposed by van Driest et al., is relatively independent of the smooth wall
transition location (or freestream disturbance and tunnel size) at supersonic speeds. The
correlation parameters developed by van Driest-Blumer and Potter-Whitfield are examined,
and their ability to predict the tripped transition location is discussed.
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Nomenclature

model nose bluntness, in.
mean turbulent skin-friction coefficient (tunnel

wall)
tunnel test section circumference, in.
tunnel test section circumference of 12- X 12-

in. tunnel (ci = 48 in.)
diameter of roughness element (sphere di-

ameter), in.
total height of roughness element above model

surface (sphere diameter plus band thick-
ness), in.

Mach number
trip Reynolds number (pdUsk/ns)
Potter- Whitfield trip correlation Reynolds

number

for adiabatic wall
Re*' =

= k(Us/vs)(M-k/Ms)[l + i(7 - 1) X

= transition Reynolds number (based on local
conditions), (Ret)s — (Re/in.)s(xt) = UdXt/vs

Rexk = trip position Reynolds number (pdUsVk/pd)
Red, CRe/in.)« = inviscid flow local surface unit Reynolds num-

ber per inch, Ud/vs
Rem, (.Re/in. )« = freestream Reynolds number per in., Um/vm
Retett = effective point transition Reynolds number

T
TDP

(Te/Td)co

TQ

U
u
x

temperature, °R and/or °F
dew point temperature at atmospheric pressure,

°F
corrected effective temperature ratio as defined

in Ref . 4
tunnel stilling chamber total temperature, °R

and/or °F
velocity outside the boundary layer, fps
velocity in the boundary layer, fps
surface distance measured from cone apex, in.
distance from cone tip to center of roughness

sphere, in.
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xt = surface distance location of boundary-layer transition,
in.

Xteft = effective point transition location, in.
xto = transition location on smooth body, in.
y = distance normal to surface, in.
7 = ratio of specific heats
5* = boundary-layer displacement thickness (tunnel wall),

in.
e = value of Rek

r where xt = Xkm, e = f(Mk) as shown
in Refs. 6-8

qr = temperature recovery factor, (TAW — Td)/T0 — Ts)
Bc = cone half angle, deg
fji = absolute viscosity, Ib-sec/ft2

v — kinematic viscosity, in-fps
p = density, Ib-sec2/in.-ft3

w = exponent in viscosity-temperature relation (o> === 0.76)

Subscripts
AW = adiabatic wall
c — cone configuration
k — at height k in undisturbed laminar boundary layer
k = at total height k in undisturbed laminar boundary

layer
planar = two-dimensional configuration, either hollow cylin-

der or flat plate
W = wall
8 = edge of boundary layer
oo = freestream

I. Introduction

THE literature provides abundant documentation of the
many aerodynamic reasons for studying the boundary-

layer transition process and the necessity of providing effec-
tive boundary-layer tripping mechanisms for application in
wind tunnel experiments.1"12 The effectiveness of surface
roughness for inducing laminar boundary-layer transition on
planar and conical bodies at supersonic and hypersonic speeds
has been extensively reported in Refs. 1-10. Although there
may remain considerable doubt about the effectiveness of sur-
face roughness in promoting "early" transition at hypersonic
speeds,5"10 the evidence to date1"6 would indicate that some
confidence should be expected in estimating and predicting
trip performance in the supersonic speed range (Ms < 5).

However, there may be some cause for concern when con-
sideration is given to the absence of experimental data on the
potential coupling between freestream disturbances at super-
sonic speeds (Mm > 3) and the disturbance generated by the
controlled surface roughness. This question becomes more
pertinent in light of the recent results of Pate and Schueler11
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All Dimensions in Inches
Tunnel D Model Configuration !> « 24.47 In.
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Stainless Steel
(17-4 P. H. Heat Treated)

Nose Bluntness
a. Model Details

b. Model Components

0.005

0.065——I- 0.020
Probe A

(Used in Tunnels D and A)
Probe B

(Used in Tunnel A Only)

c. Probe Details

Fig. 1 Model geometry.

and Pate.12 These results have shown the significant vari-
ations in smooth wall transition Reynolds numbers which exist
between various size test facilities (3 < Mm < 8) as a result
of the freestream disturbances present in the form of radiated
aerodynamic noise.

