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Axisymmetric Bluff-Body Drag Reduction
Through Geometrical Modification

Floyd G. Howard* and Wesley L. Goodman*
NASA Langley Research Center, Hampton, Virginia

The effect of shoulder radiusing and grooving (longitudinally and circumferentially) the afterbodies of bluff
bodies to reduce the base drag at low speeds is investigated experimentally. Shoulder radii as large as 2.75
body diameters are examined. Reynolds number (ReD) based on body diameter varied from 20,000 to
200,000. Results indicate that increasing the shoulder radius to 2.00 body diameters can reduce the drag levels
to those of a streamline body having 61% greater fineness ratio. For the relatively sharp shoulder case, body
drag reductions as large as 50 and 33% are obtained using circumferential or longitudinal grooves,
respectively.
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Nomenclature
= maximum body cross-sectional area
= groove depth measured on the downstream side of a
circumferential rectangular groove

-width of circumferential rectangular groove
-drag coefficient based on body cross-sectional area
-body diameter, 6.081 cm
= height of trip wire
-body length, t/D = 3
-number of grooves
- pressure
= freestream Reynolds number based on body

diameter
-afterbody shoulder radius
= surface distance measured from first tangency point

of shoulder (see Table 1)
- spacing between circumferential rectangular grooves
-freestream velocity
-body volume
= longitudinal distance from nose
= half-angle of conical afterbody,
= angle between longitudinal V

centerline, =19.4 deg
= cross sectional included angle of longitudinal V

groove, =90 deg

Subscripts
SB -streamline body

Introduction
¥7OR performance improvement and energy conservation,
JL it is desirable to reduce the base drag of bluff bodies such
as bombs, bullets, automobiles, trucks, buses, planetary-
entry shapes, and the upswept fuselage of some military
cargo aircraft. In recent years, as a result of dwindling
petroleum resources, increased emphasis has been focused
upon drag-reduction research for all forms of transporta-
tion. The drag on the aforementioned bodies is often
dominated by base or afterbody flow-separation effects (i.e.,
form or pressure drag). Estimates1 indicate that a 40%
reduction in automobile aerodynamic drag would result in an

-30 deg (Fig. 1)
groove and body
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increase in fuel economy on the order of 16%. By definition,
bluff bodies have a low fineness ratio (i.e., on the order of 3
or less). It is possible to eliminate most flow separation and
thereby obtain low drag coefficients even for such low
fineness ratios by moving the maximum body thickness far
forward and using a gradual afterbody closure. However,
this approach typically does not provide sufficient volume
for passengers, cargo, and motive power when the length is
restricted. Therefore, ground transportation bodies are
typically truncated rather sharply resulting in large form
drag.

Several techniques are available for reducing bluff-body
separation drag in the two-dimensional case, where the drag
is quite high, primarily due to vortex shedding.2 However,
these two-dimensional techniques, which usually control or
prevent vortex shedding, generally are not successful in the
axisymmetric or fully three-dimensional base-separation
case3'4 where typically it has proven to be much more dif-
ficult to reduce base drag. Two nonpassive techniques suc-
cessful in reducing flow separation in three-dimensional
cases are blowing5'12 (mass addition) or suction10"13 (mass
removal). Three-dimensional base flow separation can also
be reduced by passive techniques such as boattailing and
other geometrical modifications to the base region. A review
of afterbody drag reduction through 1) shoulder
radiusing,14"19 2) circumferential rectangular grooves,20 and
3) longitudinal V grooves18'21 has been conducted. The
results are compared and reported herein.

Experimental Apparatus
Experiments were conducted in the Langley 7x l l - in .

