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Crossflow Aerodynamic Characteristics of a Noncircular
Cylinder With and Without Strakes
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The installation of a pair of thin strakes on the windward side of a flat-faced noncircular cylinder in axial flow
at subcritical Reynolds numbers produced substantial changes in the flow pattern, vortex shedding, and drag
coefficient. A particular strake configuration resulted in drag reduction of the order of 80%. In this paper, the
effects of crossflow angle on drag and lift coefficients of this model are investigated with the help of pressure
measurements in a low-speed wind tunnel and flow-visualization tests in a water tunnel. It is found that the drag
and lift coefficients of the basic model (no strakes) vary significantly with the crossflow angle, assuming multiple
maxima and minima. For a model with strakes, the influence of strakes on the flow pattern and the drag and
lift coefficients becomes prominent as the crossflow angle increases.

Nomenclature
b, = width of the model .
Co _ drag coefficient, drag forcle per 2umt length
VapV5ib,
Cpo =drag coefficient of the basic shape, C,, cos ¢
~Cy, sin ¢
Cp, =total drag coefficient, Cp, + ACps
c ~ lift coefficient, lift force1 per 121n1t length
YVapVib,
Cro =lift coefficient of the basic shape, C,, sin ¢
+Cy, cos ¢
(o =total lift coefficient, C;, + AC;g
. . D = Pos
C, = pressure coefficient, Vip V2
Cop =base pressure coefficient .
C, =axial force coefficient, axial forc:a perzunlt length
YapVib,
Cro =axial force coefficient of basic shape .
C, = cross force coefficient = — forcle perzumt length
Yap Vb,
Cyo =cross force coefficient of the basic shape
h = strake height
D = pressure
s =distance measured along the strake
Ve = freestream velocity
ACps  =drag coefficient of strakes, — (AC,; + AC)y)sin ¢
ACs =lift coefficient of strakes, (AC,, + AC,;)cos ¢
AC,s  =total cross force coefficient of the strakes,
AC, + ACy,;
AC, =cross force coefficient of strake S,
AC), =cross force coefficient of strake S,
i =nondimensional strake location, r/b,
0 =angle measured to a given point on the model
surface from the centerline, deg
£ =nondimensional stake height, /b,
¢ =crossflow angle, deg
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Introduction

HE flow around two-dimensional bluff, noncircular

cylinders in crossflow has always attracted the attention
of aerodynamicists. At subcritical Reynolds numbers, the flow
over such bodies is characterized by a large wake, strong
periodic (Karman-type) vortex shedding, and a high value of
drag coefficient. A popular method of reducing the drag of
such bodies is to round off the sharp corners.!> However, the
maximum drag reduction achievable by this technique appears
to be limited to 50% .2 Recently, authors have proposed a new
method that is capable of achieving higher drag reduction.?
This method consists of installing a pair of thin strakes on the
windward face of the noncircular cylinder. With this ap-
proach, drag reduction of 81.5% was obtained for a certain
strake configuration (called optimum configuration) in axial
flow. An application of this technique to road transport vehi-
cles is discussed in Ref. 4.

The fluid flow mechanism that produced such large drag
reduction was identified as the one in which the flow separates
at the strakes, undergoes transition to turbulence, and then
smoothly reattaches back to the body at or very close to the
corners (Fig. 1a). A separation bubble is formed between the
strakes and the reattachment point, and this bubble generates
suction on the forward face. The vortex shedding was greatly
suppressed, and drag reduction of about 81.5% occurred.’
Koenig and Roshko® found that a disk mounted in front of a
flat-faced axisymmetric cylinder produced significant drag re-
ductions for some combinations of disk diameter (d;/d,) and
gap (g/d,) ratios (Fig. 1b). The flow mechanism associated
with drag reduction was the smooth reattachment of the sepa-
rated shear layers originating at the edges of the disk back to
the cylinder at or very close to the shoulder (Fig. 1b). Thus,
the primary flow mechanisms leading to optimum drag reduc-
tions appear to be of the same nature in two-dimensional and
axisymmetric flows.

