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Drag Reduction of Afterbodies by Controlled Separated Flows
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The zero-lift drag characteristics of a class ofmultistepafterbodies thatutilize the concept of controlled separated
� ows are documented at transonicand supersonic speeds. The importantgeometricaland � ow parameters affecting
the drag of such afterbodies are identi� ed, and their effects are examined through a parametric study. The results
show that multistep afterbodies can be designed that provide signi� cant total drag reduction (as high as 50%)
compared to (unmodi� ed) blunt bases; however, compared to axisymmetric boattailed afterbodies of a given base
area, the multistep afterbodies have relatively higher drag. Finally, the certain � ow features involving separation
and reattachment on multistep afterbodies are discussed based on � ow visualization studies.

Nomenclature
Ab = base area
A f = forebody area
CD A = afterbody total drag coef� cient, drag force/ (q 1 ¤ A f )
CD B = base drag coef� cient, base drag/ (q 1 ¤ A f )
CD P = afterbody pro� le drag coef� cient, CD A ¡ CD B

C pb = base pressure coef� cient, ( pb ¡ p 1 ) /q 1
D = base diameter, 16 mm
D f = forebody diameter, 25 mm
h = step height
L = total length of body, 305 mm
La = length of afterbody (Fig. 2)
l = step length
M 1 = freestream Mach number
N = number of steps
pb = base pressure
p1 = freestream static pressure
q 1 = freestream dynamic pressure
ReL = freestream Reynolds number based on L
xR = average distance to reattachment from step face
b = boattail angle
d ¤

0 = displacement thickness ahead of step
h 0 = momentum thickness ahead of step

I. Introduction

T HE problem of turbulent base � ows and the drag associated
with them has been of considerable interest in projectile, mis-

sile, and combat aircraft design. Numerous studies in the literature
have been devoted to reducing base drag in both two-dimensional
and axisymmetric cases.1,2 Methods that have been found effec-
tive on axisymmetric bodies include boattailing,3 base bleed,4 base
combustion,5 locked vortex afterbodies,6 and ventilated cavites.7

On axisymmetric bases, because the vortex shedding phenomenon
is relatively weak (unlike on two-dimensional bases), it has been
argued2 that base drag reduction results primarily from the alter-
ation of the mean � ow caused by the device.

It was shown by Kent� eld8 that a multistepafterbody(Fig. 1) that
utilizes the concept of controlled separated � ows can offer signi� -
cant drag reduction;he found 60% base drag reduction compared to
an (unmodi� ed) blunt base using a three-step model at low speeds.
Stepped afterbodies result in a number of toroidal vortices, and in
a broad sense, they may be identi� ed with “separation control by
trappedvortices”discussedby Ringleb,9 with one major difference.
For achieving drag reduction, the vortices generated at the annular
steps have to be weak in contrast with a strong vortex, which is a
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major featureof separationcontrolusinga standingor a trappedvor-
tex; locked afterbodies,6 which involve a stable vortex between the
base and a circular disk mounted downstream, utilize this concept.

Encouraged by the results of Kent� eld,8 Wikoff et al.10 exam-
ined the effectiveness of the stepped afterbody concept on a spin
stabilized 20-mm-diam projectile in a ballistic range. Three con� g-
urations, namely, a � at base, a stepped afterbody, and a truncated
boattail ( b =7.3 deg), were tested in the Mach number range of
0.52–3.14. The results for zero-lift drag demonstrated that, whereas
the stepped afterbody offered lower drag compared to the � at base,
the boattailed base was more effective in reducing the drag further
by approximately 20%. The performance of the stepped afterbody
concept was further examined by Kidd11 on a � n-stabilized missile
model (which is a cleancon� gurationunlike the projectilegeometry
with rotatingbandsusedbyWikoffet al.10) in a free-� ightaeroballis-
tic range in the Machnumber range0.6–1.16.Ninedifferentstepped
afterbodies(see Ref. 11 for furtherdetails), in additionto a � at base,
were tested. The stepped afterbody (con� guration E), which gave
the highestdrag reduction(approximately14%) comparedto the � at
base,was found to be less effectivecompared to a truncatedboattail
base having the same convergence angle and afterbody length as
con� guration E. The results of Wikoff et al.10 and Kidd11 broadly
suggest that steppedafterbodiesmay notbe as effectiveas boattailed
afterbodies in reducing the base drag; however, in their work, the
boattailed and multistep afterbodies had different base areas and,
therefore, drag comparisons can be only be viewed as approximate.

