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I. Introduction

LMOST all high-quality wind tunnels use a contraction sec-

tion to accelerate the flow into the working section. Obviously,

the design of the contraction shape is crucial for producing the de-
sired low-turbulence, uniform exit stream. Most present-day design
rules are based on theoretical and computational studies that con-
sider inviscid irrotational flow, and perhaps the best known of these
is the study of Morel.! Morel analyzed contractions with an axisym-
metric geometry and produced a series of design charts, giving the
designer a tool for optimizing contraction length, contractionratio,
and curve shape based on the criteria of the possibility of separation
in the contraction, along with the exit flow nonuniformity. It was
concluded that the best contraction shapes were curves consisting
of two matched cubic arcs whose match pointis a varying parameter.
Although the majority of previous studies have concentrated
on axisymmetric contractions, most wind-tunnel contractions are
not axisymmetric but rather are three dimensional with rectangular
cross-section.In this case an important parameter is the aspectratio,
denoted by AR and defined as the width/height at a given position
in the contraction. One numerical study that has considered the de-
sign of three-dimensionalcontractionsis that of Su,> who computed
solutions to the three-dimensional Laplace equation. Based on the
Morel criteria,' Sushowed? that three-dimensionalcontractionsex-
hibit poorer qualities, in terms of the possibility of flow separation
and exit flow nonuniformity, than axisymmetric contractions with
similar geometric properties (contraction ratio, etc.). The explana-
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tion given is that the presence of corners in the three-dimensional
case produces greater velocity extrema than in the axisymmetric
case. A feature that is presentin three-dimensionalcontractionsand
not in axisymmetric ones is the effect of crossflow in the contrac-
tion. Su showed that the crossflow is induced due to the transverse
pressure gradient existing in the contraction. This pressure gradi-
ent exists because of greater local velocity extrema at the corners
relative to the centerline velocities on the walls on the planes of
symmetry. A crossflow parameter was considered that showed the
relative strengths of the crossflow effect for different contraction
designs. No conjecture was attempted, however, on the effect of this
crossflow on the flow quality at the exit, specifically on its effect on
boundary-layer development. Su performed a parametric study by
varying the important design parameters and studying their effect
on the criteria set out by Morel.!

These previous studies, and others.>* have focused on the nu-
merical solution to the flow in the contraction for use as a tool for
predicting the flow quality at exit. One study, that of Tulapurkara
and Bhalla,’ performed an experimental analysis of the flow in a
contraction, in an attempt to verify Morel’s predictions.! No stud-
ies, however, have focused on the actual flow in the working section
at the exit of a contraction and the effect of changing the geomet-
ric parameters of the contraction on it. Furthermore, no previous
studies have looked at the role that changing the AR through the
length of the contraction has on the corner boundary layers. In the
absence of any studies, designers have generally relied on rules of
thumb to guide them. One of these is the so-called pyramid rule
(A. E. Perry, private communication, 1997), which states that AR
should be held constant throughout the contraction to minimize the
growth of the corner boundary-layer vortices into the working sec-
tion of the wind tunnel. This rule conflicts with the conclusion of
Su? that changing AR can be advantageouswhen separation criteria
are considered. However, because Su’s study is based on solutions
to potential flow, no rational comparison can be made. Maintaining
a constant AR through the length of the contraction can often be
impractical because of space constraints and also becomes a trade-
off between varying other important parameters such as a higher
contractionratio, for example.

In this Note, we address the issue of changing the AR through
a contraction by keeping inlet AR fixed at 1 and varying exit AR,
while keeping the shape, contractionratio, and length fixed. In this
way, we can perform a parametric study of changing AR effects
while keeping all other important parameters constant.

II. Experimental Procedure

Four contractions were constructed and were fitted to an existing
wind-tunnelfacility,each with fixed valuesfor the various geometric
parameters, with the exception of exit AR. The values of the fixed
parameters are given in Table 1. As indicated in Table 1, the length
of the contractionis denoted as L, A; and A are the cross-sectional
areas of the inlet and exit of the contraction respectively, and D;
and D are the inlet and exit effective diameters, respectively, where
D = (4A /m)'/?. The shape of the contraction surfaces are matched
cubic arcs (following Morel' and Su?), where x,, is the distance
from the beginning of the contraction to the match point of the
cubic curves. The exit AR variationis given in Table 2.