This paper presents the experimental results of an investi-
gation undertaken to determine if boundary-layer trip effec-
tiveness is related to the tunnel size and the tunnel disturbance
levels, per se. The studies were conducted in the VKF 12-
and 40-in. supersonic wind tunnels at 'Mm = 3 and 4 on an
adiabatic wall 10° total-angle sharp cone. Basic results are
presented, analyzed, and compared with the two well-known
and widely used trip correlations developed by van Driest-
Blumer and Potter-Whitfield.

The methods of van Driest-Blumer and Potter-Whitfield
were selected for comparison and analysis not only because of
their presumed general usage, but also because of their basic
differences. The method of van Driest-Blumer uses the more

^classical approach1"5 of correlating trip height Reynolds num-
bers with a specific tripped transition Reynolds number.
The Potter-Whitfield correlation provides values of the trip

size required to locate transition anywhere between the
smooth surface (no trip) transition location and the trip posi-
tion.

II. Experimental Conditions

New experimental data included in this paper were obtained
at the Arnold Engineering Development Center (AEDC) in
the von Kdrmdn Gas Dynamics Facility (VKF), Supersonic
Tunnels A and D.

Tunnel D is an intermittent, variable density wind tunnel
with a manually adjusted, flexible-plate-type nozzle and a 12-
by 12-in. test section. The tunnel operates at Mach numbers
from 1.5 to 5 at stagnation pressures from about 5 to 60 psia
and average stagnation temperatures of about 70°F.

Tunnel A is a continuous, closed-circuit, variable-density
wind tunnel with an automatically driven, flexible-plate-type
nozzle and a 40- by 40-in. test section. The tunnel operates
at Mach numbers from 1.5 to 6 at maximum stagnation pres-
sures from 29 to 200 psia, respectively, and stagnation tem-
peratures up to 290°F (Mco = 6). Minimum operating pres-
sures range from about one-tenth to one-twentieth of the max-
imum pressures.

The transitional model, Figs. 1 and 2, was a }0° total-angle,
stainless-steel cone equipped with a tool steel nose section.
The model had a surface finish of 10 /*in. (indicated by a sur-
face analyzer) and a tip total bluntness (6) between 0.005 and
0.006 in. At the test conditions investigated the nose blunt-
ness was sufficiently small to have negligible effects on the
location of transition. The Tunnel D model consisted of the
nose and middle section, as shown in Fig. 1. The Tunnel A
model was obtained by adding an aft section as shown in Figs,
la and Ib. To maintain a near perfect joint between the sec-
tions, it was necessary to refinish the model surface after at-
taching each model section.

The boundary-layer trip mechanism consisted of a single
row of precision steel balls having diameters (&) of 0.010 and
0.015 in. and attached with epoxy resins to a -J-in.-wide steel
band having a thickness less than 0.002 in. as illustrated in
Fig. 2. Ball spacing on the band was maintained constant at
Y^ in. («4fc) between centers, and the band centerline was
positioned approximately 4.9 in. from the cone apex. The
trip bands were machined to match the cone surface angle
and were attached to the surface using very small amounts of
glue. Variations in the two sets of ball heights above the
band were approximately ±2 to 3%, and the average heights
(jfc) from the cone surface to the top of the 0.010- and 0.015-in.-
diam spheres were 0.0117 and 0.0172 in., respectively.

It was stated in Ref. 3 that for test conditions at M8 =
2.71 similar to those of the present experiments a band height
less than 0.002 in. had a negligible effect on the smooth wall
transition data, and consequently the trip performance, pro-
viding the band was located 5 in. downstream of the cone tip.

A remotely controlled, electrically driven, surface pitot
probe as shown in Figs. Ib and 3 provided a continuous trace
of the probe pressure on an X-Y plotter from which the loca-
tion of transition was determined. For this investigation the
peak in the surface probe pressure trace (see Figs. 5 and 6) was
selected to represent the location of transition. This method
of detection is generally accepted as occurring near the end of
the transition process (or zone). Tests in Tunnel A using
different size probes established that probe size effects on the
location of transition (xto) were negligible. Schlieren pho-
tography was also utilized as a secondary method for detecting
the location of transition in Tunnel D.

