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Measurements in a Pressure-Driven Three-Dimensional
Turbulent Boundary Layer During Development and Decay

Walter R. Schwarz* and Peter Bradshawf
Stanford University, Stanford, California 94305

Measurements of the turbulence structure in the outer layer of a three-dimensional turbulent boundary layer
were made in an open-circuit low-speed blower tunnel. The three-dimensional turbulent boundary layer on the
floor of the tunnel was generated by a cross-stream pressure gradient using a 30-deg bend in the horizontal plane.
Downstream of the bend, the three-dimensional turbulent boundary layer gradually relaxed toward a two-di-
mensional turbulent boundary layer as the crossflow decayed slowly after the cross-stream pressure gradient was
removed. Mean velocities were measured with a three-hole pressure probe, and turbulence quantities, which
included the Reynolds-stress tensor and the triple products, were measured with a cross-wire hot-wire anemome-
ter. The experiment provides new data that isolate the effects of crossflow from the effects of an adverse
streamwise pressure gradient that may have clouded the interpretations of previous three-dimensional turbulent
boundary-layer experiments. Another advance over previous work is that enough turbulence quantities were
measured for all terms in the Reynolds-stress transport equations to be evaluated, allowing term-by-term tests
of stress-transport turbulence models.

Introduction

M ANY flows such as those over swept wings of aircraft
and also those inside turbomachines are affected by

three-dimensional turbulent boundary layers (TBLs). The
aerospace industry's need for turbulence models to apply to
these flows is an incentive for studying three-dimensional
TBLs. Typically, turbulence models are used in computational
fluid dynamics analyses that calculate the expected perfor-
mance of aircraft designs or the degree of mixing that occurs
inside turbomachines. Frequently, turbulence models ex-
tended from two-dimensional TBL models are applied to
three-dimensional TBLs like these with poor results due to
significant changes in turbulence structure.

The mean flowfield of a typical three-dimensional TBL is
characterized by having mean velocity vectors nearly parallel
to the surface along which the boundary layer grows. How-
ever, the directions of the velocity vectors may vary from the
direction of the freestream velocity vector. We will use an
aircraft wing as an example and define the streamwise (flight
direction), normal, and span wise example and define the
streamwise (flight direction), normal, and span wise directions
as x, y, and z with mean velocity components C7, V, and W,
respectively. We distinguish three-dimensional TBLs from
other possible three-dimensional shear flows, such as imbed-
ded longitudinal vortices, by the smallness of V compared
with U and/or Wt analogous to the definition of a two-dimen-
sional TBL except that W is the same order as U.

The notable difference between three-dimensional and two-
dimensional TBLs is the presence of the mean velocity gradi-
ent 3 W/by. This additional mean velocity gradient is the main
part of the axial vorticity in the three-dimensional TBL, dV/dz
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being small via the boundary-layer approximation. Also, dW/dy
contributes to the production terms for some Reynolds
stresses, especially the y-z plane shear stress — pvw.

Many previous three-dimensional TBL experiments in vari-
ous geometries have been summarized by Johnston,1 Fernholz
and Vagt,2 and Anderson and Eaton.3 Even in 1976, Johnston
cited over 80 experiments on three-dimensional TBLs. Our
discussion is limited to those experiments in which all compo-
nents of the Reynolds-stress tensor were measured. All too
often, the vital y-z plane shear stress -pvw has been omitted
because it is difficult to measure.

Usually, three-dimensional TBLs result either from shearing
forces applied to the fluid by a moving surface or from the
application of a cross-stream pressure gradient that deflects
the streamlines of the flow close to the surface more strongly
than near the freestream. Thus, three-dimensional TBLs are
generally referred to as being either shear driven or pressure
driven. Here, we do not consider "stress-induced" three-di-
mensional shear flows (Prandtl's second kind of secondary
flow).