Full details of the design and constructionof the contractions are
given by Callan.b In all cases, a short working section was attached
to the exit of the contraction. Streamwise velocity and turbulencein-
tensity measurements were made with a single componenthot wire,
one effective exit diameter downstream of the contractionexit. Data
were gathered across the plane with the wires oriented both parallel

Table1 Fixed parameters in study

Parameter Value
Inlet area A;, mm? 600 x 600
Contraction ratio A; /A 8.72
Contraction length/inlet effective diameter L/D; 1.0
Contraction length L, mm 685
Cubic match pointx,, /L 0.6

Exit Reynolds number Re = U, D /v 4.8 x10°
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Table 2 Exit aspect ratios considered

AR Exit dimensions, mm?
1 203 x 203
2.3 305 x 135
3.1 356 x 116
4 406 x 102

to the floor and parallel to the side wall. In addition, boundary-layer
profiles on the centerlines of the floor and side wall, respectively,
were obtained using the hot wires. Following the study of Zamir
and Young,’ corner boundary layer profiles were obtained with the
wire oriented perpendicularto the 45-deg axis of the corner.

For all measurements, 5-um single Wollaston wires were used,
with an etched length of nominally 1 mm. A TSI IFA-100
anemometer was operated with an overheat ratio of 1.8, and the
signals were conditioned and digitized with 16-bit resolution. The
hot wires were calibrated statically using a third-order polynomial
curve fit. Measurements are estimated to be accurate to within £2%
for mean velocity and +4% for the turbulence intensities.

ITI. Results and Discussion

A. Convergence Parameter

A principal feature of the effect of AR change through a con-
traction is its effect on the development of the boundary layers on
the walls and in the corners of the contraction. Bradshaw® shows
that boundary-layer developmentis controlled not only by stream-
wise pressure gradients, but also by the effect of the extra straining
caused by a diverging or converging flow. Following Saddoughi
and Joubert,” this extra straining can be denoted by a convergence
parameter in simple-convergenceboundary layers as

ﬁz—la—w or ﬁz—lﬂ (1)
u 0z udy
depending on orientation, where ¢ is the convergence parameter, u
is the streamwise x velocity, and w and v are the spanwise z and
normal y velocities, respectively.

This convergence parameter can be included in the momentum-
integral equation for boundary layers in the centerline plane as

o Cy 6 dU,

= > (H+2)U1 - + 96 )
where 6 is the boundary-layermomentum thickness, C ; is the skin-
friction coefficient, H is the boundary-layer shape factor, and U,
is the velocity in the freestream outside the boundary layer. For
diverging flows, the sign of the convergence term is reversed.

To quantify the pressure gradients and convergence parameters
in the contractions, a numerical solution to the three-dimensional
Laplace equation was undertaken for the contractions. The com-
putational scheme is similar to that described by Su,” and a full
descriptionis given by Callan.®

Figure 1 shows the computed pressure distributions along the
centerlines and in the corners of the AR 1 and 4 contractions, to-
gether with the corresponding ¥ values along the centerlines of the
contractions. Here C,, is coefficient of pressure defined as

C,=1-@w/U,) 3)

where u is the streamwise velocity along the streamline of interest
and U, is the freestream velocity one effective diameter downstream
of the contraction exit.

Figure 1a shows the expected result that two regions of adverse
pressure gradientexist on centerlines of the walls: one near the inlet
and another near the exit. The pressure history of the AR 1 case
(which is the same on all walls due to symmetry) is seen to be
markedly different from either of the AR 4 walls. Figure 1b shows
that the largest pressure gradient variations occur in the corners,
and thus, the points of maximum and minimum velocity in a three-
dimensional contraction occur in the corners. Figure 1c¢ shows the
strong effect that varying AR has on the convergence parameter.
The value of ¥ for AR 1, which due to symmetry is the same on all
surfaces, falls between the values of AR 4 floor and AR 4 side wall.
The AR 4 case shows that the maximum value of ¥ for the side wall
is nearly three times larger than for the floor.
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Fig.1 Results of potential flow calculations for AR 1 and 4 cases.

