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Boundary-Layer Considerations in the Design of

Aerodynamic Contractions

G. E. Chmielewski*
McDonnell Douglas Research Laboratories, St. Louis, Mo.

Most design methods for aerodynamic contractions are based on an inviscid approach even
though the flow quality downstream of the contraction is determined primarily by viscous effects,
including possible boundary-layer separation. The present study includes the consideration of
boundary-layer behavior by application of the Stratford criterion for turbulent separation to nu-
mercially computed wall-pressure distributions. Calculations are presented for a four-parameter
family of contractions within which the minimum-length contraction shapes consistent with fully

attached boundary-layer flow are determined.

Introduction

THE principal concern of design methods for aerodynam-
ics contractions is to produce a steady, parallel, and uni-
form exit flow. This can be accomplished, to a large de-
gree, by avoiding flow separation through the alleviation
of adverse pressure gradients.

It can be shown that whenever a converging duct seg-
ment is attached to constant-area segments at its inlet
and exit, regions of adverse pressure gradient will occur
along the wall near each end, possibly causing boundary-
layer separation.! If separation occurs, it will act to de-
grade flow uniformity and steadiness, both of which are
essential in a test facility. Separation is usually avoided if
the adverse pressure gradients are minimized by making
the contraction sufficiently long.

Some contraction design schemes consist merely of fit-
ting a high-degree polynomial curve between two con-
stant-area segments a given distance apart to yield a de-
sired contraction ratio.2:3 More sophisticated methods de-
rived from fluid-mechanical considerations are based on
inviscid techniques and involve determination of wall con-
tours corresponding to specified axial velocity or accelera-
tion distributions.#-18 Attention to the boundary-layer
separation problem takes the form of requiring a monoto-
nic velocity increase in the streamwise direction or a non-
negative acceleration at every location between inlet and
exit planes. The majority of these schemes result in con-
tours of infinite length which must be arbitrarily truncat-
ed. Finite length designs are usually associated with phys-
ically nonrealistic requirements of flow uniformity at con-
traction inlet and exit planes. In either case, addition of
constant-area segments at both ends of the contour inval-
idates the assumed velocity (pressure) distribution upon
which the design is based, especially in the regions of the
inlet and exit where separation is most likely to occur in
an actual contraction. Qualitative arguments and subjec-
tive judgment have usually been necessary to finalize a
particular design.

The present study carries contraction design methodol-
ogy one step beyond that of previous investigators by in-
cluding quantitative considerations of boundary-layer be-
havior. Pressure distributions on the walls of a four-pa-
rameter family of axisymmetric contractions have been
computed. These have then been tested against the tur-
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bulent boundary-layer separation criterion developed by
Stratford,’® and minimum-length contractions which do
not exhibit turbulent separation have been determined.
The term “minimum-length” implies the shortest mem-
ber of the family of contours considered here; it is con-
ceivable that contour shapes yielding even shorter lengths
could be found.

Contraction Geometry

The axisymmetric duct configuration considered in the
present study is shown in Fig. 1. The duct consists of
three segments:t a constant-area inlet with radius R; and
length equal to its radius; a contraction of length L with
area ratio ¢ = A;/A. and contour R(x) as explained below;
and a constant-area exit with radius R, = ¢~1/2R; and
length equal to R;. The lengths of inlet and exit segments
have been determined by computer experiment to be such
that any further increase in length will cause no apprecia-
ble change in the flow within the contraction or the con-
stant-area regions immediately adjacent to the contrac-
tion.

A convenient means to generate a family of finite-length
contractions is to specify the average streamwise accelera-
tion distribution f(x) in the convergent segment.® Assum-
ing quasi-one-dimensional flow, the governing equations
are

wldu/dx) = f(x) (1)
#A = constant (2)

where u denotes streamwise velocity, A is cross-sectional
area, and x is distance along the duct centerline. The ac-
celeration function is required to satisfy the conditions
f(x;) = f(x; + L) = 0and f(x) =2 0 {x; < x < (x; + L)].
Equation (1) can be integrated and combined with Eq. (2)
to obtain the following relations for the contraction con-
tour R(x):
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where

F(x) = [ fx)dx @)

The particular acceleration function chosen for the pres-
ent study is

fx) = {%[1 ~cos2n (A—ELY] }P (5)

+Subscripts i and e refer to inlet and exit stations, respectively.
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R; = Inlet radius
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Fig. 1 Axisymmetric contraction geometry and
nomenclature.

Equations (3-5) define a four-parameter family of con-
tours determined by the contraction ratio ¢, the contrac-
tion length L, and the two exponents n and p. Figures 2-4
show representative curves of the family. In Fig. 4, the
constant-area segments have been omitted.

