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Turbulence Measurements for a Longitudinal Vortex
Interacting with a Three-Dimensional Turbulent

Boundary Layer

Takaaki Shizawa* and John K. Eatont
Stanford University, Stanford, California 94305

Turbulence measurements are reported for the case of a longitudinal vortex embedded in a pressure-driven,
three-dimensional boundary layer. Previous measurements have shown that the distributed longitudinal vorticity
of the three-dimensional boundary layer has a major effect on the mean flow development. The present meas-
urements show that the turbulence development is very sensitive to the sign of the vortex. For one sign, the
vortex-induced perturbation in the turbulence field decays quickly while for the opposite case the disturbance
continues to grow producing high levels of turbulence kinetic energy and shear stress. This is caused by a strong
velocity gradient in the outer part of the boundary layer. Generally, the structural parameter a, is suppressed
below conventional boundary-layer levels.

Nomenclature
al = structural parameter -u'v'lq2

q2 = u'u' + v'v' + w'w'
r = radius from vortex center
U = streamwise mean velocity component
V = wall-normal mean velocity component
W = spanwise mean velocity component
M ' , V ' , W ' = fluctuating velocities
x = streamwise coordinate
y = wall-normal coordinate
2 = spanwise coordinate
VT = eddy viscosity -u'v'ldUldy

Introduction

L ONGITUDINAL vortices embedded in turbulent
boundary layers are frequently used for flow control and

also occur naturally in many situations. The interaction of
embedded vortices with two-dimensional turbulent boundary
layers has been the subject of intense research over the past
10 years. However, in most practical applications, embedded
vortices interact with a three-dimensional boundary layer which
lends further complexity to the problem.

A key feature of three-dimensional turbulent boundary lay-
ers (3DTBLs) is that they contain distributed longitudinal
vorticity. For example, a simple pressure-driven 3DTBL has
a sheet of concentrated longitudinal velocity near the wall,
with a broader but less concentrated region of oppositely
signed vorticity in the wake region. The rolled-up vorticity of
the embedded longitudinal vortex may be expected to interact
with the distributed vorticity of the boundary layer in a com-
plex way leading to significant modifications in the vortex
behavior. The exact nature of the interaction depends on the
sign of the vortex circulation as will be seen below.

In a recent paper, Shizawa and Eaton1 examined the in-
teraction of an embedded longitudinal vortex with a pressure-
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driven three-dimensional (3D) boundary layer. The flow ge-
ometry is sketched in Fig. 1. The boundary layer of interest
develops on the test wall in the plane of the page entering as
a two-dimensional boundary layer at the left. The wedge splits
and turns the flow creating a strongly skewed 3D boundary
layer. A longitudinal vortex is generated just upstream of the
3D region, then interacts with the skewed boundary layer,
Shizawa and Eaton showed that longitudinal vortices are at-
tenuated very rapidly when embedded in a three-dimensional
boundary layer. The peak vorticity level in the core of the
vortex and the secondary velocities induced by the vortex
decay over twice as fast as a similar vortex embedded in an
otherwise two-dimensional (2D) boundary layer. Vortex-
induced perturbations in the mean axial velocity also devel-
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Fig. 1 Three-dimensional test section geometry. Dimensions in cen-
timeters.
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oped differently than in a 2D boundary layer with the de-
velopment depending strongly on the vortex sign.

These results have significant implications for separation
control applications of longitudinal vortices. It has been as-
sumed that separation delay is caused by transport of high
momentum fluid toward the wall by the mean vertical velocity
of the vortex. However, modern work (cf. Westphal et al.2)
has shown that an embedded vortex diffuses very rapidly so
the secondary velocities in the boundary layer die out quickly.
Separation delay is instead caused by the reduction in average
boundary-layer thickness that develops before the vortex dif-
fuses (see Arnaud and Russell3) and by the high turbulence
levels associated with the vortex-induced perturbation of the
axial velocity field. It is thus important to understand how
the turbulance development is affected by overall boundary-
layer three-dimensionality.