Most three-dimensional TBL experiments were flows in
which crossflow was imposed on a two-dimensional TBL by a
pressure gradient. The experiments of Bradshaw and Terrell,4
Johnston,5 Elsenaar and Boelsma,6 East and Sawyer,7 and
Bradshaw and Pontikos8 had a spanwise-component flow that
approximated untapered swept wings of infinite span ("in-
finite yawed flows"). Three-dimensional TBLs on the plane
endwalls of curved rectangular ducts were studied by Pierce
and Duerson9 and DeGrande and Hirsch.10 Other experiments
on flows approaching obstacles include those of Pierce and
Ezekewe,11, Dechow and Felsch,12 Miiller,13 and Anderson
and Eaton.3 Fernholz and Vagt2 studied the three-dimensional
TBL in a flow along a circular cylinder that approached sepa-
ration moving toward a slanted back plate in a wind tunnel.

The shear-driven three-dimensional TBL experiments,
which typically involve flow along a rotating cylinder, include
those of Bissonnette and Mellor,14 Lohmann,15 Driver and
Hebbar,16 and Driver and Johnston.17 Another approach,
used by Littell and Eaton,18 was to generate a three-dimen-
sional TBL on a spinning disk. The shear drove the circumfer-
ential motion, and the circumferential motion provided the
"centrifugal force" to drive the crossflow in the radial direc-
tion. Direct numerical simulations (full time-dependent
Navier-Stokes solutions) are now being widely used to obtain
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the same types of information provided by traditional experi-
ments and to supply data for quantities that are difficult or
impossible to measure. Recent direct numerical simulations of
three-dimensional TBLs were performed by Spalart,19 Moin et
al.,20 and Sendstad and Moin.21

Previous experiments have provided no consensus on
whether the shear-stress vector always lags, or sometimes
leads, the velocity-gradient vector, but it is generally agreed
that they do not coincide. The directions of the shear-stress
vector and velocity-gradient vector can be defined as

and yg ^tan-1

l ( d U / d y ) ] (1)

The difference between them indicates that simple eddy-vis-
cosity models are not appropriate in these types of flows:
isotropic eddy viscosity would imply JT = yg. It is found that
yT usually lags behind yg as the latter increases with x. Oppo-
site trends were seen by Lohmann,15 Pierce and Ezekewe,11

Fernholz and Vagt,2 Muller,13 and Driver and Hebbar.16

Another quantity used to identify departure from simple
isotropic eddy viscosity is the eddy-viscosity ratio

Ne = tan(7T - 7M (2)

where yu = tan~l(W/U) and Ne = 1 corresponds to isotropic
eddy viscosity. In many three-dimensional TBL experiments,
Ne has been observed to differ significantly from 1.

It is also frequently observed that the ratio of turbulent
shear stress to twice the turbulent kinetic energy (TKE),

(3)

decreases in the presence of crossflow. The a\ parameter can
be crudely regarded as the efficiency of the eddies in produc-
ing turbulent shear stresses for a given amount of TKE. Some
investigators have found that the decrease in a\ is simply due
to a decrease in -"wv when crossflow is applied to a two-di-
mensional TBL; however, this is not always the case. In the
experiments of Pierce and Duerson,9 DeGrande and Hirsch,10

and Anderson and Eaton,3 the turbulent shear stresses in-
creased in the outer layer. The turbulent shear stresses in the
present experiment also increased.

Bradshaw and Pontikos8 suggested that the reduction in a\
was attributable to the sideways toppling of large eddies in the
presence of a crossflow. The tilting of the large stress-produc-
ing eddies in the outer layer results in an orientation in which
the production of shear stress by the large eddies is less effi-
cient than it would be in a two-dimensional TBL. Eaton,22

expanding on earlier work by Anderson and Eaton,3 explained
the reduction in a\ as the result of changes in the flow structure
near the wall. This reduction was hypothesized to be due to the
crossflow both decreasing the number of low-speed streaks at
the wall and degrading the effects of longitudinal vortices.
This explanation may not be relevant to the outer layer.

The objective of the present experiment was to study and
explain the changes in turbulence structure that develop due to
crossflow in the boundary layer, specifically in the outer layer
where these changes appear to be largest. This work included
mapping the mean flowfield (velocity magnitude and direc-
tion), performing detailed turbulence measurements, deter-
mining the surface static pressure distribution, measuring the
surface shear stress, and performing surface flow visualiza-
tion.