The purpose of this paper is to investigate the effects of
crossflow angle on the flow pattern and the drag and lift
coefficients of the noncircular cylinder of Ref. 3 with and
without strakes. Extensive pressure measurements in a low-
speed, low-Reynolds-number wind tunnel have been per-
formed for crossflow angles from 0 to 90 deg. Some flow-visu-
alization tests in a water tunnel were conducted to help the
interpretation of the wind-tunnel pressure test data. The varia-
tion of crossflow angle produced interesting results. A small
change in the crossflow angle (7 deg) did not alter the flow
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Fig. 1 Flow patterns for optimum drag reductions.

pattern and drag coefficient of the optimum strake configura-
tion. With further increase in crossflow angle, the drag coeffi-
cient increased rapidly. For basic model (no strakes) and other
strake configurations, the drag coefficient dropped signifi-
cantly for a small value of crossflow angle. The drag and lift
coefficients assume multiple minima and maxima at various
crossflow angles.

Experimental Work
Pressure Distribution Tests

These tests were carried out in a 2- X 2-ft (61- X 61-cm)
low-speed, closed-jet, open-circuit wind tunnel having a maxi-
mum velocity of 115 ft/s (35 m/s). The test model is the same
as that employed in Ref. 3. The cross section of the model
consists of three flat sides and a semicircular top, as shown in
Fig. 2. The model is so held that in axial flow (¢ = 0) the flat
side with sharp corners faces the airstream and the rounded
top is on the lee side. The test cylinder spanned the horizontal
dimension of the wind-tunnel test section. In this way, the
effective aspect ratio of the model is theoretically equal to
infinity. The orifices that were used to measure the pressure
distribution over the model were located at the midplane. Two
additional sets of pressure orifices were also installed half the
way between the tunnel walls and the midplane to continu-
ously monitor the existence of a true, two-dimensional flow
over the model. At test conditions, the side wall boundary
layer had a displacement thickness of about 0.25 in., which is
quite small and negligible compared to the horizontal dimen-
sion of the test section (2 ft). More details of the test model are
available in Ref. 3.

Pressure distribution was measured for a basic model (no
strakes) and a model with strakes. The strake geometry is
characterized by two parameters: the nondimensional strake
height &£ = h/b,, and the nondimensional distance 4 =r/b,.
Here r is the distance from the model corner to the strake
location (Fig. 2). Tests were carried out for £ = 0.1, 0.2, and
0.3 with n varying from 0 to 0.5 in steps of 0.1. Note that for
n = 0.5 only one strake was installed. In this paper, typical
results for the basic model and the model with strakes of
height £ = 0.3 are presented. Additional results are available
in Ref. 6. To measure the pressure distribution over the
strakes (¢ = 0.3), three pressure taps were installed on either
side of the strakes, as shown schematically in Fig. 2. The
crossflow angle ¢ generally varied in steps of 5 deg from 0 to
90 deg for the basic model and 0-70 deg for the model with
strakes. For the optimum strake configuration (¢ = 0.3 and
n = 0.2), ¢ was varied in steps of 1 deg from 0 to 10 deg. The
Reynolds number based on the mode!l width b, was close to
10°, which falls in the subcritical range for the subject cross
section.” The test results are corrected for wind-tunnel block-
age effects.

Errors and Uncertainties

The crossflow angle was measured within =+ 0.25 deg. The
pressures were read on a manometer with an accuracy of
+ 0.25 mm of alcohol. For these values of measurement un-
certainties, a detailed analysis using the method of Ref. 8 was
performed to determine the uncertainties in pressure and force
coefficients. The uncertainty in C, was found to be less than
+ 3%. The mean and standard error of the mean of uncertain-
ties in various other coefficients are as follows:

WCp, = 0.0173 + 0.0006,
WC,, = 0.0133 + 0.0003,
WAC,, = 0.0122 + 0.0006,
WAC,; = 0.0168 + 0.0007,
WAC,, =0.0127 + 0.0006.

WC,, =0.0221 + 0.0004,
WC,, = 0.0157 + 0.0003,
WAC,, = 0.0109 =+ 0.0006,
WACp, = 0.0092 + 0.0008,

Here, WCp,, WCy,, etc., are the estimated uncertainty coeffi-
cients in Cp,, Cy, etc.