Low-Speed Wind Tunnel. A detailed description of this
closed-loop tunnel may be found in Ref. 22. The tunnel was
operated at stream velocities 5-45 m/s for the current study.
The stream velocity and Reynolds number were determined
from measurements with pitot-static pressure and total
temperature probes at the entrance of the test section. Direct
drag measurements were made with a floating-element
balance which consisted of a strut-support assembly, an air
bearing, and a force-measuring sensor. Flow-induced drag
on the model was transmitted directly to the force-measuring
sensor. Although this sensor was accurate to ±1%, repeated
measurements of the drag on a streamlined body indicated
10% repeatability.

Reference 23 describes the basic flow-visualization tech-
nique utilized in the present study. A small vertical wire was
coated with oil and heated to produce a sheet of closely
spaced, thin, smoke filaments. A short-duration flash to
freeze the motion was directed through the top of the tunnel
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and the camera was pointed through the side of the tunnel.
For some tests, a lateral cross section of the flow was
desired. To obtain this, an array of several vertical smoke
wires was placed laterally across the test section and the flash
was adjusted to illuminate a thin lateral cross section. A
small mirror positioned downstream of the illuminated cross
section directed this view to a camera.

Models
All models tested and reported herein were axisymmetric

with a maximum body diameter of 6.081 cm. Examples of
the four basic configurations tested are shown in Fig. 1.
These models, which had a cross-sectional area of 29.03 cm2

(4.5 in.2), were originally designed for a larger facility; hence
there is a blockage error on the order of 10% (determined
from the method in Ref. 24, as well as recent measurements
in a larger test section) in the present results. The actual drag
would be lower than the data quoted herein due to this
blockage; however, this correction should be approximately
on the same order for all of the configurations tested and,
therefore, differences between the results for the various
geometrical modifications should still be meaningful. Details
of the models with circumferential rectangular grooves are
shown in Fig. 2 and given in Table 1.

Several of the models were tested with boundary-layer
trips mounted ahead of the shoulder region. The trips were
two-dimensional wires mounted at various locations along
the body and varied in diameter from 0.63 to 0.99 mm. For
a particular body configuration, there was little effect of
changing the trip size or location. The exact trip used and
trip location will be specified during the data presentations.

The afterbody modification using longitudinal V grooves
consisted of four equally spaced grooves each with an includ-
ed angle (6V) of 90 deg. The angle 0BG formed by the bottom
of the V groove and the body centerline was 19.4 deg.

(a) STREAMLINE
BODY

(b) UNGROOVED
AFTERBODY

(0 CIRCUMFERENTIALLY,
GROOVED
AFTERBODY

(d) LONGITUDINALLY
GROOVED
AFTERBODY

CYLINDRICAL D = 6.081 cm

Fig. 1 Examples of test configurations.

FLOW FIRST TANGENT POINT
ON SHOULDER

\—INTER SECT I ON OF
\CYLINDERAND CONE

SHOULDER MODELS 2 & 4

SHOULDER MODEL NO. 7

j
—J U—0.18mm

Nl

SHOULDER MODEL NO. 8

Fig. 2 Details of the circumferentially (transverse) grooved after-
bodies.

Table 1 Details of circumferential grooves3

Surface distance (5), cm, for

Groove
No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

RSL

Model 7
a -0.203
ft -0.102
t = 0.025

S =

-0.457
-0.330
-0.203
-0.076

0.051
0.178
0.305
0.432
0.559
0.686
0.813
0.940

>-0

Model 8
a -0.203
ft = 0.102
t = 0.025

S-

-0.490
-0.363
-0.236
-0.109

0.018
0.165
0.312
0.457
0.605
0.752
0.899
1.044

RS/D

Model 2
a- 0.203
ft -0.102
/- 0.025

0 __

0.000
0.127
0.254
0.381
0.508
0.635
0.762
0.889
1.016
1.143
1.270
1.397
1.524
1.651
1.778
1.905

= 0.5

Model 4
a = 0.254
ft -0.254
r-0.051

S =

0.000
0.305
0.610
0.914
1.219
1.524
1.829
2.134
2.438
2.743
3.048
3.353
3.658
3.962
4.267
4.572
4.877
5.182
5.486