The present experiment also provides new data for develop-
ing and testing turbulence models for three-dimensional
TBLs. Another advance over previous work is that the mea-
surements are detailed enough for all terms in the Reynolds-
stress transport equations to be evaluated, either directly or by
difference. Our tests of turbulence models for the triple prod-

ucts and the pressure-strain redistribution terms23 will be re-
ported separately.

The present experiment has a companion experiment by
Flack and Johnston24 that concentrates on the inner layer of a
three-dimensional TBL using laser techniques in a water chan-
nel. This was a deliberate splitting of the work: in our experi-
ment emphasis was on the outer-layer structure.

Facility and Experimental Techniques
The experiment was conducted in an open-circuit low-speed

blower tunnel with a 762 x 762 mm working section. A three-
dimensional TBL on the floor of the tunnel was generated by
the imposition of a cross-stream pressure gradient using a
30-deg bend in the horizontal plane as shown in Fig. 1. Down-
stream of the bend, the three-dimensional TBL gradually re-
laxed toward a two-dimensional TBL as the crossflow decayed
slowly after the cross-stream pressure gradient was removed.
The flow was an initial two-dimensional TBL perturbed by a
slowly decaying streamwise dW/dy field, created by the 30-
deg bend, which permitted the study of response and recovery.
A bend provided a rapid increase of d W/dy while maintaining
a relatively small dp/dx along the centerline of the test section.

The level of freestream turbulence in the tunnel was approx-
imately 0.3%. The boundary layer that was studied grew on
the floor of the working section after being forced to become
turbulent by a trip wire (1.6-mm diameter) placed at x = 0
mm. At the first measurement station, x - 826 mm, the
boundary layer was two dimensional and had the following
parameters: 699 = 20.9 mm, On = 2.4 mm, H\\ = 1.38, c/ =
0.0030, and /te^n = 4.1 x 103 at a freestream velocity of
t/ref = 26.5m/s. At x = 1626 mm, the entrance of the 30-deg
bend, the boundary-layer thickness had grown to approx-
imately 30 mm.

Surface flow visualizations using an oil mixture were used to
estimate the surface streamline deflection. Black contact paper
was attached to the floor, beginning approximately 150 mm
before the beginning of the curved section. The mixture com-
bined titanium dioxide powder, kerosene, and oleic acid (used
as a dispersant) in the ratio 5:15:1 by volume.

The mean velocity field was obtained using a three-hole
pressure probe constructed from three hypodermic tubes (1.4
mm o.d.) with the end tubes chamfered at 35-deg angles as
recommended by Bryer and Pankhurst.25 A near-nulling
method, which aligned the probe to within 1 deg of the flow
direction, was used. Final resolution of the flow direction was
obtained using the probe yaw calibration performed in the
freestream. Wall proximity effects were accounted for using a
Young and Maas26 type correction based on the height of the
probe in a two-dimensional TBL. This correction was plausi-
ble since the probe was nearly aligned with the flow direction.
The uncertainty in velocity magnitude was ±0.2 m/s, and the
flow direction uncertainty was ± 1 deg.

Surface shear stresses were measured using a Preston tube
and Paters calibration.27 Although Patel's calibration was
developed for a two-dimensional TBL, it was assumed that the
law of the wall was valid in three-dimensional TBLs in mild
pressure gradients for a distance up to the diameter of the
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Fig. 1 Plan view of working section showing measurement locations.
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Preston tube. This is consistent with the findings of Pierce et
al.28 and Degani et al.29 on the existence of near-wall similarity
in pressure-driven three-dimensional TBLs. Preston tube mea-
surements were taken with the center tube of the three-hole
pressure probe against the floor. The probe was aligned with
the mean flow as determined by the three-hole pressure probe
near the wall. Extrapolations of the three-hole pressure probe
data agreed to within 5 deg of the surface streamline directions
obtained with the oil flow visualization.

Turbulence statistics that included the 6 components of the
Reynolds-stress tensor, the 10 triple products, and the 3
quadruple products were obtained using a home-built Mi-
croscale Systems HWM-100 constant temperature anemome-
ter with a Dantec model 55P51 cross-wire probe. The probe
had two platinum-plated tungsten wires with 5-/mi diameter
and 1.25-mm active length, spaced 1 mm apart and set at
angles of approximately ±45 deg to the flow. The hot-wire
fluctuation signals were amplified and low-pass filtered at 30
kHz before being routed to the data acquisition system where
the mean and fluctuating signals were separately digitized with
12-bit resolution.