III. Results and Discussion
As mentioned in Sec. I, the purpose of this research was to

determine if spherical roughness trips were equally effective
in different size supersonic (Mm — 3 and 4)-wind tunnels
where the differences in freestream disturbances were suffi-
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Fig. 2 Trip geometry.

cient to alter the smooth surface (Ret)s values. Pate and
Schueler11 and Pate12 have investigated the relationship be-
tween freestream disturbances which radiate from the tunnel
wall turbulent boundary layer and their effect on the location
of transition. Variations in (Ret)& with tunnel size as a result
of these radiated noise effects are very significant, as exempli-
fied by the data presented in Fig. 4 for both planar and sharp
cones. The cone data presented in Fig. 4b were obtained on
the test model used for the current trip experiments, and
these basic data will appear in different forms in later sections
of this paper. Based on the aerodynamic noise dominance
philosophy, extensive correlations of planar and sharp cone
(Ret)s data were developed in Refs. 11 and 12.

A series of basic transition profiles obtained with the tra-
versing surface probe is presented in Figs. 5 and 6. These
data show that the surface probe was able to detect and pro-
vide a distinct transition profile very near the trip position.
The quality of the probe data taken at Mm = 4 in Tunnel D
was comparable to the Mm = 3 traces shown in Fig. 5. Tran-
sition locations determined using the surface probe (with the
Xt location selected at the pressure peak as shown in Figs. 5
and 6) were also consistent with the location of transition de-
termined from Schlieren photographs. Additional compari-
son between probe and Schlieren results will be presented in
the following section.

The various regions of interest which exist in a tripped
transition-location profile are presented in Figs. 7a and 8.
Region I illustrates the variations in the smooth surface tran-
sition location as a function of the tunnel unit Reynolds num-
ber. A trend of this form is quite common,3 and the level
(xto) has recently been shown to increase significantly with in-
creasing tunnel size, as discussed in the preceding section.

Region IA is dominated by the freestream disturbance
levels, although trip disturbances are also being introduced
into the transition process. Region II is a region of multiple
dominance, and Region III (which represents the region be-
tween the "effective point7' or "knee" and the trip) is domi-
nated by the trip. The classification of the various parts of

the tripped profile is taken from the definitions proposed by
van Driest and Blumer.3 The "effective point" is by defini-
tion3 the point where the transition Reynolds number is a
minimum as illustrated in Fig. 10. The author agrees with
this interpretation of the phenomenon and chose to apply
these criteria to the present study.

It is of interest to note that the Schlieren transition location
results presented in Figs. 7 and 9 are about 10% to 20%
lower than the probe locations which are near the end of the
transition zone in Region I, but as the tripped values of xt
approach Xk, then the transition locations are about equal.
One conclusion to be deduced from this observation is that the
"effective point" locations when determined from conven-
tional Schlieren photographs are not as distinguishable as the
probe xt locations.

Composite plots of the tripped data from Tunnels A and D
from Mm = 3 and 4 are shown in Fig. 10 as a function of (Ret)s
and the trip Reynolds number (Rek). Data presented in this
form allow the Regions I-III to be illustrated in a different

Fig. 3 VKF-Tunnel A cone model installation.
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Fig. 4 Variation of adiabatic smooth wall transition.
Reynolds number with tunnel size.

form. Also, data presented in this form are convenient for
comparison with the results of van Driest.2"4 Once again the
large variation of the smooth cone (Ret)$ values with tunnel
size is demonstrated. The data also show that a significant
difference in trip effectiveness in Regions I-A and II exists.
This avenue will be pursued in the following sections.

IV. Trip Correlations
van Driest et al.2"~4 proceeded with a systematic experi-

mental and analytical program that resulted in a spherical
roughness correlation of "effective" point Reynolds numbers
that is applicable to both planar models and sharp cones.
This correlation incorporated the effects of surface Mach
number from zero to approximately four and the effects of
surface cooling obtainable in standard high-speed tunnels.