Rs/D=l.O

Model 27
a = 0.203
ft -0.102
f- 0.102

S =

0.503
0.706
0.909
1.113
1.316
1.519
1.722
1.925
2.129
2.332
2.535
2.738

RS/D=1.5

Model 28
a = 0.203
ft = 0.102
f = 0.102

5 =

0.653
0.856
1.059
1.263
1.466
1.669
1.872
2.075
2.278
2.532
2.685
2.888

RS/D = 2.5

Model 30
a = 0.203
ft -0.102
r = 0.102

5 =

0.686
0.889
1.092
1.295
1.499
1.702
1.905
2.108
2.311
2.515
2.718
2.921

aExcept for model 8, grooves are cut perpendicular to local surface. Model 8 has grooves cut perpendicular to model
centerline.
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Results and Discussion
Smooth Afterbodies with Shoulder Radiusing

The nominal minimum-drag configuration for a given
bluff body is shaped such that the boundary layer remains
attached on the entire surface, including the afterbody. Such
a configuration is the "streamline" body shown in Fig. la.
This body utilizes a gradual afterbody closure and a radius
of Rs/D=l.Q at the shoulder to minimize the pressure-
gradient effects that would separate the boundary layer on
smaller fineness ratio bodies.

In some practical applications, gradual afterbody closure
(such as that for the streamline body of the present study)
results in excessive vehicle length; therefore a more rapid
closure of the body is required (Fig. Ib). The major para-
meter which governs flow separation is the magnitude and
extent of the longitudinal adverse pressure gradient (dp/dx)
for a given flow condition. If the shoulder radius (RS/D) of
a highly truncated afterbody is small, then the longitudinal
pressure gradient becomes quite large. One obvious ap-
proach to reduce the pressure gradient and thus retard
separation is shoulder radiusing.14"19 As the radius is made
larger the pressure gradient becomes less severe and the flow
remains attached further around the shoulder region. This,
of course, reduces the base drag and thus the total drag as
shown in Fig. 3 where the bluff afterbody shoulder radius
(RS/D) varied from 0 to 2.75. Also indicated in the figure is
that, for a given radius, the flow remains attached over a
greater distance as the energy in the boundary layer is in-
creased with higher velocity or Re. For comparison, the drag
on the streamline body (F=5.0) is also shown in Fig. 3.

Flow visualization, shown in Fig. 4, indicates that the
boundary layer on the afterbody with RS/D = Q separates im-
mediately at the shoulder and does not reattach on the after-
body. For RS/D>\.59 the base drag appears to approach a
limiting value and, at the higher ReD, the afterbody with
RS/D = 2.QQ (and large closure angle of 30 deg) has approx-
imately the same CD level as the streamline body. This
favorable influence of afterbody shoulder radiusing was ex-
pected since previous research had indicated that shoulder
radiusing was an effective method for reducing base drag of
axisymmetric bluff bodies.14'19 The effects of shoulder
radiusing shown in Fig. 3 are directly related to the
mitigating effects of shoulder radius increases upon pressure
gradient.

As is well known, if the boundary layer is turbulent at the
shoulder, it can be expected to tolerate larger gradients on a
smaller shoulder radius before separating. Therefore, it is
important to examine the effects of tripping the boundary
layer. The effects of boundary-layer tripping ahead of the
smooth conical afterbody were determined by placing a
0.863-mm-diam wire ring on the nose of the bluff body 2.03
cm from the stagnation point, measured along the surface.
The drag data shown in Fig. 5 for this tripped boundary-
layer configuration are compared to the untripped (laminar)

configuration. For afterbodies where RS/D>Q, boundary-
layer tripping helps to keep the flow attached at lower ReD,
but the trip produces a significant drag penalty at the higher
ReD for RS/D = 2.15. The most important result shown in
Fig. 5 is that the tripped boundary layer still separates as
easily as a laminar boundary layer for an afterbody with
RS/D = Q. Therefore, the RS/D = Q case probably will benefit
the most from geometrical modification to bluff afterbodies
such as the circumferential rectangular or longitudinal V
grooves to be discussed in the next two sections, respectively.