Before each measurement session, the hot wires were cali-
brated in the freestream to determine the constants for use in
the King's law calibration. The effective wire angles were
determined using a yaw calibration that was performed once
at the beginning of the experiment and then whenever the
wires were changed. Turbulence measurements were taken
with the plane of the wires placed at four different roll angles.
Two of the planes were the U-V and U-Wplanes. The other
two planes were at ±45 deg to the U-Vplane. When placed in
the last two planes, the probe was sensitive to (v + w)/V2 or
(v - iv)/V2. Statistics involving both v and w fluctuations
were determined by combining the signals in the ±45-deg
planes and thus were subject to some additional scatter.

In general, hot-wire measurements are susceptible to a vari-
ety of uncertainties that can arise due to calibration, high
turbulence intensity, crossflow and prong interference, probe
vibration, ambient temperature drift, signal noise, free con-
vection, and wall proximity. The Bearman30 temperature cor-
rection was used to account for ambient temperature drift.
The actual temperature variations during a typical 2-h run
were less than 3°C. The uncertainties due to crossflow over the
hot wires and prong interference were reduced by aligning the
probe with the direction of the local mean velocity. Anderson
and Eaton3 quantified the uncertainties in their three-dimen-
sional TBL experiment: they also used Dantec 55P51 cross-
wire_probes._T[heir estimated uncertainty values were 5% for
u2, v2, and w2; 10% forT/v and"vw; and 15% for^vw. Mea-
surements in the two-dimensional TBL region of the present
experiment agreed within the previous uncertainty values with
the Reynolds-stress measurements of Klebanoff31 and to
within 20% of the peak values for the triple products mea-
sured by Murlis et al.32

Figure 1 shows the 36 measurement locations. The test
section was traversed using a system that slid along steel rails

mounted on the top of the test section. Different axial posi-
tions in the straight test sections were made possible using
interchangeable particle board roof panels of varying sizes.
One of the roof panels had a slot to allow spanwise traversing
without disturbing the roof flow surface. The slot was lined
with rubberized foam strips to prevent air leakage through the
slot. The roof of the 30-deg bend was made of five 5-deg
wedge-shaped Plexiglas panels that had foam-lined slots to
allow spanwise (radial) traversing of the probe. Traverses
could be made at the 2.5-, 7.5-, 12.5-, 17.5-, 22.5-, and 27.5-
deg locations. Once the traverse system had been manually
placed in the desired axial position, a microcomputer and
stepper motors were used to control vertical, spanwise, yaw,
and roll movements. A gooseneck-shaped section of the probe
stem inside the tunnel allowed the probe to be yawed without
any translation of the probe tip.

The rolling of the probe, necessary to measure all compo-
nents of the Reynolds-stress tensor, was accomplished with
two stepper motors. The cross-wire probe plugged into a Dan-
tec model 55H24 probe support mounted to a shaft rotatable
about an axis parallel to the floor. The shaft's angular posi-
tion was changed by the movement of a control wire loop
wrapped around the rotatable shaft and attached to a stepper
motor on the probe stem's support platform. The back end of
the rotatable shaft connected to a fitting that had eight guide
holes. The guide holes provided a means for locking the angu-
lar position of the probe, in 45-deg increments, using a spring-
loaded pin.

Results of Mean-Flow Measurements
The static pressure was measured at 162 taps in the floor of

the test section. Figure 2 shows the distribution of the mea-
sured static pressure coefficient

(4)

throughout the test section. The axial pressure gradient was
nearly zero along the centerline until a slight favorable pres-
sure gradient (0 > ddcp/dx > -0.01) developed due to the
thickening of the boundary layers in the downstream section.
The spanwise pressure gradient was much larger, with a maxi-
mum ddcp/dz « -0.03 halfway through the bend.