Flow Visualization Tests

These tests were carried out in a small water tank
(2.5 x 1.5 x 0.15 m). The water flow in the tank is génerated
by two counter-rotating paddles installed at-one end of the
tank. The water flow is smoothly guided all along the two
sides of the tank and then into the test section located in the
center of the tank. The width of the test section was 0.35 m,
and the depth of the water in the test section was 0.12 m. The
test model had a width of 0.04 m. The velocity of the water
stream in the test section was 0.15 m/s, giving a test Reynolds
number of 6 X 103 based on model width. The flow visualiza-
tion was performed at the free water surface using aluminum
powder as the tracer medium. Because of this constraint of the
free surface, there is a discontinuity in the fluid medium at the
free surface where the flow visualization is performed. A
possible source of error is due to the shear effect, which is
proportional to the density ratio of air and water. Since this
density ratio is small (0.001), the shear effects are ignored.
Another possible source of error in free surface flow visualiza-
tion is due to the finite depth of water flow, which in the
present case is equal to 0.12 m. The local pressure distribution
around the model causes this depth to vary and affect the
two-dimensional nature of the flow. The maximum possible
rise in water level occurs at the stagnation point and is equal to
V2/2g. With V. = 0.15 m/s, V2/2g =0.001 m, which is
about 0.83% of the water depth. Hence, the errors due to
finite water depth are ignored. Another possible source of
error arises due to the finite aspect ratio of the flow-visualiza-
tion mode!l. With model width of 0.04 m and test section width
of 0.35 m, the aspect ratio equals 8.75. This value, however, is
slightly below the usually accepted value of 10. Any errors due
to this difference in aspect ratios are ignored.

Photographs were taken at ¢ =0, 30, and 60 deg by a
35-mm camera held above the free water surface. The flow-vi-
sualization Reynolds number of 6 x 10* is one order of magni-
tude smaller than that in the wind-tunnel tests (10°). There-
fore, it is possible that the flow over the wind-tunnel model
differs from that observed in the flow-visualization tests. The
flow-visualization data are used only for qualitative interpre-
tations of the flow around the model frontal face and strakes
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Fig.2 Test model.
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where the model sharp corners and sharp edges of the strakes
have a greater influence and the difference in Reynolds num-
bers is a less significant factor.

Results

For the basic model and the model with strakes (£ = 0.3), C,
plots are presented for ¢ = 0, 15, 30, and 60 deg. Each of the
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Fig. 3 Sectional aerodynamic forces on the model.

c) ¢ = 60 deg

Fig. 4 Flow-visualization photographs of basic model.
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C, plot is in two parts, part A gives the pressure distribution
over the basic shape (model surface less strakes) and part B
gives the pressure distribution on either side of the two
strakes. The two sides of the strakes are labeled as side 1 and
side 2, as shown in Fig. 2.

The aerodynamic force acting on the model cross section in
two-dimensional axial flow can be resolved into various com-
ponents, as shown in Fig. 3. The drag and lift coefficients can
then be obtained as follows:

Cpr = Cyo €08 ¢ — (Cyo + ACy; + ACyp)sin ¢ )
Crr = Cyp sin ¢ + (Cyp + ACy + ACyp)c0s ¢ )

All of the force coefficients on the right-hand side of these
equations were obtained by integrating the measured pressures
over the corresponding surfaces. The axial force coefficient of
strakes is ignored.

Discussion
Basic Model

The flow around the basic model at ¢ = 0 is characterized
by extensive wake. The wake flow is oscillatory because of
strong, alternate, and periodic (Karman-type) vortex shedding
(Fig. 4a). The separated shear layers feed large amounts of
vorticity to the vortices that are continuously shed down-
stream. This process gives rise to a large wake, a high base
suction with C,, = — 2.2 (Fig. 5a), and a high drag coefficient
C,; = 2.20 (Fig. 6¢). This value of drag coefficient is in good
agreement with Obasaju,’ who gives Cp = 2.18 for a square
cylinder in subcritical axial flow. In the Reynold’s number
range of 10°-10°, such bluff bodies are known to exhibit
strong vortex shedding® with the Strouhal number (fb,/ Ve, f
is the frequency of vortex shedding) varying from 0.12 to 0.14.
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A direct study of the vortex shedding phenomenon was not
attempted in this work.