The mean flow results also have implications for flow mod-
eling. The strong differences between vortex development in
2D and 3D boundary layers are attributed to differences in
the flow around the crossflow separation line. The details of
this separation zone are probably sensitive to both the cross-
flow velocity profile in the 3DTBL and the secondary velocity
field in the vortex. Thus, the velocity field must be accurately
predicted in the cross-flow plane in order to get even a qual-
itatively correct prediction of the overall flow development.
Details of the turbulance stress field in the vicinity of the
vortex-boundary-layer interaction must be understood if such
a prediction is to be made.

The objectives of the present study were then to provide
measurements of the turbulent stress field for both of the
cases described above. Of particular interest were any sig-
nificant differences between the cases in terms of overall tur-
bulence kinetic energy levels. The data were also evaluated
in terms of simple turbulence models, although no complete
calculations of the flow were attempted.

There have been several recent studies examining the de-
tails of vortex-boundary-layer interactions motivated by the
desire to extend existing computational techniques to complex
three-dimensional flows. Extensive reviews of these studies
and other research on vortex-boundary-layer interaction
are contained in Pauley and Eaton4 and Shizawa and
Eaton.5 Bradshaw and co-workers (Shabaka et al.,6 Mehta
and Bradshaw7) provided the first detailed turbulence data
for vortex-boundary-layer interactions finding the Reynolds
shear stress field to be highly distorted with both the shear
correlation coefficient and the stress/energy ratio drastically
different than in a two-dimensional boundary layer. They
concluded that full Reynolds-stress modeling is required to
predict such a flow. Later studies by Takagi and Sato,8 Eibeck
and Eaton,9 Westphal et al.,2 Matsumoto,10 and Pauley and
Eaton4 provided more detailed data for a variety of config-
urations. An important feature in many of the studies was a
velocity deficit in the vicinity of the core. This deficit is char-
ateristic of vortices generated by wall-mounted vortex gen-
erators. Associated with the deficit are large regions of neg-
ative shear stress (positive u'v') and large values of the turbulent
kinetic energy. The region of negative shear stress does not
correspond precisely to the region of reversed velocity gra-
dient so the eddy viscosity is negative in the vicinity of the
vortex. A second important feature is the tongue of highly
turbulent fluid which lifts away from the wall on the upwash
side of the vortex and diffuses into the surrounding flow. This
was especially obvious in the study of Cutler and Bradshaw,11

who examined the interaction of the boundary layer with a
strong vortex pair moving down toward the wall from a delta
wing.

Experimental Methods
The experiments were conducted in the open-circuit,

boundary-layer wind tunnel used by Anderson and Eaton12

and Pauley and Eaton.4 The measurement techniques and

wind-tunnel control hardware were nearly identical to those
used previously so they are described only briefly here. The
wind tunnel was specially developed to investigate three-
dimensional boundary layers. The boundary layer of interest
developed as a two-dimensional layer in a 61 x 12.7 cm
rectangular duct before entering the three-dimensional test
section. At this point the boundary layer was 3.1 cm thick
with a momentum thickness Reynolds number of 3700 at a
freestream velocity of 16.5 m/s. Within the test section, the
boundary layer was split in two and turned by a symmetrical
60-degree wedge as illustrated in Fig. 1. The embedded vortex
was introduced just upstream of the three-dimensional section
using a 2-cm-high, half-delta-wing vortex generator at an 18-
degree angle of attack. The generator was positioned so the
vortices for the two different cases passed through the same
point midway through the 3D test section.

Three-component mean velocity measurements were ac-
quired using the five-hole pressure probe described by Pauley
and Eaton.4 The correction scheme described by Westphal et
al.2 was used to correct for the effects of velocity gradient
across the probe. The uncertainty in the corrected measure-
ments was estimated to be 1.5% for the velocity magnitude
and 0.5 degree for the flow angle.

A rotatable cross-wire probe was used to acquire five of
the six Reynolds stress components and 7 of the 10 triple
products. The unmeasured Reynolds component was the sec-
ondary shear stress, v'w'. The techniques used were basically
the same as those described by Anderson and Eaton.12 The
analysis procedure neglected the out-of-plane velocity com-
ponent. To minimize the effect of this assumption, the probe
was aligned with the mean flow direction at every measure-
ment position. The probe was automatically calibrated in the
tunnel freestream and recalibrated after each profile. The data
were rejected if the calibrations varied by more than 1%.
Anderson and Eaton estimated the uncertainty in the meas-
urements to be 5% for the normal stresses and 10% of u'v'
for the shear stress components.