The earlier studies10,11 appear to have been motivated by design
applications, and little information exists on the parameters that
may in� uence the drag of such stepped afterbodies. As a result,
the bene� ts that are realizable from multistep afterbodies have not
emerged from earlier work.

In this paper, an attempt has been made to the study the zero-lift
drag characteristics of a class of multistep afterbodies at transonic
and supersonic Mach numbers. The stepped afterbodies have been
chosen to have a common step height and uniform spacing. The
important geometricaland � ow parameters relevant to the design of
such afterbodies have been identi� ed, and a parametric study has
been conducted assessing the different effects. The drag character-
istics of multistep afterbodieshave been compared with the drag of
axisymmetric afterbodies12 with circular arc and conical boattails
for the same base area. The results show that multistep afterbodies
do offer signi� cant total drag reduction compared to an (unmodi-
� ed) blunt base; however, compared to axisymmetric boattails of a
givenbase area, themultistepafterbodiesare lesseffectivein provid-
ing drag reduction. Certain � ow features involving separation and
reattachment on stepped afterbodies are discussed based on � ow
visualization studies.

II. Design of Multistep Afterbodies
A multistep axisymmetric afterbody (Fig. 1) consists essentially

of a number of annular backward facing steps ahead of the base. A
toroidal vortex results from the separationand reattachment at each
step. For achievingdrag reduction, the vortex generatedat each step
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Fig. 1 Flow past a multistep afterbody.

Fig. 2 Geometric details of multistep afterbodies.

has to be necessarilyweak so that the base drag penalty at each step
can be minimized. Design of multistep afterbodies (MSA), there-
fore, involves selection of the right combination of step numbers
and step geometry (height and spacing) for a given application.

For simplicity,we consideran idealizedsteppedafterbody(Fig. 2)
with a common step height h and separated by a uniform distance l.
As we shall see, the ratio of step length to height l / h is an important
parameter in the problem because it governs shear layer reattach-
ment. It is known that the base drag at a single back step geometry
can be minimized if the step height h is chosen comparable to the
boundary-layer displacement d ¤

0 or momentum thickness h 0 ahead
of the step.13,14 In the contextof a multistep con� guration,however,
the � ow is more complex, involving separation and reattachment
at every step, and a relevant viscous length scale that can be used
to guide the selection of step height is not known a priori. As an
initial guess, we have chosen d ¤

0 (or h 0 ) in our analysis. With a tur-
bulent boundary layer approaching the afterbody, the base pressure
and total afterbody drag may be considered to depend on 1) � ow
parameters M 1 and ReL , 2) afterbody parameters D f , D, h, and l,
and 3) number of steps N .

With a turbulentboundarylayeraheadof the base, it is appropriate
to choose d ¤

0 or h 0 (just ahead of the � rst step) representing the
Reynolds number effects. Dimensional analysis suggests
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where C pb and CD A are normalized by forebody cross-sectional
area. This provides a framework for analyzing the base and total
drag characteristicsof MSA.

III. Experiments
A. Test Facility

Experiments have been performed in a 30 £ 38 cm trisonic wind
tunnel in the Mach number M 1 range 0.7–1.0. The transonic test
section was slotted with 8% open area ratio on the top and bottom

walls. The freestream Reynolds number [based on model length of
30.5 cm (Fig. 3)] varied between 8 £ 106 and 9.5 £ 106 in the given
Mach number range. To assess the typical performance of MSA in
supersonic � ow, experiments were conducted at a Mach number of
2.0, and the correspondingReynoldsnumberReL was 10 £ 106 . The
supersonic test section had dimensions of 30 £ 30 cm and utilized
� xed-block nozzle liners.

B. Model Support System and Balance
The model support system, along with the afterbody and drag

balance, is shown in Fig. 3. The model was supported using a thin
wing section between two forksof rectangularcross section, similar
to that employed in many earlier investigationsinvolving afterbody
studies.15,16 The metric part of the model (Fig. 3) consistedof a � xed
cylindrical section 30 mm long and removable afterbody 100 mm
long. Different afterbody models, either multistep or conventional
boattails, with a length La of 100 mm can be � xed to the balance.
The balance (designed for an axial force of 2.25 kg) measured the
total drag force experienced by the metric part of the model. The
model boundary layer was tripped in the nose region (using size 40
caborundumparticlesover a width of 3 mm) at a distance of 25 mm
from the apex. Base pressurewas measured on the model centerline
at the last step face, usinga static pressureport � ush with the surface
(Fig. 3).