With a small increase in ¢, the shear layer separating at the
windward corner (A) reattaches back to the body on the top
side AB. (For convenience, the model’s corners and surfaces
have been labeled as shown in the insert to Fig. 5.) On the
bottom side, flow remains separated. The reattaching stream-
line is incident on the top side AB (Fig. 4b). The flow reattach-
ment is accompanied by a pressure rise, which can be identi-
fied in C, plots (Figs. 5b and 5c). Initially, when ¢ is small, the
reattachment point is located aft on the side AB but gradually
moves toward the corner A as ¢ increases. For example, at
¢ = 15 deg, the reattachment point is located at § = 70 deg and
moves to § =55 deg for ¢ =30 deg. Here, 0 is the angle
measured clockwise from the model centerline to a point on
the body surface, as shown in the insert to Fig. 5.

With reattachment of the flow, suction on the upper side
(AB plus one half of rounded side BC) increases compared to
that on the lower side (CD plus the other half of rounded side
BC). This leads to the development of the cross force, an
increase in the base pressure, and a fall in the axial force
coefficient. The axial and cross force coefficients Cy, and Cy,
assume, respectively, minimum and maximum values at
¢ = 20 deg leading to a minimum in the drag coefficient (Fig.
6). As ¢ increases further, the suction on the lower side in-
creases due to the sharp turning of the flow at the corner (D).
As a result, C,, starts falling and C,, shows a small rise.
Hence, the lift coefficient C;, starts dropping and the drag
coefficient C,, registers a modest increase.

When ¢ is approximately equal to 45 deg, the adverse effect
of the corner A, which caused flow. separation at the lower
values of ¢, vanishes. The flow over the model is considerably
smooth and streamlined. The drag coefficient drops to its
second minimum at ¢ = 45 deg. As ¢ increases above 45 deg,
C,, changes sign because positive pressures are formed on the
side AB. The adverse effect of the corner A comes back at
higher values of ¢ causing flow separation at corner A (Fig.
4c) and generation of suction on face AD (Fig. 5d). Because of
the suction on the face AD, C,, starts falling and even be-
comes negative for ¢ >75 deg. The decreases in C, and C,,
together contribute to the fall in Cp, and C;,. Cp, assumes its
third minimum at ¢ = 85 deg and C,, its second minimum at
¢ = 80 deg. However, Cp, and C;, rise again as ¢ approaches
90 deg due to the increase in C,, beyond ¢ values of 80 deg.

Strake Configurations

In Ref. 3, the flow patterns over the model with strakes at
¢ = 0 where classified into three types called A, B, and C. The
type A pattern occurred when the strakes were located at or
close to the corners (3 = 0, 0.1). The type B pattern occurred
for only one strake configuration (optimum) with § = 0.3 and
17 =0.2. The type C pattern occurred when the strakes were
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Fig. 6 Sectional aerodynamic coefficients of basic model.

located closer to the center (3 = 0.3-0.5). In this paper, the
strake configurations with » = 0 and 0.4 are chosen as repre-
sentatives of types A and C, respectively. The effect of cross-
flow angle on these three types of flow patterns is discussed in
the following.

Type A

In axial flow, the separated shear layers originating at the
edges of the strakes open out forming a large wake with no
subsequent reattachment to the model surface (Fig. 7a). The
pressure in the region between the two strakes S; and S, is
nearly constant. C, varies smoothly across side 1 of each of
the strakes. On side 2 of both of the strakes, C, is nearly
constant due to flow separation at the sharp edges of S; and
S,. Because of this flow separation, a strong, alternate, and
periodic (Karman-type) vortex shedding occurs accompanied
by high values of base suction (Fig. 8a for ¢ = 0), axial force,
and drag coefficients (Figs. 9a and 9c¢). For a small increase in
¢ above zero, the flow reattaches on side AB in a similar
fashion to that observed for the basic model. This reattach-
ment can be observed in the flow-visualization photograph of
Fig. 7b and identified in C, plots of Fig. 8a for ¢ = 15 and 30
deg. As noted for the basic model, the reattachment of the
flow leads to an increase in C,;, a decrease in C,,, and a build
up of C,,. At low values of ¢, the cross force coefficients
(AC,, and AC);) on strakes S; and S, act in opposite directions

a) ¢ =0 deg

c) ¢ =60 deg
Fig. 7 Flow visualization photographs of type A pattern.
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Fig. 9 Sectional aerodynamic coefficients of type A pattern.

