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Abstract

A new facility for studying high Reynolds number incompressible turbulent boundary layer ¯ows has been constructed. It

consists of a moderately sized wind tunnel, completely enclosed by a pressure vessel, which can raise the ambient air pressure in and

around the wind tunnel to 8 atmospheres. This results in a Reynolds number range of about 20:1, while maintaining incompressible

¯ow. Results are presented for the zero pressure gradient ¯at plate boundary layer over a momentum thickness Reynolds number

range 1500±15 000. Scaling issues for high Reynolds number non-equilibrium boundary layers are discussed, with data comparing

the three-dimensional turbulent boundary layer ¯ow over a swept bump at Reynolds numbers of 3800 and 8600. It is found that

successful prediction of these types of ¯ows must include length scales which do not scale on Reynolds number, but are inherent to

the geometry of the ¯ow. Ó 1999 Elsevier Science Inc. All rights reserved.
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1. Introduction

It has long been assumed that boundary layer tur-
bulence approaches an asymptotic state for momentum
thickness Reynolds numbers above 6000. This has led to
the incorporation of dimensionless structure parameters
measured at relatively low Reynolds numbers into tur-
bulence models which are then used to predict much
higher Reynolds number ¯ows. For example, the con-
stants in turbulence models are generally tuned to match
low Reynolds number experimental data because of its
high resolution, or low Reynolds number numerical
data bases from Spalart [1] or Kim et al. [2] because of
the detailed information available.

Because the dominant ¯ow structures in the inner
and outer layers of the boundary layer are so di�erent, it
is likely that there are signi®cant Reynolds number ef-
fects on the dimensionless structural parameters. The
inner region is dominated by long streamwise low-speed
streaks and longitudinal vortices, which scale on the
viscous length scale (m/Us). The outer region contains
more three-dimensional structures often characterized
as hairpin vortices, which scale on outer length scales,

such as the boundary layer thickness [3]. Since the vis-
cous length scale decreases rapidly with Reynolds
number, and the outer length scales are only a weak
function of Reynolds number, the inner and outer scales
become increasingly disparate with increasing Reynolds
number. For example, at a momentum thickness Rey-
nolds number of 1000, the region below y� � 100 occu-
pies approximately 14% of the total boundary layer
thickness, and accounts for almost all of the turbulence
production. At a Reynolds number of 6000, this region
occupies only about 4% of the total boundary layer
thickness and still accounts for a large fraction of the
total turbulence production. However, at a Reynolds
number of 20 000, the region below y� � 100 occupies
only about 1.5% of the boundary layer thickness, and
accounts for only a small fraction of the total turbulence
production. It therefore seems appropriate to examine
high Reynolds number turbulent boundary layers in the
same detail as we have studied lower Reynolds number
¯ows to determine if the models we are presently using
are really capable of accurately predicting high Rey-
nolds number ¯ows.

Several recent studies have provided high Reynolds
number data for the canonical ¯at plate zero pressure
gradient boundary layer [4±6]. These data collapse well
in traditional inner/outer scaling with the appropriate
scaling variables in the inner region being the skin fric-
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tion and the kinematic viscosity, and the outer layer
scale being dictated by the boundary layer thickness and
the wake velocity de®cit. These scaling parameters are
simple known functions of only the Reynolds number
[7], and extrapolation of the existing behavior from low
and moderate Reynolds number experiments to much
higher Reynolds numbers thus appears to be appropri-
ate.

More complex turbulent ¯ows, however, are often
not well described by the Reynolds number alone. These
non-equilibrium ¯ows have additional length or time
scales introduced by the geometry or dynamics of the
system. For example, a rapid change in wall curvature,
pressure gradient, or wall roughness causes the forma-
tion of an internal layer. This layer is in equilibrium with
the boundary condition at the wall, and then evolves
outward to eventually bring the rest of the boundary
layer into equilibrium with the modi®ed boundary
condition. The distance from the wall to the interface
between the internal layer and outer boundary layer
provides an additional length scale that is not a simple
function of the Reynolds number.

A geometric length scale is important in most sepa-
rated ¯ows and particularly in the ¯ow over a step or
cavity where the geometric scale dominates the ¯ow
development. Such a scale does not change with Rey-
nolds number while the length scale of near-wall struc-
tures in the same ¯ow changes rapidly. The interaction
of the near-wall structures with large vortices formed in
the separated ¯ow thus would be expected to be de-
pendent on the Reynolds number.