Results from the present investigation are compared in Fig.
11 with results of van Driest and Blumer.3'4 The agreement
is considered good, and the author feels that these results pro-
vide additional confirmation to the conclusions of Refs. 3 and
4. It is to be specifically noted that all the data presented in

M6

• 3.0
• 2.89

X t-7.0

•0.010 in.
- k - 0.015 in.

Note: Traces are not necessarily
plotted to equivalent pressure
scale.

xt-13.6

(Re/in. )6xlO"6

0.289

xt • 19.3

£ 6.9<x t<7.6
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Fig. 5 Surface probe transition profiles, M» = 3.0, VKF-
Tunnel D.
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pressure scales.)
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b. With Trip, k - 0.010 in.

Fig. 6 Surface probe transition profiles, Moo = 3.0, VKF-
Tunnel A.

Fig. 11 are based on the "effective point" concept. The
"effective point" roughness criteria are based on the hypothe-
sis that all xt locations upstream of the "effective point" loca-
tion (Region III) are trip dominated and controlled as (Re/
in.) a, is varied, but downstream of this location (Regions II
and I-A) the xt values are significantly influenced by the com-
bined effects of surface trip disturbances and freestream dis-
turbances (whatever the mode).

o Smooth Wall (x(0)
• O.OlO-in.-diam Spheres
A 0.015-in.-diam Spheres
\ xt Less Than Indicated

Flagged symbols represent data obtained
with physically different trip ring.

Region

\»
Effective Point-

- Trip Location, xk-4.95in.

(Re/in. )6

a. Surface Probe Results

0.5X106

Top Surface, Smooth Wall (xt0)
Bottom Surface, Smooth Wall (xtol
Top Surface, O.OlO-in.-diam Spheres
Bottom Surface, O.OlO-in.-diam Spheres
Top Surface, 0.015-in.-diam Spheres
Bottom Surface. 0.015-in.-diam Spheres

Surface Pilot Probe X{
Locations from Fig. 7a

(Re/in. )6

b. Schlieren Results

O.SxlO6

Fig. 7 Effect of spherical roughness on transition loca-
tion, Ms = 2.89, VKF-Tunnel D.
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Effective Point

"rip Location, x., =4.9 in.

0.3 0.4
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0.5 0.6 0.7xl06

Fig. 8 Effect of spherical roughness on transition loca-
tion, Ms = 2.89, VKF-Tunnel A.

When evaluating the comparison between the two inde-
pendent sets of data, it should be kept in mind that the test
models, trip sizes, and general test conditions were nearly
identical. Therefore, agreement would be expected, provid-
ing the data were valid and all extraneous sources of error had
been eliminated (or were identical) in both experiments. It
is nevertheless reassuring to observe that different investigators
can produce reproducible and repeatable results even in the
very uncertain area of boundary-layer tripping. In addition
to the agreement exhibited in Fig. 11, direct comparison of the
tripped transition locations [xt vs (Re/m.)s] in the 12-in.
Tunnel D data with the 12-in. JPL tunnel results in Ref. 2
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b. Schlieren Results

Fig. 9 Effect of spherical roughness on transition loca-
tion, Ms = 3.82, VKF-Tunnel D.
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Fig. 10 Variation of transition Reynolds numbers with
trip Reynolds number for MS = 2.89 and 3.82, Tunnels D and

A.

also shows reasonable agreement. It was additionally en-
couraging to establish that the traversing probe produced re-
sults comparable in quality to the surface temperature and
the magnified Schlieren technique of Refs. 2-4.