Circumferential Rectangular Grooves
The concept of using transverse surface grooves for delay-

ing separation in diffusers evidently originated in the Soviet
Union.25'30 Research discussed in Refs. 12 and 31-33 also in-

Fig. 4 Flow visualization for ungrooved afterbody with
ReD^ 62,000, profile view of shoulder.

SOLID SYMBOLS-TRIPPED R$/D
OPEN SYMBOLS -NO TRIP o "61T

A 0.5.321-

.24

.16

O 2.75

-STREAMLINE BODY

J
0.04 0.16 0.20 x 106

Fig. 5 Effect of tripping boundary layers on models with un-
grooved afterbodies and RS/D = Q to 2.75.

.32

.24

STREAMLINE
R /D=1.0

0.04 0.20 x 106

Fig. 3 Afterbody drag variation with shoulder radius.

.24

OPEN GROOVES
5-12

-STREAMLINE BODY

0.12 0.16 0.20 x 106

Fig. 6 Influence of initial circumferential groove location on drag
for afterbody with Rs/D = ty model 7.
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dicates that grooves are effective in controlling separation.
References 25 and 30 suggest that the grooves function
similar to a "roller bearing." However, there are at least
three other mechanisms by which transverse grooves might
affect afterbody base drag; i.e., 1) the grooves may shed vor-
ticity which "energizes" the flow in the boundary layer,34 2)
the groove at the shoulder may increase the effective
shoulder radius locally, and 3) the grooves may act as a
boundary-layer trip. In the present paper, the effect of
grooving20 the afterbody circumferentially on axisymmetrical
bluff-body drag will be examined with zero and nonzero
shoulder radius. The influence of the boundary-layer state at
the shoulder of the afterbody will be explored also. Variation
in the number of open grooves on the circumferentially
grooved afterbodies was obtained by filling in selected
grooves with dental plaster.

Circumferentially Grooved Afterbodies, RS/D = Q
The influence of circumferential grooves on the drag of an

RS/D = 0 afterbody is shown in Fig. 6. The groove dimen-
sions (model 7) and location relative to the shoulder are
shown in Fig. 2 and Table 1. The rectangular grooves are
perpendicular to the surface with one circumferential V
groove centered around the shoulder. The data indicate that
grooves located at or downstream of the shoulder (i.e.,
grooves 5-12) had no drag-reduction effect on the afterbody
base drag; however, as the grooves ahead of the shoulder are
opened, a reduction in drag occurs at lower ReD. The
beneficial effect of the upstream grooves reaches an asymp-
totic level around the first or second groove.

Two groove orientations were examined: grooves perpen-
dicular to the surface (model 7) and grooves perpendicular to
the model centerline (model 8). Although not shown here,
the results indicated that the grooves perpendicular to the
local surface were superior in reducing drag at the high test
ReD (see Ref. 20).

The influence of a tripped boundary layer on the drag-
reduction effectiveness of a grooved afterbody (model 7)
with RS/D = Q is examined in Fig. 7. The boundary-layer trip
was a 0.99-mm-diam wire located 7.62 cm from the forebody
stagnation point measured along the surface. The drag levels
for the tripped boundary layer on the smooth ungrooved
conical afterbody are also shown. The data indicate that the
trip on the grooved body lowers the drag at lower ReD but
produces a drag penalty at the higher ReD. A comparison of
the grooved and ungrooved afterbodies shows that the
grooves can reduce the drag 35 and 54% for tripped and un-
tripped (laminar) boundary layers, respectively. This is par-
ticularly important since this indicates that the circumferen-
tial grooves may be effective for the higher ReD case.