The local skin friction coefficient

(5)

agreed with that predicted by the two-dimensional TBL corre-
lation33 Cf = 0.025/te0~°'25 at the first few measurement sta-
tions. As the flow entered the bend section, c/ stopped de-
creasing and maintained a constant value until well into the
downstream section. The increased production of turbulent
shear stresses in the bend region probably affected the near-
wall region and maintained a constant level of wall shear
stress.
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Fig. 3 Crossflow and freestream turning angle.
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The crossflow angle yu - ye is defined in terms of the direc-
tions of the mean velocity vector yu and the freestream mean
velocity vector ye where

(6)

The axial variation of the maximum crossflow is shown in Fig.
3 along with the turning angle of the freestream 0. The slow
development of crossflow in the upstream section was fol-
lowed by a rapid increase in the bend region. The peak cross-
flow occurred near the exit of the bend region. In the down-
stream section, the crossflow decreased gradually near the
surface but was nearly constant in the outer layer. The behav-
ior of the freestream turning angle in the upstream and bend
regions was similar to the growth of the maximum crossflow
angle. At the beginning of the downstream section, the rapid
increase of the freestream turning angle had ceased and ap-
proached 30 deg.

For small turning angles (sin /?«/?, i.e., /3<15 deg), the
inviscid Squire-Winter-Hawthorne (SWH) relationship,34'35

(7)

can be used as a rough crossflow model with which to compare
the present data. The Us and Un are the stream wise and
normal velocity components using a coordinate system aligned
with the freestream velocity vector, whose magnitude is Ue.
The SWH relationship states that the triangular plot of the
velocity in the outer region of the boundary layer should have
a slope equal to twice the angle /5 through which the freestream
has turned. Using the measured freestream turning angles, the
SWH correlation fits the crossflow only in the outer portions
of the boundary layer (y/5 > 0.5 approximately) as shown in
Fig. 4; closer to the wall, the inviscid approximation is ser-
iously in error.

Results of Turbulence Measurements
These results are presented with respect to a fixed coordi-

nate system aligned with the initial two-dimensional TBL
flow. Thus, the x axis is aligned with the upstream tunnel
center line, the z axis is in the span wise direction, and the y axis
is normal to the floor of the test section. This coordinate
system shows departures from the initial two-dimensional
state of the boundary layer. The_sign of the curvature is such
that W> 0, dW/dy <0, and"vw > 0 in the outer layer.

In the upstream section, the TKE decreased with axial dis-
tance, since it scaled with the square of the friction velocity.
Then, as crossflow developed in the bend region, the TKE
increased throughout the boundary layer relative to the initial
two-dimensional TBL levels. This increase occurred mainly
because the crossflow velocity gradient dW/dy increased pro-
duction of the Reynolds stresses. A peak in TKE developed at
y/d99 « 0.3. In the beginning of the downstream section,
crossflow decayed slowly and the increased TKE persisted.
Later, as crossflow decreased more rapidly, TKE began to
decrease. The decrease occurred first at the measurement ele-
vations closest to the wall and then spread outward at loca-
tions further downstream. In the outermost part of the
boundary layer, the TKE at a given y/d99 was nearly constant
as crossflow decayed.

The -~uv Reynolds stress profiles shown in Fig. 5 behaved
similarly to theJTKE. The increases in —~uv resulted mainly
from elevated v2 values^ as the crossflow developed. Down-
stream of the bend, -"wv_decayed. The "vw values, which were
small compared with -7/v, are shown in Fig. 6. Note that
since the sense of z has been chosen to make W positive,
3W/dy and the y-z plane shear stress - pvw are negative
except near the surface where W falls to zero. This figure
shows the growth of "vw from zero in the upstream two-dimen-
sional TBL section to values that were approximately 20% of
—~uv where the maximum crossflow occurred. Increases in ^vw
were due to the v23W/dy generation term. The -~uw values
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Fig. 4 Triangular plot of velocity: a) crossflow development, b) cross-
flow decay.

Fig. 5 Profiles of -uv: a) crossflow development, b) crossflow
decay.
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were negligible in the upstream two-dimensional TBL layer
region followed by significant growth of -luw in the bend.
Downstream of the bend, -~uw decayed. ButT/w is not impor-
tant in the transport of either —~uv or "vw.