A discussion of likely interference effects due to the model sup-
port system is appropriate.Although total eliminationof model sup-
port system interference effects in the experimental study of after-
body � ows in conventional wind tunnels is almost an impossible
task, tremendous care was exercised in the design of the model
support system, keeping in view possible transonic and supersonic
interference effects. The support system was designed primarily to
withstand the aerodynamic starting loads at Mach 2.0. As a result,
the (maximum) solid blockage of the model including the support
system at section AA (Fig. 3) was about 1.5% (about 0.5–1% is
desirable). From an examination of the wave system from the body
nose, fork tip, and wing leading edge and of their (corresponding)
re� ections from the (solid) tunnel wall, it was con� rmed that the
base or near-wake � ow was free from wave interference at Mach
2.0 (Ref. 12). The wing–body junction is another source that can
cause some degree of asymmetry of the � ow over the axisymmetric
body. Although this effect cannot be eliminated, due attention was
given while designingthe model support system (Fig. 3). Relatively
thin wings, which would just meet the strength and rigidity require-
ments, were used to support the model. No direct check on � ow
axisymmetry could be made due to the relatively small thicknessof
the boundary layers (about 4 mm) on the body. The surface � ow vi-
sualization photographs (to be discussed in Sec. IV.C), which were
taken normal to the plane of the wing support, do provide some
evidence that asymmetric � ow features on the steps were small.

The � ow inclination in the tunnel is less than 0.1 deg, and all of
the measurements were made with the axisymmetric model at zero
incidence. Although the support system design was such that the
model would become locatednominally at zero incidence, care was
taken to install the model at zero incidence using an accurate incli-
nometer. In view of the differentmeasures taken (discussedearlier),
support interferenceeffectsare expected to be small. Furthermore,a
major interest in the study is to evaluate the relative merits of MSA
with axisymmetric boattails, and minor interference effects should
not signi� cantly affect the conclusions drawn.

C. Afterbody Models
The MSA investigatedincludeda familyofmodelswith two, four,

and eight steps, as shown in Fig. 2. All of the models had a length of
100 mm and base to forebody cross-sectional area of 0.41. As dis-
cussed in Sec. II, the step heighthas been chosenbasedon boundary-
layer displacement thickness d ¤

0 ahead of the � rst step. Because the
boundary layer growing on the axisymmetric model is relatively
thin (estimated to be about4 mm ahead of the base), velocitypro� le
measurements could not be made on the model. Instead, turbulent
boundary-layer calculations using the lag-entrainment method of
Green17 were made, correspondingto tunnel test conditions(assum-
ing zero pressuregradienton the body). Based on these calculations,
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Fig. 3 Model support system, afterbody and balance.

an averagevalue of d ¤
0 of 0.55 mm at locationA (Fig. 3) was chosen

in the M 1 range of 0.70–0.95; similarly, d ¤
0 value of 0.80 mm was

chosen at M 1 = 2.0.
To providea criticalassessmentof thedragreductionperformance

of these MSA, we have compared with the drag results obtained
on axisymmetric boattails from an earlier study12 using the same
wind tunnel, model support system, and balance as shown in Fig. 3.
These axisymmetric afterbodies involved both conical and circular
arc pro� les with different boattail angles and had the same base-to-
forebody area ratio of 0.41. More details are available in Ref. 12.

D. Measurements
The measurementsfor each blowdownconsistedprimarilyof out-

puts from the drag balanceand differentpressuretransducers,which
were acquired and processed on a personal computer 486 system.
The tunnelstagnationpressurewas measuredwith a 1035-kPatrans-
ducer. Two 17-kPa transducers were employed to measure the dif-
ferencesbetween the freestreamstatic and the base pressureand be-
tween the freestreamstatic and the split pressure. The split pressure
was measured in the narrow gap between the metric and nonmetric
portions of the model (Fig. 3). Extensive surface � ow visualiza-
tion studies (using titanium dioxide in the oil with oleic acid) and
schlieren photography were carried out to infer � ow features on
multistep con� gurations.

E. Measurement Uncertainties
Uncertainties in the measured data estimated using the method-

ology of Kline and McClintock18 and consideringdata repeatability
are

D CD A = §0.02CD A (20–1)

D C pb = §0.015Cpb (20–1)

where CD A is normalized by the forebody cross-sectional area and
C pb is the conventional base pressure coef� cient with respect to
freestream conditions.