B. Wall Boundary Layers

From Eq. (2), assuming an equivalent streamwise pressure his-
tory and skin-friction coefficient between two boundary layers, the
phenomenon that controls their development through a contraction
is . However, Fig. 1a shows that the pressure histories between dif-
ferent ARs as well as between the side wall and floor for AR > 1 are
different. This illustrates that the boundary-layerdevelopmentsin a
contraction are unique to each particular contraction. Comparisons
of exit boundary-layerthicknesses between different ARSs is, there-
fore, not straightforward. However, comparisons of boundary layers
within a particular contractionis slightly more straightforward.
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Fig.2 Boundary-layer thicknesses measured one exit diameter down-
stream of the exit vs AR.

Figures la and 1c show that, for a particular AR, the variation of
C, and ¥ on the side wall and on the floor are both significant, and
for AR > 1, the boundary layer on the side wall should be thicker
than that on the floor. Note that this reasoning does not consider
surface arc lengths. For our study, the lengths of all contractionsare
fixed (L =685 mm), and for AR 4, the surface length for the floor
is no more than 10% longer than the side wall and, therefore, will
not have a significant effect.

Figure 2 shows the boundary-layerthicknessesd along the center-
lines of the side wall and floor, respectively(solid symbols), obtained
from the mean velocity profiles measured one exit diameter down-
stream of the exit. Here § is taken to be &y, the point at which the
mean velocity in the boundary layer is 99% of the freestream mean
velocity. The dataindicatea general trend of bottom boundary-layer
thinning with increasing AR and no clear trend for the side bound-
ary layers. These results highlight that a comparative study of side
wall and floor boundary-layerthicknessesbetween different ARs is
not a relative comparison because of the different pressure histo-
ries and convergence parameter values. However, a comparison of
side boundary-layer thickness vs bottom boundary-layerthickness
for a given AR shows that, generally, for AR > 1, §gi4e > Sg00r> @S 1S
expected.

C. Corner Boundary Layers

A second feature of interest when examining the effect of AR
change in a contractionis the change in corner boundary-layerflow.
The variation of C,, through a contraction on the corner, as calcu-
lated using the potential flow solution, is shown in Fig. 1b for AR 1
and 4, respectively.It can be seen that both the inlet and exit pressure
histories of AR 1 and 4 are different, with AR 1 showing a more
pronounced adverse pressure gradient at both inlet and exit. Con-
sequently, one would expect the boundary layer at the corner to be
thicker for AR 1 than for AR 4 because of this effect. Measurements
of corner boundary-layerthicknesses §*° measured along a 45-deg
line, confirm this to be the case, as shown in Fig. 2 (open symbol).

To get a better appreciation of the flow in the corners, mean
velocities and turbulence intensities were measured in the lower
left hand corner of the exit plane, one exit diameter downstream of
exit. Turbulence intensity is defined here as (u’2)!/2/U,, where u’
is the fluctuating component of streamwise velocity and U, is the
mean freestream velocity. Figure 3 shows contour plots for the AR
4 case. Data were taken with the hot wire normal to the floor for the
sections to the right of the diagonal and normal to the side wall for
the sections to the left of the diagonal as one views it on the page.

The corner boundary layers are seen to have undergone transition
to turbulence, and for this AR 4 case, it is clear that there is no
symmetry about the 45-deg line. Figure 4 shows normalized mean
velocity profiles along the diagonal of AR 1-4 inclusive, one exit
diameter downstreamof the exit. The data are seen to collapse fairly
well along this diagonal line, and the corner layer is observed to end
at about 0.085I" along this diagonal, where I' is the diagonal length
for a given AR.
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Fig.3 Contour profiles for AR 4 in corner with origin of the axes in
the lower-left-hand corner of the contraction; marked points indicate
measurement locations from which contour levels are interpolated.