The introduction of a spanwise pressure gradient or
wall shear causes a two-dimensional boundary layer to
become three-dimensional with a mean cross ¯ow
relative to the free stream direction. This introduces
another length scale, namely the height of the peak in
the cross ¯ow pro®le. At low Reynolds number this
peak may occur as low as y� of 20, meaning that the
cross ¯ow has a strong interaction with near-wall
structure. At high Reynolds numbers, the peak is much
farther from the wall when measured in inner coordi-
nates [8].

It is clear that non-equilibrium turbulent ¯ows have
additional length and/or time scales that must be con-
sidered. These scales do not evolve with Reynolds
number in the same way as the traditional inner and
outer scales. One might guess then that the dimension-
less structure parameters might continue to change in
non-equilibrium ¯ows up to very high Reynolds
number.

The objective of the present work is to examine the
e�ects of varying Reynolds numbers on non-equilibrium
turbulent boundary layers. A new facility was con-
structed allowing a wide variation in Reynolds number
in a ¯exible, moderate scale wind tunnel. As a test of the
facility, and to corroborate previous data, two-dimen-
sional boundary layer data are presented for Reynolds
numbers ranging from 1500 to 15 000. The e�ects of
Reynolds number on a non-equilibrium boundary layer
developing over a swept bump are also examined.

2. Experimental apparatus and techniques

The experiments were performed in the tunnel ¯oor
boundary layer of a wind tunnel which is completely
enclosed in a pressure vessel as shown in Fig. 1. This
facility provides a wide Reynolds number range by
regulating the ambient pressure from one to eight at-
mospheres. In this approach, the tunnel walls need only
support the dynamic pressure loads of the ¯ow and not
the absolute pressure. Thus, typical construction mate-
rials for atmospheric pressure wind tunnels can be used,
and the tunnel can be modi®ed easily for visual or probe
access. A total Reynolds number range of approxi-
mately 20 : 1 is possible by varying both the ¯ow speed
and density. Additionally, the ¯ow maintains a low
Mach number (approximately 0.04), and can therefore
be modeled as incompressible.

The closed circuit wind tunnel was designed with a
very short ¯ow conditioning section and uses the curved
door of the pressure vessel as a turning duct, in order to
maximize the test section length. The test section is 2.9 m
long, with a 150 by 710 mm rectangular test section. The
nominal operating velocity is 15 m/s, with a free stream
turbulence level of 0.2%.

Velocity measurements were performed with the
single-wire and cross-wire probes described in Littell
and Eaton [9]. The probes were strung with 2.5 lm
platinum-coated tungsten wire which was copper plated
and etched for an active length to diameter ratio of 250.
The spacing between the cross-wires was 0.35 mm. The
probes were connected to TSI constant temperature
anemometers (model IFA-100), operating with a resis-
tance overheat ratio of 1.8. The e�ective wire angles
were found using a yawing procedure described in
Westphal and Mehta [10]. The probes were positioned
using a two axis traverse, and zeroed by contact with the
conducting ¯oor of the test section. Data acquisition
was performed with a 486 PC clone and National In-
struments AT-MIO-16 and GPIB-PCII boards. An ex-
ternal simultaneous sample and hold circuit was used to
collect cross-wire voltages. Further details of the oper-
ation of these probes can be found in Webster et al. [11].
The mean velocity uncertainty is estimated to be 3% of
the streamwise velocity, the normal stress uncertainty is
5% of the local value of u0u0, and the shear stress mea-

Fig. 1. Wind tunnel schematic. Outer shell is the pressure vessel. All

dimensions are in meters.
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surements have an uncertainty of 10% of the local value
of u0v0.

This paper presents data from two di�erent experi-
mental setups. The ®rst is ¯at plate data from the test
section ¯oor. The second is the perturbed boundary
layer ¯ow over a bump swept at 45° with respect to the
freestream velocity vector. The bump shape is described
by three tangential circular arcs, and is illustrated in
Fig. 2. The initial boundary layer thickness to bump
height ratio was 1.5, and the boundary layer thickness to
convex radius of curvature was 0.06. The boundary
layer originates at a suction slot which is swept parallel
to the leading edge of the bump. A parallel boundary
layer trip insures that the boundary layer is uniform
along lines parallel to the bump. Mean velocity and skin
friction measurements showed excellent uniformity
across the span so only centerline measurements are
reported here. All measurements are reported in the
coordinate system shown on Fig. 2, with x, y, and z,
being the streamwise, wall normal, and spanwise direc-
tions, respectively. The y-axis is maintained normal to
the ¯at plate tunnel ¯oor, with its origin on the tunnel
¯oor or the bump surface.