In previous three-dimensional TBL experiments, the a\ pa-
rameter [Eq. (4)] decreased below its two-dimensional TBL
value. Since most three-dimensional TBL experiments show a\
to decrease, one might conclude that crossflow is responsible
for the decrease; however, the amount of the decrease varies
from experiment to experiment. This variation is probably due
to the experiments having different degrees of crossflow as
well as different stream wise pressure gradient conditions.
Since the flow over a swept wing usually experiences a large
region of adverse pressure gradient, most of the experiments
included adverse pressure gradient conditions.

The presence of an adverse pressure gradient in a two-di-
mensional TBL was shown by Bradshaw36 to increase "inac-
tive" motionsjhat can also decrease a\. Inactive motions do
not affect -puv (because they_do not^ affect v much). The a\
parameter decreases because u2 and w2 increase. In an adverse
pressure gradient where the turbulent shear stress decreases
near the wall, inactive motion is a larger fraction of q2. Thus,
considering inactive motion leads to the realization that the
behavior of a\ also depends on pressure gradient.

In this experiment, without any significant adverse stream-
wise pressure gradient along the centerline, the al parameter
displayed in Fig. 7 showed a moderate reduction to approx-
imately 0.12 in the inner half of the boundary layer by the
beginning of the downstream test section. In the outer part of
the boundary layer, a\ increased. In the downstream section,
as the crossflow slowly decayed, a\ decreased slightly further.

The eddy-viscosity ratio profiles in Fig. 8 show that Ne
reduced to values as low as 0.6 in the crossflow development
region and later recovered toward 1.0 as the crossflow de-
cayed. This behavior was intermediate between that of other
experiments such as that of Anderson and Eaton,3 for which

Ne decreased to 0.2, and that of Elsenaar and Boelsma,6 for
which Ne decreased to 0.7. Anderson and Eaton3 theorized
that the reduction of Ne was related to a nondimensional
freestream turning rate defined as the ratio of boundary-layer
thickness to the radius of curvature of the freestream stream-
line (d/R). The Ne values in the present experiment agreed
with the trend that flows with larger nondimensional turning
rates experience larger decreases in Ne.

The effect of the turbulence in transporting various quanti-
ties in the y direction was expressed as an effective vertical
velocity. For the TKE, one can define the following vertical
transport velocity:

= (U2V + V3 + VW2)/q2 (8)

Note that this quantity nominally tends to 0/0 outside the
boundary layer so that values in the outer part of the
boundary layer will be scattered. Figure 9 shows that TKE was
transported away from the wall by the turbulent fluctuations
in the upstream two-dimensional TBL region. At measure-
ment stations in the bend and downstream sections, the trans-
port of TKE was altered. For the measurement elevations
closest to the wall, the vertical transport was reduced and
eventually reversed direction, whereas it was enhanced in the
outer half of the boundary layer. This represents an important
change in the physics of the boundary layer. The net down-
ward transport of TKE implies that inactive motions existed
and/or that the peak in q2 at y/d99 « 0.3 led to transport of
TKE down the gradient of q2.

Turbulent Kinetic Energy Budget
Using the experimental data and the transport equation for

the Reynolds stresses
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where the generation term (Pfy, the pressure-strain redistribu-
tion term $iJ9 the viscous-destruction term £)#, and the flux of
- UjUj in the xk direction $ijk are defined by

'/,*

>u as 2puitkUJtk

+ p'Ujdik)

(10)

(11)
(12)

(13)

one can study the contributions of various physical mecha-
nisms affecting the Reynolds stresses. The measured data al-
low most of the terms to be evaluated and the other major
terms to be deduced by difference. Some terms were not
measured because accurate measurements would have been
very difficult (dissipation) or because no instrumentation ex-
isted to make the measurements (pressure fluctuations).

Seven locations along the centerline of the tunnel were
chosen to study the changes occurring in the various terms. At
each location, five data set profiles were used to calculate x, y ,
and z spatial derivatives. Derivatives of mean velocities, Rey-
nolds stresses, and triple products were calculated using cen-
tral finite differences. Before calculating the derivatives, the
data were smoothed in the vertical direction by transforming
into Fourier space, low-pass filtering the data, and then per-
forming an inverse Fourier transform. The uncertainties of the
terms in the transport equations were essentially the same as
the uncertainties of the turbulence statistics from which the
transport equation terms were computed. Since the largest
gradients were in the y direction, where the data points were
closely spaced, and the measured quantities varied smoothly in
the x-z plane, the uncertainties due to finite difference approx-
imations were considered small. Arbitrarily, a coordinate sys-
tem aligned with the local tunnel centerline was used to study
the transport.
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Fig. 9 Vertical transport velocity Vq2i a) crossflow development, b)
crossflow decay.
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The transport equation for TKE can be written as