Circumferentially Grooved Afterbodies, RS/D>Q
Figures 8 and 9 present the drag data for circumferentially

grooved afterbodies having a shoulder radius of RS/D = 0.5.
Details of these grooves are shown in Table 1 and Fig. 2.
The downstream side of the first groove coincided with the
upstream tangency point of the shoulder radius. Also,
groove 13 (model 2) roughly corresponds to the second
tangency point of the shoulder radius. Figure 8 shows the
drag reductions obtained by opening successive grooves
downstream of the first tangency point. As the second
tangency point is approached, the drag approaches an
asymptotic limit for a given ReD. It should be noted that the
first three grooves on model 2 actually increase the drag over
certain ReD ranges. The beneficial effect of the grooves on
separation is not sufficient to overcome the drag penalty of
the grooves. Results for different size grooves (model 4) were
similar to those for model 2 and are not shown.

Figure 9 examines the influence of the grooves near the
first tangency point when the downstream grooves are
opened. The data for grooves 7-13 on model 2 indicate the

O UNGROOVED BODY
A MODEL 7 (GROOVES 1 -12)

.32

.24

.08 STREAMLINE BODY

SOLID SYMBOLS -TRIPPED
OPEN SYMBOLS -NO TRIP

0.04 0.16 0.20 x 106

Fig. 7 Effect of tripping boundary layer on a circumferentially
grooved afterbody with /?5/D = 0.

.32

.24

.16

OPEN GROOVES

1 1 1
0.04 0.08

^STREAMLINE BODY

1 i 1
0.12 0.16

i 1
0.20 x 106

Fig. 8 Influence of number of circumferential grooves on after-
body drag with RS/D = Q.5; model 2.

.24

.16

OPENED GROOVES
8-137

STREAMLINE BODY

J
0.04 0.12 0.16 0.20 x 106

Fig. 9 Influence of initial circumferential groove location on after-
body drag with RS/D = Q.5; model 2.

drag reductions can be obtained with the first open groove
located downstream of the first tangency point. As the first
opened groove approaches the first tangency point, drag
reduction is obtained at lower values of ReD. As ReD is in-
creased the boundary layer becomes thinner and remains at-
tached further around the shoulder before separating. It is
near this separation point where the grooves evidently should
be placed.

Flow-visualization photographs for the grooved and
ungrooved afterbodies with RS/D = 0.5 aje shown in Fig. 10
for ReD - 50,000. The ungrooved afterbody configuration in
Fig. lOa indicates no turning of the streamlines, boundary-
layer separation just downstream of the first tangency point,
and no flow reattachment of the afterbody. This large region
of afterbody separation corresponds to the high drag levels
shown in Figs. 8 and 9 for the ungrooved afterbody with
RS/D = 0.5. Figure lOb shows that grooves placed between
the tangency points of the shoulder radius turn the stream-
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.32

Fig. 10 Flow visualization for afterbodies with RS/D = 0.5,
Re/D — 50,000, profile view of shoulder: a) ungrooved afterbody,
and b) model 2, open grooves 1-13.

.32

.24

.16

MODEL

O UNGROOVED BODY
A MODEL 2

(OPEN GROOVES 1-11)

SOLID SYMBOLS -TRIPPED
OPEN SYMBOLS -NO TRIP

0.12 0.20 x 106

Fig. 11 Tripped boundary layer on a circumferentially grooved
afterbody with RS/D = Q.5.

lines, move the separation point downstream, and greatly
decrease the regions of afterbody base separation.

It is believed from the interpretation of the flow-
visualization results (all flow-visualization results are not
shown here) that the dominant effect of the circumferential
grooves is to trade the large region of separated flow over
the ungrooved afterbody for smaller regions of separated
flow that occur in the indivdual grooves, i.e., a "slip" wall
boundary condition is imposed on the flow. It appeared
from the visualization results that the flow in the grooves
was relatively quiescent in the present tests, i.e., the grooves
did not act as a boundary-layer trip. Before the boundary
layer is able to separate and form a large separated base
region, it separates over the grooved cavity and forms a
smaller region of separation in the cavity. Downstream of
the cavity, the flow appears to reattach on the fin or land
separating the two grooves. Before the boundary layer is able
to thicken, separate, and form a large base separation
region, the second groove or cavity is encountered. In this
manner, the boundary layer on the afterbody is kept thin
which helps to keep the flow attached and the separation
regions small.