3. Results and discussion

3.1. The ¯at plate

Fig. 3 shows mean streamwise velocity measurements
on a ¯at plate for Reynolds numbers from 1500 to
15 000, plotted in inner coordinates, and Fig. 4 shows
the same data plotted in outer coordinates. For the
lower two Reynolds numbers, data extend into the sub
layer, while only the log region is attained for the higher
Reynolds numbers. The inner layer collapses very well
on the standard log law of the wall. This is perhaps not
surprising since the wall velocity used in scaling the plots
was derived by ®tting the data to the log law. As many
investigators have noted previously, the length of the log

law region increases in viscous units with increasing
Reynolds number, and the magnitude of the wake de-
creases. The data agree well with data compiled by
Fernholz and Finley [6] in their extensive review of in-
compressible zero pressure gradient turbulent boundary
layers.

Fig. 4 shows good collapse of the data in the outer
region. Note that the outer region occupies a much
larger fraction of the boundary thickness at high Rey-
nolds number.

Fig. 5 shows the streamwise normal stresses plotted
in inner coordinates. For the lower Reynolds number
cases, the near-wall peak is resolved. The data collapse
at the near wall peak at y� of 12±15, with a magnitude of
approximately 7.3. The higher Reynolds number hot-
wire measurements clearly show the e�ects of poor
measurement resolution near the wall, as they are not
collapsing on the same near-wall peak with the lower
two Reynolds number cases. Mochizuki et al. [12]
compiled 47 near-wall data sets which demonstrate the
peak height is Reynolds number independent, and the

Fig. 2. Top view of test section, and side view of bump. All dimensions

are in millimeters.

Fig. 3. Mean streamwise velocity pro®les at di�erent momentum

thickness Reynolds numbers: inner coordinates.

Fig. 4. Mean streamwise velocity pro®les at di�erent momentum

thickness Reynolds numbers: outer coordinates.
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distance of the peak from the wall in viscous lengths is a
very weak function of Reynolds number.

Resolution of the turbulence is a fundamental prob-
lem for most high Reynolds number experiments. In this
study the near-wall turbulence data are only well re-
solved for the lower two Reynolds number cases, since
the length of the hot wire in viscous units is 4, 11, 25,
and 45 for Reynolds numbers of 1500, 3800, 8600, and
15 000, respectively.

Fig. 6 shows the streamwise normal stress in outer
coordinates, which collapses fairly well for y/h larger
than one. It can be seen that the increasing magnitude of
u0u0 for y� > 100 with increasing Reynolds number
shown in Fig. 5 is an artifact of the inner scaling. The
present data both corroborate the previous measure-
ments and serve as a check on our facility. As a further
check, we repeated one Reynolds number case by raising
the ambient pressure, and compensating by reducing the
freestream velocity. The dimensionless data were iden-
tical for the two cases.

3.2. The swept bump

In order to study non-equilibrium e�ects, a swept
bump was installed on the test section ¯oor as shown in
Fig. 2. The ¯ow over the bump is subjected ®rst to a
short length of concave curvature with a mildly adverse
pressure gradient, then a long convex curvature over the
top of the bump, with a strongly favorable streamwise
pressure gradient on the upstream side, followed by a
strongly adverse streamwise pressure gradient on the
downstream side of the bump. Finally, a short length of
concave curvature and mild favorable pressure gradient
at the rear of the bump brings the ¯ow back to the ¯at
test section ¯oor downstream of the bump. The curva-
ture and alternating signs of streamwise pressure gra-
dient have a profound e�ect on the mean streamwise
velocity. Pro®les at di�erent streamwise locations are
shown in Fig. 7. The x0 coordinate is the distance from
the bump leading edge normalized by the bump cord.
The incoming boundary layer is signi®cantly thinned at
the apex of the bump (x0 � 0.5), and the log region is
destroyed by the rapid acceleration. The boundary layer
is thickest at the trailing edge of the bump (x0 � 1.0), and
then shows a rapid recovery. The last pro®le (x0 � 1.7) is
only 0.7 cord lengths behind the bump, and the pro®le
lies almost on top of the incoming ¯at plate boundary
layer pro®le (x0 �)0.5). Flow visualization and shear
stress measurements using an oil interferometry tech-
nique con®rmed there was no separation on the back of
the bump. Further details can be found in Webster et al.
[13].

Because of the 45° sweep angle of the bump, spanwise
pressure gradients caused signi®cant skewing of the
mean velocity vector near the wall. The top view of the
test section in Fig. 2 shows the direction of shear stress
near the wall with a surface streamline drawn on the
bump. Along the leading edge of the bump, the spanwise
¯ow is initially in the direction of the sweep of the bump,
and then turns into the sweep as the ¯ow goes over the
bump apex. Along the trailing edge of the bump the

Fig. 6. Streamwise normal stress pro®les at di�erent momentum

thickness Reynolds numbers: outer coordinates.