Potential Flow

Inviscid, incompressible, irrotational, axisymmetric flow
is governed by the following equation for the stream func-
tion:

8% 1oy 8%y
ax2 v oy | axt (.6)
Y(x,r) satisfies the continuity equation exactly and is re-
lated to velocity components u(x,r) and v(x,r) in the x and
r directions, respectively, by the relations
Y D)

i = — re = —
ru or ax

. (M

Boundary conditions for the configuration shown in Fig. 1
are as follows: At the inlet plane, the axial velocity com-
ponent is specified to be constant, u(0,r) = U,, so

$0,7) = 5 720 (®)
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Fig. 2 Variation of pressure coefficient and turbulent bound-
. ary-layer displacement thickness in an unseparated 5:1 con-
traction with L/D; = 1.25, n = 4.0, p = 0.8.
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Fig. 3 Variation of pressure coefficient and turbulent bound-
ary-layer displacement thickness in an unseparated 25:1 con-
traction with L/D; = 2.0, n = 4.0, p = 0.8.

Although the elliptic nature of Eq. (6) prohibits the imp-
osition of an additional parallel-flow condition v = 0 at
the inlet, this is effectively accomplished by making the
constant-area inlet segment of the duct sufficiently long.
At the exit plane, the parallel-flow condition is easier to
apply numerically than the condition of flow uniformity,
S0 we set
oY )
g(xe/Ri,r) = 0. 9)
Both centerline and wall coincide with streamlines of the
flow; hence,
1
¥(x,0) =0, ¥(x,R)= ER,?U,.. "~ (10)
The pressure coefficient based on inlet conditions is
given by

ot () - () o
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Fig. 4 Separation boundaries for a series of configuration
families. :
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Equation (6) with boundary conditions (8-10) has been
numerically integrated using a finite-difference, line-over-
relaxation scheme developed by Hoffman.?? Figures 2 and
3 show representative C, distributions along the center-
line and wall of contraction contours defined in the pre-
ceding section with ¢ = 5 and 25, respectively. For com-
parison, the C, distribution predicted by one-dimensional
theory is also shown. Note that the influence of the con-
traction extends approximately one inlet radius into the
constant-area segment located upstream and to a lesser
degree into the constant-area segment downstream. Avail-
able numerical results indicate that the extent of down-
stream influence diminishes with increasing contraction
ratio for the family of contours studied. Two regions of
adverse pressure gradient appear along the duct wall, one
near the inlet plane of the convergent segment and the
other near the exit plane. A characteristic feature of the
flow through the duct is the velocity peak which appears
on the centerline in the constant-area inlet segment and
persists far into the convergent segment where a reversal
occurs and a centerline defect in velocity appears. The de-
fect continues until approximately one exit radius down-
stream of the contraction exit plane where a nearly uni-
form velocity profile occurs again. The nonuniformities
are easily explained by the required streamline curv-
atures, the associated radial gradients of static pressure,
and the fact that the total pressure is constant for all
radii. For ¢ = 5, the centerline velocity defect relative to
the wall velocity at the exit station has been found to be
less than 0.25% of the average exit velocity; for ¢ = 25,
the centerline defect is less than 0.01%. These values have
been obtained for all contours of the family studied here
independent of length.

Test for Boundary-Layer Separation

Once the potental flow solution for the converging duct
is available, an assessment of boundary-layer separation is
possible. One approach is to perform a detailed computa-
tion of boundary-layer growth. Preliminary efforts along
this line were made using the axisymmetric version of the
Cebeci-Smith method.?! Typical results for the turbulent
boundary-layer displacement thickness 6* on the duct
wall are shown in Figs. 2 and 3 for the case of R; = 10 in.
and exit Reynolds number based on exit diameter (Re/D),
= 105/ft. Note the rapid boundary-layer growth in the
constant-area inlet segment and the substantial reduction
in thickness which occurs within the contraction itself.
The exit Reynolds number was standardized because exit
(test section) conditions would normally be specified in
contraction design. In starting each boundary-layer com-
putation, the duct inlet was treated like a leading edge,
and transition from laminar to turbulent behavior was
taken to occur at x = 0.15 R;. These starting conditions
constitute an arbitrary choice and are considered to be
representative of conditions that might exist just aft of
the last screen in a wind-tunnel plenum chamber.

Because of the complexity and time-consuming set-up
requirements of the Cebeci-Smith method, the simpler
alternative of the Stratford turbulent separation criteri-
on'? was chosen for the present purposes. Although devel-
oped for two-dimensional boundary layers, the expected
small ratio of boundary-layer thickness to contraction
inlet radius justifies its application here. The Stratford
criterion gives separation results in close agreement with
the Cebeci-Smith method but tends to be conservative
from a design standpoint by predicting separation to occur
slightly earlier, i.e., further upstream.?? It can be incorpo-
rated into the final stages of a potential flow computer
program with little effort.