Previous studies have been conducted on turbulent corner
boundary-layerflows. Nakamuraetal.,' in theirexperimentalstudy,
show the presence of two counter-rotating vortices in a turbulent
corner boundary layer aligned either side of the 45-deg line of an
arbitrary infinite corner. Because of the small physical size of the
boundarylayersin the cornersin our study,only streamwise velocity
measurements were made. In the absence of spanwise and normal
component velocity measurements, it is difficult to quantify these
vortices. Even so, it is certainly viable to assume the presence, how-
ever small, of these counter-rotating vortices in the corner. Further-
more, the results of Fig. 4 would suggest that perhaps the principal
orientation of the vortices in the corners of a confined duct is not
aboutthe 45-degline, butis in fact about the diagonal line. The data
given here can only suggest that, and further studies would need to
be performed.

D. Useful Working Area

Of more practical interest, the results in Fig. 4 can be used as the
basis of an approximate design rule for contractions with varying
AR. Figure 5 shows a schematic of the useful area of a working
section downstream of a contraction exit. Here the useful area is
defined as thatregion where the flow has low freestreamturbulence,
that is, outside the boundary layers, and has high uniformity across
the plane. Hence, it is the area where useful and practical measure-
ments can be made in the working section of a wind tunnel. A simple
resultfollows because along the diagonal the boundarylayerends at

C=x/T=a/W=B/H~0.085 )
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Fig.4 Diagonal mean velocity profiles.

Fig.5 Useful area of exit plane.

where A, o, and g are shown in Fig. 5. The total cross-sectional
area is A = WH, whereas the useful area is defined as Aygeru =
(W —20a)(H — 28). When Eq. (4) is used, the useful area becomes

Auseful = A(l - 2C)2 ~ 069A (5)

Therefore, the estimated useful cross-sectional working area is a
fixed proportion of the total cross-sectional area and has no depen-
dence on AR. Likewise, conservativeestimates for useful width and
height are also independentof AR: Wygeru1/ W = Hyserur/ H ~0.83.

IV. Conclusions

An experimental and computational analysis of the effect of
changing the aspect ratio through a three-dimensional wind-tunnel
contraction has been performed. Exit flow boundary layers were
measured for four contractions ranging from AR 1 to 4, all with
equivalent lengths and contraction ratios. Their development was
related to the pressure history on the walls, as well as to the related
effect of streamline convergence. Comparisons between contrac-
tions with different AR show that streamline convergence effects
as well as pressure histories need to be considered when perform-
ing comparisons of boundary-layerthicknesses on the same wall of
the contraction. For a given AR, the side wall boundary layer was
found to be thicker than the floor boundary layer for AR > 1. The
45-deg corner boundary-layer thicknesses were found to decrease
with increasing AR, consistent with the corner pressure distribution
induced by the streamline convergence effects.

An examinationof the mean velocity profile along the diagonal of
the exit plane reveals a collapse of data. From this, an approximate
design rule for the estimation of useful area in the working section
has been proposed. For the contraction parameters considered in
this study, the useful area is found to be 0.69A, and this result is
independentof AR.
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Introduction

ISTORICALLY, the Boussinesq eddy viscosity that is as-

sumed for Reynolds shear stress has been indirectly assessed
by estimating the velocity scale and length scale of turbulent ener-
getic eddies. Physical models to find these scales were the mixing
length model,' the one-equationmodel employing the k equation of
Bradshaw et al.,? and the two-equation model using the k-¢ equa-
tions of Jones and Launder® or the k- equations of Wilcox.* More
recently, the one-equation model has reemerged by Baldwin and
Barth® and Spalart and Allmaras.® Instead of the k equation, how-
ever, they proposed to solve the v, equation to assess directly the
eddy viscosity.Subsequently, Durbin et al.” and Menter® formulated
other forms of v, equations.

To avoid the problem in the one-equation model that the length
scale needs to be providedexternally, these one-equationmodels use
the von Kdrman length scale, L, x =|S/V S|, where § is the mean
rate of strain, or a compositelengthscale,” (|Vv,/S|). Because of the
advantagesof directness of eddy viscosity assessment, simplicity in
numerical computation, and use of natural boundary condition for
the v, equation, the one-equation model has often been a preferred
choice in aerodynamic calculations. However, such one-equation
models have the following three serious problems. One is that the
length scale defined in any of the two methods mentioned earlier
varies physically unrealistically in both the near-wall layer and the
core region. The second problem is that predicted v, varies as y*
as y — 0 (Fig. 1). The third problem is that when the one-equation
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