The trip correlation of Potter and Whitfield first appeared
in its present form in Ref. 6 and was further extended to in-
clude higher Mach numbers in Refs. 7 and 8. To the author's
knowledge this correlation is the most comprehensive of any
published to date. The correlation incorporates, as did the

Sym "A ?ourc?
o 1.90 Adiabatic and Wall Cooling

resent Study, Adiabatic Wall,
•0.015
resent Study, Adiabatic Wall,

500 1000 1500 2000

b. Interval between Effective Point and Trip
Location Reynolds Numbers

Fig. 11 Correlation of tripped results using the methods
of van Driest-Blumer.
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correlation of van Driest and Blumer, the effects of heat
transfer obtainable in standard high-speed tunnels and Mach
number, and is applicable to both planar models and sharp
cones. However, the local Mach number range extends to
approximately 10, and the correlation provides values of the
trip size required to locate transition anywhere between the
undisturbed smooth surface transition location and the trip
position. The correlation also predicts the effectiveness of
single two-dimensional surface wires in addition to single rows
of spheres.

Data from the present investigation are presented in Fig.
12 using the correlation of Potter and Whitfield. The current
data are seen to lie within the data band used in Ref. 6 to
establish a suggested curve. One observation is that the sug-
gested correlation curve will not predict the "effective point"
or "knee" location of the present data. However, a signifi-
cant result to note is that the correlating parameters provided
a nearly identical collapse of the M8 = 2.89, k = 0.010 in.
tripped data from the VKF Tunnels A and D. It is to be
remembered that the only difference in these data (in terms of
tunnel conditions and model and trip geometry) is the large

Cone From Ref. 12. Based on Data from Ten Different Wind Tunnel Facilities Varying in
Correlation Size from 12 in. to 54 in., Mach Number Range from 3 to 14, and

A . (Re/in, ta Range from O.lxlO6 to 1.2 xlO6.
Planar From Ref. 11. Based on Data from Nine Different Wind Tunnel Facilities Varying in
Correlation Size from 1 to 16 ft, Mach Number Range from 3 to 8, and (Re/in. )&

o Range from 0.05 x 106 to 1.1 x 10* (Adiabatic Wall)
3xl06
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Fig. 13 Correlation of transition Reynolds numbers.

Fig. 14 Comparisons of correlation predictions with
experimental results.

difference in the smooth wall xto locations. A tentative con-
clusion to be inferred from these results is that the xto normal-
izing parameter in the Potter-Whitfield correlation will allow
data in the supersonic Mach number regime (M$ < 5) from
various size tunnels to be correlated.

Application of the Potter-Whitfield correlation parameters
requires that the Mach number (Mj-) in undisturbed laminar
flow at height k be known. Values of M* were obtained using
the flat plate similarity parameter [rj = (y/Xk)(ReXk)112]
divided by the (3)1/2 in conjunction with the results of Ref. 13.
Values of Mj- for sharp cones can also be obtained directly
from graphical results presented in Ref. 14.

In determining the boundary-layer thickness it has been
assumed that the entropy layer generated by the bow shock
has been completely "swallowed" by the boundary layer, and
the cone acts as an "aerodynamically" sharp cone. This is a
reasonable assumption, since the ratio of the trip location
distance to the nose radius is approximately 2000.

V. Method of Estimating Smooth Surface
(Ret)8 Values

Inspection of the correlation parameters of Potter and
Whitfield in Fig. 12 reveals that the smooth surface value of
the transition location must be known. The studies by Pate
and Schueler11 and Pate12 have shown that the transition
location on models in supersonic and hypersonic tunnels 3 <
Mm < 8 will vary with tunnel size in accordance with the radi-
ated aerodynamic noise disturbance philosophy. A unique
correlation of transition Reynolds numbers as a function of
the aerodynamic noise parameters (d* and CF) and the tunnel
circumference (c) for both planar and sharp cones was pub-
lished in Refs. 11 and 12. These correlations are shown in
Fig. 13. Therefore, when transition locations for 3 < Mm <
10 are desired for application in the Potter-Whitfield trip cor-
relation, and measured values of xto from the facility under
consideration are not available, the correlations presented in
Fig. 13 can be utilized to obtain estimated smooth wall (Ret)s
values for either flat plates (or hollow cylinders) and sharp
slender cones.

It is to be noted that the correlations presented in Fig. 13
are applicable only to "conventional" wind tunnels having a
turbulent boundary layer on the tunnel walls for 3 < Mm <
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10 and cannot be used to estimate (Ret}s values in ballistic
ranges or in atmospheric flight.

