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ABSTRACT
. The effects of a strong adverse pressure gradient
£29F ~ 12) on a three-dimensional turbulent bound-

ary layer are studied in an axisymmetric spinning cylin-
der geometry. Velocity measurements made with a three-
component laser Doppler velocimeter include all three mean
flow components, all six Reynolds stress components, and
all ten triple-product correlations. Total Reynolds shear

stress, \/uw? + vw*, diminishes as the flow becomes three-
dimensional. Lower levels of shear stress were seen to per-
sist under adverse pressure gradient conditions. This low
level of stress was seen to roughly correlate with the mag-
nitude of crossflow (relative to free-stream flow) for this
experiment as well as most of the other experiments in the
literature. Variations in pressure gradient do not appear to
alter this correlation. For this reason, it is believed that a
three-dimensional boundary layer is more prone to separate
than a two-dimensional boundary layer, although it could
not be directly shown here.

INTRODUCTION

Boundary layer flow over swept wings, fuselages, and
turbine rotor blades often experience extra rates of strain
due to pressure gradient and mean flow skewing (three-
dimensionality). Turbulence can be greatly affected by
these extra rates of strain, and consequently models for
turbulence need to be sensitive to these effects. While the
effects of individual strain rates on the turbulence are be-
coming better known via experiment, the effects of com-
bined strain-rates are less well known.

Experimental observations of Reynolds shear stress in
three-dimensional (3D) boundary layer flows by Bradshaw
& Pontikos (1985) and Driver & Hebbar (1987) suggest
that the Reynolds shear stress levels decrease with increas-
ing transverse strain. These observations suggest that a 3D
boundary layer may be more prone to separate than a 2D
boundary layer, because the boundary layer relies on the
Reynolds shear stress ELﬁ.‘.u.l"tmle:::t mixing) to maintain for-
ward flow near the wall in the face of an adverse pressure
gradient. The usual reaction of a boundary layer to an ad-
verse pressure gradient is an increase Reynolds shear stress
in the middle of the boundary layer (see Simpson, Chew,
& Shivaprasad (1981)), thus building further resistance to
separation. However, if Reynolds shear stress is reduced by
transverse strain, the boundary layer should become less
capable of surviving an adverse pressure gradient without
separating.

The 3D mild adverse pressure gradient flow of Brad-
shaw & Pontikos (1985) (£22 < 2.5) exhibits a decrease
in Reynolds shear stress associated with transverse strain.
The object of this study is to assess the effects of a strong
adverse pressure gradient (£ 22 ~ 12) on a 3D boundary
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layer, with the intent of 1mp;'ov2ing turbulence modeling,.

In this experiment, a 3D boundary layer is created by
passing flow over a laterally translating wall (spinning cylin-
der aligned with flow). The lateral wall translation pro-
duces a transverse strain rate (8W/dy) in addition to the
usual streamwise strain rate (8U/8y). An adverse pressure
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gradient is imposed on the flow by virtue of tunnel wall
divergence.

EXPERIMENT

The experiment was conducted in a 31 x 31-cm low-
speed (U,=30 m/s) wind tunnel with a 14-cm-diameter
cylinder running the length of the tunnel along the tunnel
centerline (Fig. 1). The middle segment of the cylinder was
rotated with a surface speed (Wﬁnc]n' 30 m/s to produce a
transverse flow in the boundary layer. Most measurements
were performed downstream of the spinning cylinder on a
stationary section of cylinder where the transverse flow is
relaxing back to an axially aligned flow. An adverse pres-
sure gradient is imposed on the cylinder (&85 ~ 12) as
a result of tunnel wall divergence, which begins at the end
of the rotating section. On the downstream stationary seg-
ment of cylinder, the boundary layer is reacting to both
the sudden change in boundary condition (the cessation
of spin) and the adverse pressure gradient. The boundary
layer thickness at the end of the rotating section was 2.8
cm with a momentum-thickness Reynolds number of 6000.
The experiment is described in detail in Driver and John-
ston (1989).
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Figure 1 Spinning cylinder test geometry.