IV. Results and Discussion
We presenttheexperimentalresultsof thedifferentcomponentsof

the total afterbody drag, as in� uenced by the important geometrical

parameters(discussedin Sec. II). The measureddragoutputfrom the
balance is corrected for the internal force due to the split pressure,
and base pressure is assumed uniform in the calculationof the base
drag coef� cient.

Figures 4–6 show results of base pressure coef� cient C pb , after-
body total drag coef� cient CD A , and afterbody pro� le drag coef-
� cient CD P at transonic Mach numbers of 0.7, 0.8, 0.9, and 0.95,
and Mach 2.0. The pro� le drag CD P consists of two components,
namely, the base drag due to steps and the contribution due to skin
friction ahead of the step. Because the skin friction is a small frac-
tion (typically less than 20% of CD P ), CD P essentially represents
the drag due to step � ows. This is obtained by subtracting the mea-
sured base drag from CD A (CD P =CD A ¡ CD B ). The results shown
in Figs. 4–6 bring out the dependence on the two important param-
eters, namely, l / h and h / d ¤

0 .
Observe (Figs. 4–6) that the MSA con� guration does offer sig-

ni� cant total drag reduction compared to a blunt base: It is as high
as 50% at transonic Mach numbers and about 25% at M 1 = 2.0
for the smallest step height (h =0.56 mm) chosen in the present
work. The larger the step height h is compared to boundary-layer
displacement thickness d ¤

0 the lower the drag reduction.This is con-
sistent with our expectationbased on available results on single step
� ows.13,14

A. Effect of Step Length
For short steps (l / h ! 0), the total afterbody drag CD A can have

values as high as the unmodi� ed blunt base, that is, without any
step (see Figs. 4–6). Drag levels of l / h ! 0 correspond to high
base drag condition and arise due to � ow separation at the � rst
step itself, as revealed by surface and schlieren visualization (to be
discussedin Sec. IV.C). This is not surprisingbecausethe shear layer
reattachment cannot occur on the step when l is small in relation
to h; in such cases, the separated shear layers meet and close in
the near wake. The multistep concept is, therefore, ineffectivewhen
l / h ! 0.

Interestingly,the (maximum) base pressure[measured at the base
(Fig. 3)] occurred around l / h = 4–6 at the different Mach numbers
investigated (Figs. 4–6). As we shall see in Sec. IV.C, the range of
l / h also corresponds to the zone of shear layer reattachmentfor the
different steps.
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Fig. 4 Base pressure, afterbody pro� le drag, and total drag character-
istics: M 1 = 0:70 and 0.80. (Legend shown is common to all parts of the
� gure.)

Minimum afterbodytotal drag, which is relevantfrom an applica-
tionor designpointof view, is obviouslyin� uencedby thevariations
of C pb (or CD B ) and CD P with step length. A useful guideline that
emerges from the results shown in Figs. 4–6 is that minimum CD A

occurs in the range l / h =4–10 at different Mach numbers except at
M 1 =0.95 (where CD A shows a continuous decrease with l / h).

B. Effect of Initial Boundary-Layer Thickness
The effect of initial boundary-layer thickness has been brought

out at the different Mach numbers in Figs. 4–6. It is interesting that
both CD A and CD P generallyre� ect trends that may be expected13,14

due to the effect of initial boundary-layer parameter h / d ¤
0 ahead

of the � rst step; that is, at a given l / h, both CD A and CD P show
a gradual decrease with decreasing value of h / d ¤

0 . These results
suggest that, although the � ow past a MSA is complex, involving
repeatedseparation–reattachmentprocesses,the choiceof the initial
d ¤

0 (aheadof the � rst step) for scalingthe step heightin designmay be
appropriate. The larger the boundary-layer displacement thickness
d ¤

0 is relative to the step height h, the lower the drag that is associated
with steps and the total drag of a MSA.

C. Flow Features on MSA
As stated in Sec. II, the � ow phenomena on MSA are dominated

by boundary-layerseparationand reattachmentat each step, and the
parameter, namely, the ratio of step length to height l / h is a impor-
tant factor in� uencing the total drag. Samples of � ow features on
MSA from surface � ow and schlieren visualization are presented
in Figs. 7 and 8, respectively. For small values of l / h(<3), the
boundary layer separatesat the � rst step (Figs. 7a and 8a) and shear
layer closure occurs in the near wake; the step � ow is buried in
the near-wake separated � ow resulting in high drag values [com-
parable to the blunt base (Figs. 4–6)]. Examples of surface � ow

Fig. 5 Base pressure, afterbody pro� le drag, and total drag character-
istics: M 1 = 0:90 and 0.95. (Legend shown is common to all parts of the
� gure.)