The previously stated exit condition used for this study
corresponds to Reynolds numbers which fall below the
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range originally considered by Stratford. It was therefore
necessary to remove certain numerical approximations in-
cluded in his final equation. The form of the separation
criterion used here was as follows:

(n + 1)(n+1)/4(n + 2)1/2 c (ne2) /1 (xd_ca>1/2
(n _2)(n-2)/4 P dx

= 11.3217 g(10 ¢Re )1/10  (12)

where n = logioRex and 8 = 0.66 or 0.73 for d2Cp/dx2 < 0
or d2Cp/dx? = 0, respectively. The distance x in Eq. (12)
represents arc length along the wall measured from the
beginning of the upstream constant-area section.

As given by Eq. (12), the separation criterion provides a
valid test only in the region of adverse pressure gradient
near the contraction inlet. When a favorable pressure gra-
dient precedes the region of adverse gradient, the dis-
tances appearing in Eq. (12) must be measured from a
virtual origin.2® Since the family of contours used in the
present study did not exhibit any tendency to separate
near the contraction exit, as verified by selective applica-
tions of the Cebeci-Smith method, this modification was
not used. In view of the tendency of contractions to cause
a considerable reduction in boundary-layer thickness, as
indicated by Figs. 2 and 3, there is reason to believe that
inlet separation will usually be the dominant factor. Nev-
ertheless, it is conceivable that a family of contours could

"be found with performance controlled by exit separation,

in which case the modified interpretation of the separa-
tion criterion mentioned above would be applicable.

The assumption that the incident boundary layer is tur-
bulent dictates the character of separation in the contrac-
tion inlet region of the present study; it will be a turbu-
lent separation. In cases where separation near the exit
becomes the determining factor, it may be necessary to
consider laminarization of the turbulent boundary layer in
the contraction. Experimental evidence indicates that
laminarization can occur if the contraction inlet Reynolds
number is sufficiently low.23 Since the location of lami-
narization will always be downstream of any inlet separa-
tion point, this phenomenon is relevant only to exit sepa-
ration. The effect can easily be accommodated in a design
effort by switching from the turbulent separation criterion
to its laminar counterpart, also due to Stratford,?* at the
appropriate streamwise wall station.

Results and Conclusions

Potential flow and boundary-layer separation calcula-
tions have been carried out for a series of contractions
with contours defined by Egs. (3-5). Figure 5 illustrates
details of minimum length determination for contours
with exponents n = 4.0 and p = 0.8. At fixed contraction
ratio ¢, the length-to-inlet diameter ratio L/D; is varied in
increments of 0.25 to bracket the value at which separa-
tion occurs. This is done for a number of area ratios in the
range 2 < ¢ < 25 thereby establishing a “separation
boundary” for that particular subfamily of contours as
indicated by the curved line.

Figures 4a-4c are plots of the separation boundaries for
contractions defined by the nine possible combinations of
exponents n = 1, 2, 4 and p = 0.5, 0.8, 1.4. Also shown are
sample contours for ¢ = 5 and L/D; = 1.0. At the lower
values of exponent p, the contraction length required to
avoid flow separation is reduced as exponent n increases.
This corresponds to a decrease of curvature at the con-
traction inlet and an increase of curvature near the exit
plane for this particular family of contours. The above
trend is progressively diminished as p increases, especially
at smaller contraction ratios, and a reversal is evident for
p=14.
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Separation boundary

Q Separation

O No separation

L/D;
Fig. 5 Separation line determination for the contraction fam-

ily corresponding to n = 4.0, p = 0.8 with (Re/D). = 10%/ft, R;
= 10 in.

These results can be explained in terms of wall pressure
distributions and the related boundary-layer behavior, as
exhibited in Figs. 2 and 3, for example. Smaller inlet curv-
atures produce a milder C, rise along the wall approach-
ing the contraction and thus a slower boundary-layer
growth. The corresponding contractions can therefore be
made shorter before the adverse pressure gradient be-
comes severe enough to cause separation. However, too
gradual an area reduction at the inlet, as in the case of
the n = 4, p = 1.4 curve of Fig. 4c¢, tends to have a detri-
mental effect by subjecting the boundary layer to a rela-
tively mild pressure gradient over a long distance.

The displacement thickness distributions shown in Figs.
2 and 3 give some indication why, in a contraction, inlet
separation is probably more critical than exit separation.
Adverse pressure gradients cause substantial boundary-
layer growth in the low Reynolds number flow at the inlet
enhancing the possibility of separation. After the flow has
been accelerated by the contraction, however, the bound-
ary layer is reduced considerably in thickness and is bet-
ter able to withstand any adverse gradients which occur in
the vicinity of the exit.

We conclude that the consideration of viscous effects is
an important aspect of contraction design, and that it
may be accomplished in a relatively simple way through
application of the Stratford separation criterion. The
present study has focused on a family of contractions
dominated by inlet separation; however, the Stratford cri-
terion also can be applied without inherent difficulty to
designs in which exit separation constitutes the limiting
performance factor.
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