The influence of boundary-layer tripping on the cir-
cumferentially grooved afterbody with RS/D = 0.5 (model 2)
is given in Fig. 11. The boundary-layer trip was a 0.635-mm-
diam wire located 2.03 cm from the forebody stagnation
point measured along the surface. Drag data for a tripped
boundary layer on the ungrooved afterbody with RS/D = 0.5
are also shown for comparison. Except for low ReD, the
data indicate that the circumferential grooves are effective

O 4 LONGITUDINAL V-GROOVES
• MODEL 7 (TRANSVERSE RECTANGULAR

GROOVES 1 - 12 OPEN)

STREAMLINE BODY

0.20 x 106

a)

.32 r

.16

.08

O 4 LONGITUDINAL V-GROOVES
A MODEL 2 (TRANSVERSE GROOVES 1 - 10 OPEN)
• MODEL 2 (TRANSVERSE GROOVES 8 - 13 OPEN)

STREAMLINE BODY

0.04 0.20 x 10b

b) D
Fig. 12 Longitudinal V grooves compared to circumferential
(transverse) rectangular grooves: a) RS/D = Q: and b) RS/D = Q.5.

b)
Fig. 13 Example of visualization data in a lateral plane near the
base apex, rear view of base apex: a) without grooves and b) with
longitudinal V grooves.

only if the boundary layer ahead of the shoulder is laminar,
as in the untripped case. At the higher ReD, the grooves pro-
duce an increase in drag for the tripped boundary layer.

Although not shown here, the drag results on models
where Rs/D=l.O, 1.5, and 2.5 (see Table 1) indicated that
the effectiveness of circumferential grooves, even for a
laminar boundary layer, is greatly diminished at the higher
values of RS/D approaching 1.5, i.e., the grooves can be
used in lieu of shoulder radiusing. Therefore, indications are
that circumferential grooves will have application only to
bodies where RS/D< 1.0.
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Fig. 14 Effect of 0B for longitudinally V-grooved afterbody
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Fig. 15 Drag and volumetric efficiency for grooved and ungrooved
afterbodies.

Longitudinal V Grooves
An example of an afterbody with four longitudinal V

grooves is shown in Fig. Id. Examples of drag reduction that
can be achieved by use of longitudinal V grooves18'21 cut
through the bluff afterbody shoulder region are shown for
RS/D = 0 and 0.5 in Fig. 12, where a comparison is made
with the transverse grooves discussed previously.

The mechanism believed to cause this reduction is il-
lustrated by comparing cross-sectional smoke-flow patterns
for a longitudinal station near the apex of the conical base
(see Fig. 13). These flow-visualization data indicate that the
smoke lines continue to be bowed outward as they pass the
apex of the smooth (ungrooved) afterbody. However, a very
noticeable difference occur, when grooves are employed.
Figure 13b shows that the smoke lines are drawn inward in
the region of the V grooves suggesting that the flow remains
attached in the grooves. Furthermore, the residual separated-
flow regions on the grooved model (Fig. 13b) are of con-
siderably smaller extent than the corresponding pie-shaped
sections on the smooth model (Fig.. 13a). These visualization
results suggest the following drag-reduction mechanism: the
bottoms of the grooves (which begin upstream of the
shoulder) have a much smaller afterbody closure angle (19.4
deg) than the surface of the afterbody (30 deg). Therefore,
the flow in the grooves remains attached and probably pro-
vides an ejector-like pumping action for the remaining, fully
three-dimensional, separated-flow segments of the afterbody.
Such ejector-like action is probably also provided by the
side-edge vortices.