(Fig. 9b) and, hence, the strakes contribution to total drag and
lift coefficients (Cp, and Cy,) is small (Figs. 9c and 9d).

As ¢ increases, the reattachment point S was found to move
toward the corner A in a similar fashion to that noted for the
basic model. The sharp turning of the flow at S, generates
considerable suction on side CD. As a result, C,, starts falling.
C,, is not affected by the suction on side CD and therefore
remains approximately constant in this process. Across the
windward strake S;, the pressure differential gradually re-
duces, resulting in a fall in AC,,. AC); is almost constant for
20< ¢ <40 deg because of steady values of pressure differen-
tial across it. As a result, the total cross force coefficient of
strakes (ACy;) starts falling (Fig. 9b).

For ¢>45 deg, positive pressures are formed on side AB
and on the side 2 of the strake S, (Fig. 8b for ¢ = 60 deg). A
suction bubble is formed between strakes S; and S,, as seen in
the flow-visualization photograph of Fig. 7c and noted in the
C, plot of Fig. 8a for ¢ = 60 deg. Because of this suction
effect, C,, and AC,, fall steeply and AC,; rises (Fig 9b). The
sharp fall in C,, contributes to a decrease in Cp, even though

ACy; is increasing (Fig. 9c). The falling of Cy,, C,,, and AC}g
together cause C;, to decrease at high values of ¢, as seen in
Fig. 9d.

Type B

This flow pattern is characterized by a smooth, tangential
flow reattachment at or very close to the windward corners, as
observed in the flow-visualization photograph of Fig. 10a.
(See Ref. 3 for more details.) After reattachment, the flow
follows the model surface to a considerable extent and pro-
duces a substantial pressure recovery before finally separating
from the body surface. The steep pressure recovery (Fig. 11a
for ¢ = 0) prior to the flow separation is typical of turbulent
boundary-layer separation.!® Based on this observation, it was
speculated in Ref. 3 that the flow transition must have oc-
curred prior to the flow reattachment. Another factor that
contributes to the large drag reduction is the suction generated
on the forward face due to the formation of bubbles between
the strakes and corners. With the establishment of this flow
pattern, the vortex shedding is considerably suppressed, as
observed in Fig. 10a, and Cp, assumes a value of 0.42 (Fig.
12¢), which is the minimum for the subject model.? For an
increase in ¢ up to 7 deg (in steps of 1 deg), Cp, remains close
to the minimum value of 0.42. The pressure distribution plots
(not shown) for ¢ varying from 0 to 7 deg were identical to the
one obtained at ¢ = 0. This result is of considerable practical

b) & = 30 deg

.

¢) ¢ =60 deg
Fig. 10 Flow-visualization photographs of type B pattern.
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significance. The bodies* employing this technique can have
the benefit of drag reduction without requiring precision
alignment with the flow direction.

For ¢>7 deg, the smooth tangential reattachment of the
flow is apparently lost. The reattaching free streamline is
incident on the model top surface. The flow reattachment can
be observed in Fig. 10b and identified by the pressure rise on
the side ABin C,, plots of Fig. 11a for ¢ = 15 and 30 deg. Such
a flow reattachment where the free streamline is incident on
the model surface leads to less base pressure recovery com-
pared to the smooth tangential reattachment. (Compare
Cop=—13at ¢=15deg with C,, = —0.6at ¢ =0.) As a
result, Cy,, Cpo, and Cp; start rising sharply. C,, builds up
initially and then falls off subsequently in a similar fashion to
that observed for the basic model and type A pattern.

At low/moderate values of ¢, ACy; is negative because the
flow turning at the lee side strake S, is sharper compared to
that at the windward strake S; (Fig. 10b). A sharper flow turn
generates a higher pressure differential and, hence, a larger

cross force. As ¢ increases further, say ¢>40 deg, the flow
direction around the strake S; changes and positive pressures
are formed on side 2 of S; (Fig. 11b for ¢ = 60 deg). A suction
bubble is formed between the strakes and, hence, AC,, and Cy,
fall and AC), rises. The fall in C,, reduces Cp,, whereas the
decrease in C,, causes Cp, to rise. As a result, Cp, tends to
level off at higher values of ¢ (Fig. 12¢). ACy, is small at low
values of ¢ but assumes significance at higher values of ¢. Cy,
falls off at higher values of ¢ because C;, falls off rapidly
(Fig. 12d).