The coordinate system used for the measurements is shown
in Fig. 1. Data were acquired on the five planes labeled 1
through 5 on Fig. 1. The probes were inserted through slots
in the wall opposite the test wall. The slots were sealed by
foam tape when a probe was in place and by a flush-fitting
plug at other times. Probes were traversed by a two-axis
computer-controlled traverse gear. The probe calibration,
traversing, data acquisition, and data analysis procedures were
performed on a Masscomp laboratory computer system.

Results and Discussion
Two different cases were examined using the identical base-

line flow and vortex generator and changing only the sign of
the generator angle of attack and the spanwise position of the
generator. For case 1, the generator angle was set to produce
a counter-clockwise vortex rotation looking upstream. The
generator was positioned at x = -5.4 cm and z = 8.0 cm
for this case. The vortex sign was opposite for case 2 with the
generator positioned at x = -5.4 cm and z = 11.5 cm. The
image vortex below the wall causes the vortex to move in the
positive Z direction for case 1 and in the negative Z direction
for case 2. With the present vortex generator positions the
vortex center position for the two cases coincided at meas-
urement slot 3. Data were obtained for both cases at five
streamwise stations (x = 7.6, 22.9, 38.1, 45.7, and 53.3 cm).
The data within the planes were acquired on a uniform grid
with l/2 cm spacing with the points closest to the wall being
y = 1A cm.

The complete three-component mean velocity data were
presented in previous papers. To orient the reader and facil-
itate the discussion, the axial velocity field is presented here
in Figs. 2 and 3. Each of the figures shows five contour plots
acquired from the five measurement slots. The bottom plot
in each figure is from the first measurement slot and the top
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SLOT1
X = 7.6cm

Fig. 2 Axial mean velocity for case 1. Outer contour level U/Ue
0.99. Contour interval U/Ue = 0.05.
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Fig. 3 Axial mean velocity for case 2.

plot is from the last. The vortex is swept to the side by the
flow turning so the center of the measurement area is shifted
to larger Z at downstream stations. The plots are aligned so
that a vertical line drawn across the figure is a line of constant
Z for all five plots.

There are strong differences in mean velocity development
between the two cases. When the vortex sign is the same as
the outer layer 3DTBL vorticity (labeled case 1), crossflow
separation on the upwash side of the vortex is suppressed.
The vortex-induced perturbation in the axial velocity field dies

out very rapidly as shown in Fig. 2. With the opposite vortex
sign (labeled case 2), the 3DTBL crossflow opposes the
vortex-induced crossflow near the wall and there is a strong
crossflow separation. This creates a tongue of low momentum
fluid extending from the crossflow separation line to the outer
part of the boundary layer as shown in Fig. 3. The pertur-
bation in the axial velocity field continues to grow through
the final measurement station.

The turbulence data are all presented as contour plots in
the same fashion as the mean velocity data. In each plot the
edge of the boundary layer (599) is indicated by a dashed line
and the location of peak vorticity is indicated by a + sign.
The three normal stresses all develop in a similar fashion so
we present here only plots of the sum of the normal stresses,
that is, twice the turbulent kinetic energy. The kinetic energy
development is shown in Figs. 4 and 5. At the first station
the plots are dominated by the highly turbulent wake of the
vortex generator. The wake and the associated turbulence
decay rapidly and there is no evidence of a central peak be-
yond the second station. By the third station, the differences
between the cases become quite apparent. In case 1, there
are minor distortions in the contours which decay slowly to-
ward a two-dimensional distribution. In case 2, both the over-
all distortion of the contours and the peak kinetic energy levels
in the field continue to increase through the final measure-
ment station. Two regions of high-turbulence kinetic energy
develop in case 2. A peak develops above the vortex and is
apparently still growing by the final measurement station. A
second peak develops near the wall to the left of the vortex
core. This latter peak is probably caused by advection of
turbulence away from the wall in the vicinity of the crossflow
separation line. __

The primary shear stress component ( - u ' v f ) is shown in
Figs. 6 and 7. Negative shear stress values (positive u'v') are
shown as dotted contours. The case 1 vortex shows the typical
distortion found when a vortex interacts with a 2D layer. The
region of negative shear stress corresponds to a reversal of
the velocity gradient, which is apparent in Fig. 2. It is sur-
prising to see the persistence of this negative shear stress to
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Fig. 4 Turbulence kinetic energy for case 1. Outer contour level q2/
Ue