),jj - i^~uj~ - (l/p)(p7uidii)9l (14)

The pressure-diffusion term, not measurable, was assumed
small as is done in many closure models. Actually, most
models lump it with the triple products and assume proportional-
ity to the Reynolds-stress gradients. The dissipation term was
indirectly determined by summing the terms of the equation.

Figure lOa shows the terms in the TKE transport equation at
the two-dimensional TBL location x = 978 mm (station 1 in
Fig. 1). The terms have been nondimensionalized by multiply-
ing by 6/C/r3ef to show relative changes in magnitude. The
dissipation term was approximately equal to the production
term because of the relatively small size of the advection and
turbulent transport terms. Near the edge of the boundary
layer, the mean velocity gradient decreased and consequently
reduced the production of TKE. The production and dissipa-
tion terms approached zero faster than the transport terms.
Figure lOb compares the terms in the TKE transport equation
for a measurement station where crossflow was large. Again,
production was the dominant term, but this time it was due to
the mean crossflow velocity gradient dW/dy in addition to
dU/dy. A major difference between the two-dimensional and
three-dimensional locations was the increased role of the ad-
vection and turbulent transport mechanisms. The transport of
TKE due to turbulence was chiefly due to the derivatives in the
vertical direction of the triple products meaning x, z turbulent
transport was small (boundary-layer approximation).

Conclusions
The development of crossflow affected the turbulence struc-

ture of a two-dimensional TBL that was transformed into a
three-dimensional TBL via a cross-stream pressure gradient.
Measurements using three-hole pressure probes and hot-wire
anemometers showed how the boundary layer responded to
the crossflow development and subsequent decay.

In the crossflow development region, the mean velocity
gradient dW/dy, zero in two-dimensional TBLs, contributed
to increased TKE production. Similarly, all three shear com-
ponents of the Reynolds-stress tensor also increased in magni-
tude. In the inner half of the boundary layer, the a\ parameter
decreased to approximately 0.12 because the increase in turbu-
lent shear stress was not as large as the TKE increase. The
direction of the shear-stress vector lagged behind the direction
of the mean velocity-gradient vector as the crossflow devel-
oped. This lagging behavior, also observed in other three-di-
mensional TBL experiments, confirms that the turbulence
takes time to react to changes in the mean flowfield and that
history effects may be important. Finally, the effective vertical
transport of TKE by turbulence was modified by the crossflow
development. The transport of TKE was reversed for y/5 <
0.4 and enhanced for y/d >0.4. Thus, the flow physics were
changed significantly, which suggests the presence of inactive
motions inhibiting the normal production qf_shear stresses.

Immediately downstream of the bend, u2 and -~uv de-
creasedjis the turning of the flow ceased, whereas the —"ww
and —"viv profiles remained unchanged in the slowly decaying
crossflow. Further downstream, all of the Reynolds stresses
decreased as the boundary layer thickened and the crossflow
decayed. In the downstream part of the test section, the #1
parameter decreased further. The behavior of the a\ parameter
depended on both pressure gradient conditions and the
amount of crossflow. The shear-stress and velocity-gradient
vectors became nearly aligned again, signifying that the
boundary layer was approaching equilibrium.

The present experiment provides new data for developing
and testing turbulence models for three-dimensional TBLs. It

was designed to produce strong crossflow without the strong
streamwise pressure gradients that have complicated the inter-
pretation of previous experiments. The bend applies crossflow
in a fairly short streamwise distance, so the flow approximates
the response and recovery of an initially two-dimensional TBL
to a step increase in longitudinal mean vorticity. The bend
angle is sufficiently small that the sidewall boundary layers do
not contaminate the floor boundary layer in the test region.
Another advance over previous work is that the measurements
are detailed enough for all terms in the Reynolds-stress trans-
port equations to be evaluated, either directly or by difference.
The complete data set is available from the authors on floppy
disk.
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