The six Reynolds stresses, including all ten velocity
triple-product correlations, were measured with a three-
component laser Doppler velocimeter (LDV). Uncertainties
in U,V and W were estimated to be +1%. Uncertainties
in 42, v2, and w? were estimated to be £10% while uncer-
tainties in uw, vw, and TW were estimated to be +5% of
VuZ v%, V0% w? and Vu? w? respectively. Velocity triple-
product correlations Tt ug were calculated with accuracies

of 5% of 4/u? ;f u?. Surface skin-friction was measured

with a laser oil-flow interferometer with accuracies of £10%
of local value, and surface static pressure was measured to
+1% of reference dynamic pressure.




RESULTS AND DISCUSSION

Three cases were studied: 1) an adverse pressure gra-
dient with cylinder spinning (case D.S1), 2) zero pressure
adient with spin (case A.S1), and 3) adverse pressure gra-
ent without spin (case D.S0). The first case (case D.51)
is of primary interest, since it contains the combined effects
of adverse pressure gradient and three-dimensionality. The
other cases are given for comparison. Each case was sur-
Eeg%d in detail at 12 axial stations using a three-component

The axial component of mean velocity for case D.S1
becomes significantly retarded with distance X along the
pressure gradient (see Fig. 2). The flow remains attached
with the shape factor (6%/6.-) growing to 1.75 at the down-

stream station. The Clauser parameter ({: %) grows to

7~ 12 by X=100 mm and stays constant thereafter, indi-
cating that this is a severe pressure gradient by most stan-
dards.
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Figure 2 Axial velocity profiles.

Transverse velocity for the adverse pressure gradient
case (indicated by symbols) is compared to the correspond-
ing zero pressure gradient case (indicated by lines) in Figure
3. Upstream, near the surface of the spinning cylinder, the
W component is large, extrapolating to the surface speed of
the cylinder for y — 0. Downstream, the W velocity com-
ponent decays with distance along the stationary section
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Figure 3 Transverse velocity profiles.

of the cylinder. The region of diminished W velocity is ini-
tially confined to a area near the wall which expands out-
ward toward the boundary layer edge with distance down-
stream. This region is referred to as the 3D interaction
zone. The adverse pressure gradient case shows more de-
cay of W velocity than does the zero pressure gradient case,
because of greater boundary layer spreading and diffusion
of transverse (angular) momentum to regions further away
from the wall.

Shear Stress Reduction Phenomenon

Measured distributions of —7v and 7w Reynolds shear
stresses are shown in Figures 4 and 5 for adverse 9P/dz case
(indicated by symbols) and zero OP/9z case (indicated by
lines). On the spinning cylinder, the profiles of —u% and.
TW stress appear very similar to one another and similar to
a 2D shear stress distribution. Downstream on the station-
ary section, the similarity ends; while 7w stress‘becomes'
negative near the wall, —v stress remains positive. The
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Figure 4 —uw Reynolds shear stress.

—7uw stress decreases in magnitude with distance along the
stationary cylinder, due in part to the mean flow three-
dimensionality. The reduction in —uv stress is also due to
a drop in turbulent kinetic energy production associated
with the removal of transverse strain. Calculations using a
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Figure 5 7w Reynolds shear stress.
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Launder, Reece, & Rodi (1975) full Reynolds stress turbu-
lence model and a Wilcox & Rubesin (1980) k — w? model
are shown in Figure 6a, showing the failure of these models
to predict this reduction in —uw stress, despite the model’s
ability to predict the corresponding 2D adverse 8P/0z case
as shown in Figure 6b. The mixing length model (not
shown) separates at X=120 mm in the spinning case, thus
ending the calculation before the X=152 mm station. Com-
pared to zero pressure gradient (indicated by lines), the ad-
verse pressure gradient decreases the —uv shear stress near
the wall and increases it away from the wall as shown in
Figures 4 and 5.
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Figure 6 Calculated Reynolds shear stresses at X=152 mm.
LRR v k —w?, - — — Mixing Length.