2 = 0.001. Contour interval = 0.002.
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Fig. 5 Turbulence kinetic energy for case 2.
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Fig. 7 Primary shear stress for case 2.
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Fig. 6 Primary shear stress for case 1. Outer contour level —u'v'l
Ue

2 = 0.0002. Contour interval = 0.0003. Negative values shown
dotted.

the end of the three-dimensional test section. By the final
station, there are no significant regions of reversed velocity
gradient. A similar region of negative shear stress is also seen
in case 2. The more striking feature of case 2, though, is the
region of strong positive shear stress which develops well away
from the wall. This may be due both to advected turbulence
as well as the strong velocity gradient in the outer layer for

this case. Previous studies have found that the embedded
vortex causes reductions in the structure parameter al below
the typical boundary layer value of 0.16. The same result was
found in the present study as shown in Figs. 8 and 9. In these
figures, dotted contours represent a^ levels less than 0.12, so
broad regions of dotted contours generally indicate a region
of strongly suppressed structural parameter. For case 1, a^ is
lower than normal for nearly the entire field. It should be
noted that a^ is also suppressed by the introduction of three-
dimensionality in the absence of the vortex (cf. Anderson and
Eaton12). In case 2, the structure parameter is again reduced
over most of the field except for a region at the top of the
up wash tongue where nearly normal values are achieved. This
suggests that the high turbulence levels in this region are
produced locally by the strong velocity gradient.

The effects of stabilizing rotation or streamline curvature
must be considered in examining the reduction in shear stress
and particularly the precipitous drop of a^ It should be noted
first that curvature effects are unimportant in the baseline
three-dimensional flow since the curvature is entirely in planes
parallel to the wall. Reductions of al in the baseline flow are
most likely caused by rotation of dominant eddies out of their
preferred orientation by the mean longitudinal vorticity
(Bradshaw and Pontikos13). However, rotation effects are
probably very important in suppressing turbulence near the
vortex core. To estimate the importance of this effect we
attempted to evaluate the gradient Richardson number, which
Bradshaw14 approximated for a slender axisymmetric flow as

dU
dr

dV,
dr

Typically, curvature effects become significant for Ri greater
than about 0.01 with complete stabilization of turbulence above
Ri = 0.25. The Richardson number can be evaluated directly
from the data at the first two measurement stations where
the secondary velocities are large. Examining first the vortex
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energy above the vortex, the turbulent stresses remain large
and indeed grow in case 2. Also, the value of al is typical of
uncurved shear layers.

There appears to be little hope that simple turbulence models
can be applied successfully to this flow. Figs. 10 and 11 show
contour plots of the eddy viscosity. Large values of the eddy
viscosity have been suppressed in the contour plots because
the velocity gradient passes through zero at several points in
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Fig. 8 Structural parameter al for case 1. Solid contour levels start
from 0.12 and increase in intervals of 0.02. Dotted contours start at
0.10 and decrease in intervals of 0.02.

20

Fig. 10 Eddy viscosity vTl§Ue. Outer contour level = 0.0002. Con-
tour interval = 0.0004. Negative contours shown dotted.
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Fig. 9 Structural parameter a, for case 2.

core region, we find that Ri is of the order of 1 at the first
measurement station decreasing rapidly downstream. Strong
suppression of the turbulence is expected and indeed al is
found to be very small throughout the core region. However,
high values of the turbulent kinetic energy are present in the
generator wake at the first measurement stations. In other
regions of the flow, rotation effects are apparently negligible.
For example, in the region of high shear stress and kinetic Fig. 11 Eddy viscosity for case 2.
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each plane. Even ignoring this problem, the eddy viscosity
plots are extremely complicated. At the first two stations, the
eddy viscosity is reasonably uniform near the edge of the field.
This section of the boundary layer appears much like an or-
dinary 2D boundary layer. However, the plots become in-
creasingly complex going downstream, especially in case 2.
Solution of the full stress-transport equations is probably re-
quired to accurately predict the stress distribution of this flow.
In that case it is important to determine which terms of the
equations are most important to calculate or model correctly.
Initially, one might expect that advection of the stresses by
the secondary flow would dominate, meaning that the sec-
ondary flow velocity would have to be calculated very accu-
rately. However, the data suggest that production and dissi-
pation dominate the evolution of the Reynolds stresses. Regions
of high-turbulence kinetic energy and shear stress are gen-
erally associated with high mean velocity gradient away from
the wall. To assess the relative importance of these terms
correctly, the production and advection terms of the stress
transport equations for the turbulent kinetic energy and the
primary shear stress were evaluated directly from the data.
For brevity, the results are presented here only for the primary
shear stress ( — u'vr) and only for case 2. The remaining results
are available in Ref. 5.