VI. Comparisons between Experiments
and Predictions

Direct comparisons between the experimental data and the
estimated xt locations using the correlation of Potter and
Whitfield6 for the specified spherical roughness heights (k) of
0.0117 and 0.0172 in. for a local cone surface Mach number
of 2.89 are provided in Fig. 14. The methods of van Driest
and Blumer, as presented in Fig. 11, enable the "effective
point" location to be estimated. Estimates of tripped xt
locations to be expected in very large supersonic tunnels, such
as the AEDC-PWT-16S tunnel (16 ft X 16 ft), are included
in addition to the experimental data from the AEDC-VKF
Tunnels D and A. The xto values used in the trip correlations
are those values shown in Fig. 14.

It is evident that when the Potter-Whitfield suggested
curve from Fig. 12 is used, the "effective point" or "knee"
location is not predicted. This deficiency could, of course, be
eliminated if a different "suggested curve" were used. J. L.
Potter15 told the author that he originally looked for evidence
that the suggested curve in Fig. 12 should exhibit a "knee" or
asymptotic approach to the abscissa in the region xt -* Xk, but
could not justify presenting the curve in that form (on the
basis of the data used in Ref. 6) even though he thought some
change in shape near the right side of the curve had plausibil-
ity. However, upon inspection of the data band in Fig. 12 it
is not immediately evident that a different "suggested curve"
would be justified. The disagreement in terms of physical
distance (in.) also increases with tunnel size. The method of
van Driest and Blumer predicts the "effective point" xt loca-
tion quite adequately. The agreement between predictions
and measurements using both methods is considered fairly
good and within the correlation scatter of the methods (e.g.,
see Figs. 11 and 12).

Although perhaps somewhat limited in scope, the present
study has provided results which are considered to be signifi-
cant. Also, since the trip correlations of Refs. 3, 4, and 6
apply to planar and conical geometries and since the free-
stream radiated noise disturbances affect transition on planar
and conical bodies in a similar manner (Refs. 11 and 12), the
results of this study can also be expected to apply to spherical
roughness on two-dimensional surfaces. The test Mach
numbers of 3 and 4, although not covering a large Mach
number range, are Mach numbers of prime interest in many
wind tunnel test programs. The data in Figs. 10 and 14
indicate that the transition location in Region III between the
trip and the effective point location is a weak function and in
Region II and IA a much stronger function of the freestream
disturbance level. The data also indicate that the Potter-
Whitfield correlation through the use of the xto term success-
fully collapsed the tripped data. The magnitude of dis-
crepancies between predicted and wind-tunnel results which
the user must expect until a Potter-Whitfield type correlation
with a bend or "knee" becomes available is suggested by the
differences between the solid and dotted (tripped) curves in
Fig. 14. The present data support the "effective point" cri-
teria proposed by van Driest and Blumer and suggest this
location will be valid for all sizes of supersonic (Mm < 5) wind
tunnels.

VII. Concluding Remarks

Boundary-layer transition experiments conducted in the
AEDC-VKF 12- and 40-in. wind tunnels at Mach numbers 3
and 4 on a 10° total-angle, adiabatic wall, sharp cone have
shown that the absolute effectiveness of spherical roughness
can be influenced by the freestream disturbances (aerody-
namic noise) present. It is therefore concluded that to a

significant degree the tripped transition location at supersonic
speeds (Mm « 3 to 5) is dependent on the tunnel size or, more
precisely, the freestream disturbances. Thus, it appears ap-
propriate to relate roughness effects to the smooth wall transi-
tion location (xto), as done by Potter and Whitfield, when at-
tempting to normalize tunnel flow effects. The trip correla-
tion parameters developed by Potter and Whitfield correlated
the tripped transition data obtained in two significantly dif-
ferent size supersonic tunnels having significantly different
Xto values, but the correlation in its present form does not pre-
dict an effective point or "knee" location. These studies con-
firmed the "effective point" criteria proposed by van Driest
et al., and verified that the "effective point" is trip distur-
bance dominated and essentially independent of the tunnel
disturbance levels (xto location) at supersonic (Mm « 3 to 5)
speeds.
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