Type C

At ¢ = 0, the separated shear layers originating at the tip of
the strakes reattach to the flat face of the model, as observed
in the flow-visualization photograph of Fig. 13a and identified
by the pressure rise in the C, plot of Fig. 14a. But the flow
cannot negotiate the sharp corners A and D and, hence, sepa-
rates once again, forming a large wake with strong, alternate,
and periodic (Karman-type) vortex shedding. The drag coeffi-
cient is high and close to the value of the basic model (Fig. 15¢).

For a small increase in ¢ above zero, the flow that separated
at corner A reattaches back to the surface AB, leading to a fall
in Cy, and a development of C,,, as observed for the basic
model and the type A pattern. At low values of ¢, the flow
slides smoothly over the strake S; because the magnitude of
the pressure differentials (Fig. 14b) for ¢ = 15 deg and AC);
are small (Fig. 15b). However, the flow turns sharply at strake
S,, producing substantial suction in the region between the

a) ¢

¢) ¢ = 60 deg
Fig. 13 Flow-visualization photographs of type C pattern.
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strake S, and the corner D. This leads to a considerable
negative value of AC,; and a steep fall in C,,. For ¢>20 deg,
flow direction around S; changes and positive pressures are
formed on its side 2. As a result, AC,, steadily falls and
becomes negative.

For ¢ > 40 deg, a separation bubble is formed and trapped
between the strakes S; and S, as observed for type A and B
patterns. Because of the suction created by this bubble, AC),
falls and AC,, rises. However, the bubble’s influence on C,, is
less prominent compared to type A and B patterns because the
space on which it acts is much smaller. Therefore, the steep
fall in C,, at high values of ¢ observed for type A and type B
patterns is not observed here. Instead C,, shows a modest rise,
which together with the negative values of C,, and AC,, causes
Cp, torise. Cp,, which peaked around ¢ = 20 deg and dropped
subsequently, starts rising again for ¢>40 deg due to the
increasing contribution of strakes (Fig. 15d).

Concluding Remarks

The results of this study have brought out some interesting
features of bluff body flows at subcritical Reynolds numbers.
Simple geometrical modifications, such as the installation of a
pair of strakes facing the airstream, can significantly change
the flow pattern, vortex shedding, and drag and lift coeffi-
cients of flat-faced noncircular cylinders.

In the axial flow, three types of flow patterns, called A, B,
and C, were identified for a certain flat-faced noncircular
cylindrical model. The type B pattern produced a drag coeffi-
cient of 0.42, giving an optimum drag reduction of about
81.5%.

The variation of crossflow angle produced interesting re-
sults. For the basic model, a small value of crossflow angle
leads to the reattachment of the flow on the top surface, an
increase in base pressure, a sharp fall in the drag coefficient,
and a quick buildup of lift coefficient. The drag and lift
coefficients assume, respectively, their first minimum and
maximum values at ¢ = 20 deg. A second minimum in drag
coefficient occured around ¢ = 45 deg when the adverse effect
of the windward corner vanishes to make the flow consider-
ably smooth and streamlined. At higher crossflow angles, the
drag coefficient drops again, assuming a third minimum at
¢ = 80 deg due to the suction formed on the bottom surface.

For the type A and C patterns, a small value of crossflow
angle produced flow reattachment followed by a sharp de-
crease in drag coefficient and a quick buildup of lift coeffi-
cient similar to those observed for the basic model. However,
for the type B pattern, the smooth tangential reattachment of
the flow found in axial flow and which produced an optimum
drag reduction was lost for an increase in the crossflow angle
beyond 7 deg leading to a sharp rise in the drag coefficient.
The flow direction, pressure distribution, and cross forces
over the strakes vary significantly with crossflow angle. At
extreme crossflow angles, a suction bubble is formed and
trapped between the strakes and influences the drag and lift
coefficients of the model.
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