The ratio +/uw? + vw® to twice the kinetic energy
g?) is also lower than expected (1/@w? + vw? /g*=0.15 for
D flow) as shown in Figure 7. This reduced level of
/o 4+ 7w? /¢ is characteristic of 3D mean flows in gen-

eral. Furthermore, the magnitude of v/uv® +7w>/¢* (at
y=-18) appears to roughly correlate with the magnitude of
crossflow (relative to free stream flow) as shown in Figure
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Figure 7 Structure parameter distribution.
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vw Stress Lag Phenomenon

Turbulence, in general, lags in development behind
changes in the mean-flow strain field. In particular, the 7w
stress can be seen to lag in responding to changes in 8W/dy.
This is evident from the evolution of the stress vector di-
rection (tan~!=Z2) which is evaluated along a streamline

—uv
as shown in Figure 9. Downstream of the spinning sec-

tion, the mean flow strain-rate vector (tan™! —/—“;gjgy ) turns

rapidly toward the mean flow direction (in response to the
new boundary condition). However, the stress vector con-
tinues to point in the original -45° for some time before
eventually turning toward the mean flow direction.
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Figure 9 Principal stress and strain-rate directions along
¢ = 3 mm streamline.
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The stress vector direction is different from the strain-
rate vector direction through the inner half of the boundary
layer at the X=152 mm station as shown in Figure 10. This
difference in direction is an indication that scalar eddy-
viscosity models will be inaccurate at predicting 7w stress.
The Rotta (1979) T-model, predicts this difference between
the stress and strain-rate directions, provided a judicious
choice of reference frames is used (such as a spinning frame
of reference). However, an injudicious choice of reference
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Figure 10 Principal stress and strain-rate direction
profile at X=152 mm compared to models.

frames (such as a stationary frame) produces a worse pre-
diction than the eddy-viscosity model. The Rodi (1976) al-
gebra.ic stress model fails to predict the stress direction any

etter than an isotropic eddy viscosity model, as indicated
by the stress direction being nearly identical to the strain-
rate direction. Computations using the Launder, Reece, &
Rodi (1975) model produce a better prediction of the stress
direction (computational results were adjusted to match the
experimental mean flow strain field).

Evaluation of terms in the 7w stress transport equation
reveal the considerable history effects as shown in Figure 11.
Terms in the equation were evaluated directly usi adi-
ents of the data, except pressure strain, which wasmfeiced
from a balance of the equation. The large relative magni-
tude of the convective term relative to the production, pres-
sure strain, and diffusion is an indication that the flow has
a significant memory of the upstream flow. This is what
causes turbulence modelers to turn to the full Reynolds-
stress transport equations., Models are then required for
the diffusion and pressure-strain terms. The pressure-strain
model is the most critical, since it is the largest term in
the equation. Four models for pressure strain were com-
pared to the data and all but the Shih and Lumley (1985)
model (denoted as SL on Fig. 11) under predicted the 7w
pressure strain. Pressure strain models by Naot, Shavit
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Figure 11 %w-equation balance at X=152 mm.
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& Wolfshtein 2973), Launder, Reece, & Rodi (1975), and
Fu, Launder, & Tselepidakis (1987) are denoted by NSW,
LRR, and FLT, respectively. Despite the improved agree-
ment with the Shih & Lumley model for the spinning case,
the agreement is not so good for the non-spinning cases as
can be seen in Driver & Johnston (1989).

CONCLUSIONS

An experiment was performed on a three-dimensional
turbulent boundary layer subject to adverse pressure gradi-
ent, in an effort to provide information for turbulence mod-
els. The data indicate that —uo Reynolds stress decreases
in the presence of transverse strain. The various turbu-
lence models tested were unable to predict the decrease
in streamwise stress associated with three-dimensionality.
The reduction in stress appears to correlate with the mag-
nitude of the crossflow for this experiment as well as several
other experiments in the literature.

The vw Reynolds stress was seen to lag in develop-
ment behind the strain. To some extent the full Reynolds
stress turbulence model was able to predict this situation.
Balance of the 7w stress transport equation reveals the
nonequilibrium nature of the Reynolds stresses and the rea-
sons for using a full Reynolds stress turbulence model.

The effects of the pressure gradient appear to add lin-
early to the effects of transverse strain, that is, pressure
gradient decreases the Reynolds stress in the vicinity of
the wall and mildly increases the stress in the middle of
the boundary layer, similar to that of a two-dimensional
boundary layer. While transverse strain is believed to re-
duce a boundary layer’s resistance to separation, this could
not be directly proved here.
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