Up to this point all bluff afterbodies discussed had a
closure angle 6B of 30 deg. However, during the study18 of
longitudinal V grooves, additional closure angles of 45, 60,

and 90 deg were investigated with RS/D varing from 0 to
1.5. The V grooves generally reduced drag for all combina-
tions of closure angles and shoulder radii when 6BG (the
closure angle of the V groove) was 19.4 deg. Also, drag was
decreased slightly for RS/D = 0 as the closure angle increased
from 30 to 90 deg for both the grgoved and ungrooved
cases. This effect diminished as RS/D was increased from 0
to 1.5. For the ungrooved case, this is in agreement with the
well-known "Kammback" principle (i.e., only slight effect
of closure angle on drag once separation has occurred). The
slight decrease (see Fig. 14) in drag with increase in 0B on the
grooved models is probably at least partially due to the
decrease in the remaining axially projected base surface area.

Volumetric Efficiency with and without Grooves
It is quite obvious that if drag is reduced by either type of

groove or by increasing the shoulder radius, the available
volume is decreased. Therefore, some of the data will now
be compared on a volumetric efficiency basis. It is assumed
herein that a suitable measure of volumetric efficiency is the
body volume per unit of drag force. The dimensionless
parameter V/CDAt for a bluff body (£/£) = 3.0) is ratioed to
that for the streamline body (t/D = 4.966) in Fig. 15. Note
that V/i is the volumetrically effective cross-sectional area.
The figure shows that although both types of grooves can
produce some improvement (over the ungrooved case) in the
volumetric efficiency, a larger improvement occurs from the
shoulder radiusing at the higher range of Re tested.

Unanswered questions include 1) How would these after-
body modifications compare at much higher Rel', 2) What
would be the effect if the boundary layer were naturally fully
turbulent?; 3) How would combining the circumferential and
longitudinal grooves or skewing the grooves affect the
results? Further tests are needed to answer these questions.

Concluding Remarks
Experimental investigations were conducted to determine

if there are conditions under which geometric modifications
to the aft shoulder region would reduce drag on highly trun-
cated bluff bodies for a range of Reynolds numbers based on
body diameter (ReD) between 20,000 and 200,00.

The results indicated the following:
1) For ReD> 100,000, shoulder radiusing (Rs) relative to

body diameter (D) of RS/D = 2.0Q was found to reduce the
body drag to levels equivalent to a streamline body having
67% greater fineness ratio. The drag reduction is accom-
plished through a reduction of the adverse pressure gradient
(dp/dx).

2) Circumferential grooves cut perpendicular to the local
surface were found to provide net body drag reductions on
the order of 50 and 35% with zero shoulder radius for
laminar and tripped boundary layers, respectively.

3) For RS/D = Q.5, circumferential grooves are effective
only for laminar boundary layers approaching the shoulder.

4) The data indicate that, to be effective, the circumferen-
tial grooves must be located in the region where the
longitudinal pressure gradient is sufficiently large to cause
separation.

5) The major drag-reduction mechanism of the cir-
cumferential grooves appears to be one of substituting
several smaller regions of separation for a larger separated-
flow region (e.g., obviate the usual no-slip, boundary
condition).

6) Application of the circumferential grooves to after-
bodies where the flow remains attached for some reason
generally results in a drag penalty.

7) The V grooves are most effective in reducing drag when
the afterbody shoulder radius is zero. Reductions in drag on
the order of 33% were measured for this condition.
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8) The longitudinal grooves are effective only at the lower
Reynolds numbers of the present tests for large shoulder
radius.

9) The drag-reduction mechanisms for longitudinal V
grooves appears to be associated with a) attached flow in the
grooves, and b) the ejector (pumping) action of the attached
groove flow on residual (highly three-dimensional) separated
flow regions.

10) Afterbody shoulder radiusing appears to be a more ef-
ficient technique for reducing bluff-body base drag than
either circumferential or longitudinal grooving except at the
lower ReD.
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