Fig. 6 Base pressure, afterbody
pro� le drag, and total drag
characteristics: M 1 = 2:0. (Leg-
end shown is common to all parts
of the � gure.)
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a) Four-step model: l = 2:5 mm, h = 1:125 mm

b) Eight-step model: l = 5 mm, h = 0:56 mm, xR /h = 4:1

c) Four-step model: l = 10 mm, h = 1:125 mm, xR /h = 4:4

Fig. 7 Surface � ow features on MSA: M 1 = 0:90.

a) Two-step model: l = 5 mm, h = 2:25 mm, l/h = 2:22

b)Four-step model: l = 10 mm, h = 1:125 mm, l/h = 8:88, xR/h = 4:4

Fig. 8 Schlieren photographs of � ow past MSA: M 1 = 2:0.

features presented in Figs. 7b and 7c (and other cases not included
here) show that the shear layer reattachment xR for the different
MSA con� gurationshas an averagevalue in the range 4h–6h. Inter-
estingly, the minimum base drag condition (l / h =4–6), therefore,
corresponds to the boundary layer on the step surfaces in a nearly
incipientreattachmentstate before subsequentseparationat the next
step. The rangeof l / h = 8–12, which correspondsto minimum total
drag (Figs. 4–6), represents� ow conditionswith a closed bubble on

Fig. 9 Drag reduction from MSA and comparision with conical and
circular arc boattails.

each step (like � ow past a backward facing step) and some recov-
ery of the boundary layer before subsequent separation at the next
step. The schlieren photograph at M 1 = 2.0 (Fig. 8b) does reveal
features of expansion fan and reattachment shock at each step, as
may be expected for a closed bubble. For large l / h( ¸ 12), the skin-
friction drag following reattachment at each step presumably (due
to increasedwetted area) contributesto the increasedtotal afterbody
drag. It is a dif� cult task to estimate the skin-frictioncharacteristics
in a rehabilitating turbulent boundary layer following reattachment
at each step.

D. Comparison of Drag Characteristics
of MSA with Axisymmetric Boattails

We now compare the measured minimum values of afterbody
total drag of MSA against the minimum total drag of axisymmet-
ric boattailedbases having conical and circular arc pro� les with the
same base area; these resultsare availablein Figs. 5 and 7 of Ref. 12.
The drag comparisons are shown here in Fig. 9. Observe that, com-
pared to an unmodi� ed blunt base con� guration, MSA offer sig-
ni� cant total drag reduction (in the range of 25–50%, depending
on freestream Mach number), which is much larger than that re-
ported in the literature.10,11 However, circular arc boattails have the
lowest drag, and the conical boattails fall in between. These results
show that, for a given base area, MSA may, in general, have rela-
tivelyhigher total drag comparedto axisymmetricboattails.A broad
comparisonof measuredCD P values of MSA (Figs. 4–6) with those
on circular arc boattailed models (Fig. 6 in Ref. 12) at M 1 = 0.70,
0.90, and 2.0 indicates that the higher drag of MSA is contributed
to appreciably by the drag due to step � ows. In essence, the mo-
mentum losses associated with separation–reattachment process at
each step is a major factor contributing to the increased total drag
of multistep con� gurations.

V. Conclusions
Experiments have been performed at high speeds assessing the

drag reduction potential of a class of MSA with a common step
height and uniform spacing of steps. The geometrical and � ow pa-
rameters relevant for the design of MSA have been identi� ed, and a
systematic parametric study has been carried out examining the dif-
ferenteffects.In particular,theeffectsof step length,step height,and
the initial boundary-layer thickness on drag have been brought out.

The results show that, with a proper design, MSA can offer sig-
ni� cant total drag reduction (25–50%) compared to an unmodi� ed
blunt base, which is much larger than that reported in the litera-
ture. However, compared to conventionalaxisymmetricafterbodies
with circular arc or conical boattails of a given base area, the MSA
have relatively higher drag, which is a result of increased momen-
tum losses associated with the separation–reattachment processes
at each step. Certain gross � ow features on MSA based on � ow
visualization studies are discussed, and some guidelines useful for
the design of MSA for minimum drag have emerged.

The presentstudy has examinedonly one family or class of MSA,
and other designs, for example, involving nonuniform step height
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and spacing and possibly a combination of steps and boattailing,
could offer larger drag reduction than those reported here.
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