The production and advection terms for the primary shear
stress are shown in Figs. 12 and 13. Gains are shown as solid
contours and losses are dotted. It should be noted that one
term in the production, v'w'dU/dz was not measured. This
term was expected to be small for much of the field since
Pauley and Eaton found that v'w' was typically at least four
times smaller than u'v'. The dominant term in the production
is ~v^dU/dy. The most important feature in the shear stress
plots (Fig. 7) is the large peak which develops above the
vortex. Figs. 12 and 13 shows that the peak is caused by high
levels of production as opposed to significant advection from
the wall region. Production of negative shear stress accounts
for the development of a broad region of negative shear stress.
The secondary velocities are somewhat larger in this region
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Fig. 12 Production of shear stress for case 2. Normalized by (7/V5.
Outer contour level = 0.0001. Contour interval = 0.0005. Negative
contours shown dotted.
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Fig. 13 Advection of shear stress for case 2. Contour levels as in
Fig. 12.

and the advection does act to move the negative shear stress
region to the left relative to the vortex core.

With the large peak in shear stress located well away from
the wall, we might expect turbulent diffusion of shear stress
to become important. The turbulent diffusion term for pri-
mary shear stress is:

du'2Vr du'v'2 du'v'w'
dx dy dz

We measured only the term dw'V/dy, which is probably
the dominant term. This term is plotted in Fig. 14. Again
losses are indicated as dotted contours. Clearly turbulent dif-
fusion is minor except above the vortex where it acts to spread
the shear stress peak.

Summary and Conclusion
This research has shown that the development of a bound-

ary layer with an embedded longitudinal vortex is very sen-
sitive to crossflow in the boundary layer and the sign of the
vortex relative to the crossflow. If the crossflow direction is
opposite the vortex-induced flow near the wall (case 2), then
a strong crossflow separation results. In the opposite case
(case 1), crossflow separation is suppressed and vortex-
induced perturbations in the boundary layer decay quickly.

The turbulence development for case 1 is in line with the
mean flow development. There are initially high k ^ls of
turbulence kinetic energy in the vortex generator wake which
decay quickly. The remaining perturbations in the kinetic
energy distribution die out rapidly, approaching a two-
dimensional distribution even in the short length of the pre-
sent test section. The shear stress distribution is considerably
more complex, including a significant region of negative shear
stress and a minor peak above the vortex. Once again though,
the overall perturbation becomes relatively minor by the end
of the test section. The turbulence field is drastically different
in case 2, where the strong crossflow separation produces
strong velocity gradients in the outer part of the boundary
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Fig. 14 Diffusion of shear stress for case 2. Contour levels as in
Fig. 12.

layer. This leads to a substantial outer layer peak in both the
kinetic energy and shear stress. It would thus be expected
that a case 2 vortex would be far more effective in separation
control applications.

Conventional turbulence models will probably not work
well at predicting the Reynolds stress field. The stress/energy
ratio flj was far below typical levels for both cases. Also, the
eddy viscosity distributions were exceedingly complicated.
However, the inaccuracies of the models may not prevent
adequate prediction of the overall flow development. Much
of the complexity in the eddy viscosity field is due to the
existence of regions of very low velocity gradient. Inaccurate
prediction of the relatively low shear stress in these regions
may not have significant impact on the computation of the
mean velocity field. The sensitivity of the vortex development
to the crossflow suggests that computational methods will
have to predict accurately the crossflow velocity profile of the
three-dimensional boundary layer. Computational studies
are needed to determine if the complexities of the turbulence
field will strongly affect the overall accuracy of flowfield
predictions.
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