Fig. 7. Mean streamwise velocity pro®les at di�erent x-locations, for

Reh� 8600.

Fig. 5. Streamwise normal stress pro®les at di�erent momentum

thickness Reynolds numbers: inner coordinates.
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shear stress vector is nearly parallel to the bump trailing
edge, due to the combined e�ects of the spanwise pres-
sure gradient, and deceleration of the ¯ow from the
adverse streamwise pressure gradient. This behavior is
shown in inner coordinates in Fig. 8, for three stream-
wise locations. The pro®le at the apex has a negative
near-wall peak, and the pro®le at the trailing edge has a
large positive near-wall peak. The same data are plotted
in Fig. 9, using the local freestream velocity and bump
height for normalization. Clearly there is much better
collapse of the data for the two Reynolds numbers. In
this Reynolds number range, the height of the peak
cross ¯ow is a constant distance from the wall, inde-
pendent of Reynolds number. Thus, the bump has in-
troduced another length scale which is necessary to
properly scale this ¯ow.

Similar scaling arguments can be made based on the
behavior of the shear stress behind the bump. Figs. 10
and 11 compare shear stress data taken at the trailing
edge of the bump, for two di�erent Reynolds numbers.
Fig. 10 is in outer coordinates, and shows strong Rey-
nolds number dependence on the peak shear stress when
normalized by the local freestream velocity. Fig. 11 is in
mixed coordinates, with the friction velocity normalizing
the shear stress magnitude (an inner variable), and the
bump height normalizing the distance from the wall (an
outer variable). With this scaling the data collapse rea-
sonably well. Note that in the log region, the shear stress
normalized by the wall velocity is near unity for a stan-
dard two-dimensional turbulent boundary layer, where
u0v0 is the only shear stress. It is remarkable that in this
highly perturbed ¯ow, where u0v0 is augmented by a factor
of three, and the other Reynolds shear stresses are sig-
ni®cant, the friction velocity is the appropriate scaling.

4. Conclusions

A unique facility for studying boundary layers over a
wide range of Reynolds numbers has been developed.
Measurements for a zero pressure gradient turbulent
boundary layer agree well with standard log law and

Fig. 8. Mean spanwise velocity pro®les at di�erent x-locations. Open

symbols are Reh� 3800, ®lled symbols are Reh� 8600.

Fig. 9. Mean spanwise velocity pro®les at di�erent x-locations. Open

symbols are Reh� 3800, ®lled symbols are Reh� 8600.

Fig. 10. Shear stress pro®les at the bump trailing edge (x0 � 1.0). Open

symbols are Reh� 3800, ®lled symbols are Reh� 8600.

Fig. 11. Shear stress pro®les at the bump trailing edge (x0 � 1.0). Open

symbols are Reh� 3800, ®lled symbols are Reh� 8600.
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inner/outer scaling. This suggests that computations of
these ¯ows at Reynolds numbers signi®cantly higher
than those used to calibrate the turbulence models will
be successful.

The three-dimensional turbulent boundary layer over a
swept bump has been discussed with regard to scaling
arguments. This is a typical non-equilibrium ¯ow, in
which new length scales are introduced by the geometry,
which are necessary to scale both mean and turbulence
quantities. It is clear that models which hope to accurately
predict such ¯ows need to include these additional scales.

5. Recommendations

Further investigation of the scaling issues in non-
equilibrium ¯ows requires turbulence measurements at
higher Reynolds numbers. To acquire accurate mea-
surements at high Reynolds numbers, the development
of high resolution measurement systems is imperative.
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Nomenclature
h bump height, m
Reh Reynolds number based on momentum thickness

(�Ueh/m), dimensionless
U steamwise velocity, m/s
Ue local freesteam velocity, m/s
Us wall velocity (� (wall shear/¯uid density)1=2), m/s
u0u0 streamwise turbulent normal stress divided by

¯uid density, m2/s2

u0v0 spanwise turbulent shear stress divided by ¯uid
density, m2/s2

w spanwise dimension, m
x0 distance to the leading edge of the bump,

normalized by the bump cord length, dimen-
sionless

y wall normal direction, m
m dynamic viscosity, m2/s
h boundary layer momentum thickness, m
� indicates quantity has been nondimensionalized

by inner variables: m/Us for lengths, or Us for
velocities
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