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Abstract: Experiments have been performed on several boat-tailed afterbod-
ies and sting combinations with a view to assessing sting corrections on
afterbody drag at transonic speeds. Measurements made included afterbody
total drag and base pressure in the Mach number range of 0.6 - 1.0 and at
relatively high Reynolds number. Correlations of base pressure and boat-tail
pressure drag for the sting diameter and flare effects have been proposed using
dimensional arguments. The correlations provide quick and reliable estimates
of corrections to the zero lift drag of axisymmetric bodies with either contoured
or conical boat-tailing.

1* Introduction

Wind tunnel testing of aircraft, missile and other axisymmetric models
generally involves rear-mounted sting supports and the aerodynamic
interference offered by them continues to be a problem, particularly at
transonic Mach numbers. The aerodynamic quantity most affected is the
drag of the afterbody in view of its proximity to the support system,
although effects on lift and pitching moment can be important in many
cases. Reliable methods for providing corrections to the measured data
are required before the data can be used in design or for extrapolation
to flight conditions. The flow field behind a blunt base in the presence of
the support system is sufficiently complex that rational prediction
procedures for determining corrections would involve elaborate comput-
ing and hence are not generally suitable for day to day wind tunnel
testing practice. Hie emphasis therefore has been to provide empirical
correlations, which may have their own limitations.

The total afterbody drag coefficient, CDA, which is composed of the boat-
tail pressure drag, CDp, the boat-tail skin friction drag, CDP, and the base
drag, CDB, depends on a number of geometrical parameters of the
afterbody, sting and relevant flow parameters approaching the after-
body. A schematic of an afterbody-sting combination, defining various
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geometrical parameters is shown in (jFig.l) Sting effects may be classi-
fied under sting diameter and flare effects; the latter, in turn, depends
on the location of flare from the base. For 1 —> 0 or dj/1 --> °°, the flare
begins at the model base and we shall refer to this geometry as a tapered
sting; for I --> ~ or d /̂1 --> 0, only the sting diameter effect prevails. It is
clear that the location of the flare relative to the base is an important
parameter in the problem.

Experimental investigations have provided the most valuable informa-
tion on sting effects. Although a large body of data on sting effects exist
in literature (seeTuttle& Gloss 1981;Tuttie & Lawing 1984), systematic
studies at transonic speeds devoted to providing data even for correla-
tion purposes are very few. Most earlier studies have dealt with specific
afterbody-sting combinations, possibly because of their relevance in
practical applications.

A major source of data resulted from a systematic parametric study
carried out by Cahn (1958) in the Mach number range 0.8 to 1.10 and at
relatively high Reynolds number. Tests were made on a variety of
afterbody models and stings and data of base pressure and boat-tail
pressure drag were reported. However, the tests included very few
afterbody models in th§ lower range of {5 (say, less than 16 deg.) which
are more often encountered in practice. Based on these data, Cahn also
presented an approximate (empirical) method for sting corrections valid
for the geometrical parameters of the afterbody-sting combinations
studied by him. t»

McDonald and Hughes (1965) utilized Cahn's as well as other data in
literature with jet effects and presented a method of correlation of
afterbody drag in the presence of propulsive jet or support sting. Their
empirical correlation is based on the observation (resulting from their
data analysis) that, for a given afterbody, there exists a relationship
between the base pressure and the boat-tail pressure drag, independent
of the mode of realising base pressure. Their correlations (for both
curved and conically boat-tailed bodies) were assumed valid in the Mach
number range 0.6 to 0.9 and for attached flow on the afterbody. The
general validity or the usefulness of their correlation (based on limited
data available at that time) does not seem to have been assessed in
literature.

Sykes (1973), based on a limited series of tests on two conically boat-
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tailed afterbodies in the Mach number range 0.7 to 1.15, suggested a
correlation for the total afterbody drag. In addition, he modified an
expression given by Tunnel (1954) for the flare effect and suggested a
correlation for the base pressure (Fig.2); it may be seen that the
correlation is applicable for 1 > 2 db and that the flare effect diminishes

From the preceding discussion it appears evident that not much useful
data exist in literature even for attempting generalized correlations for
sting effects on afterbody drag at transonic speeds. The present work is
an attempt to fill this lacuna to some degree and to provide generalised
correlations useful for quick estimation of sting corrections. Tapered
stings (1 --> 0) are considered in this work in view of their wide applica-
tion; correlation for sting diameter effect are also included.

Experiments have been performed in a 38 cm x 30 cm transonic wind
tunnel in the Mach number range 0.7 to 1.0. The free stream Reynolds
number (based on model length of 30.5 cm, Fig.S) varied between 8xl06

- 9.5xl06 in the above Mach number range.

A sketch and photograph of the model support system along with the
afterbody model and sting are showninFigs.3,4 respectively. Themetric
part consists of a 30 mm long cylindrical section and a removable
afterbody 100 mm long (Fig. 3). The balance (designed for a load of 51b)
measures the total axial force (drag) experienced by the metric part of
the model. Total drag measurement facilitates direct assessment of
afterbody drag changes due to the presence of the sting. Base pressure
is measured at a single location on the model centreline. The stings were
fixed (from the rear portion of the fork support system) in such a manner
which would allow a narrow gap (about 0.5 mm) between the base plane
and the front face of the sting. This arrangement enabled quick removal
or fixing of a sting with ease. All tests were carried out at zero incidence.
The model boundary layer was tripped in the nose region at a distance
of 25 mm from the apex.

TMEA8902
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2.2. Afterbody Models and Stings

Table 1 shows the geometric details of the various afterbody models
tested. Two circular arc and four conically boat-tailed models were
chosen for this study with a view to complement the data set of Cahn
(1958); the boat-tail angles were selected to be in the lower range (P £ 16
deg.) to be useful in practical applications.

The geometric details of various tapered stings (S1-S6) tested are shown
in Fig.5; the taper or flare angle was varied in the range 1.5 to 5 deg.
again to complement the data of Cahn (1958). To assess the sting
diameter effects, tests were also made on four cylindrical stings having
diameters of 6.25, 8.35,11.8 and 16mm.

2.3. Measurements

Axial force of the afterbody was measured with a balance described
earlier. The uncertainly in these measurements were within ± .02 Ibs.
Two 5 psid transducers were employed to measure the differences,
namely, of the free stream static pressure to the base pressure and to the
split pressure.

The flow was visualized using color Schlieren technique, primarily to
assess flow separation ahead of the base, if any; in certain selected cases
surface oil flow technique was also utilized for the same purpose.

3. Results and Discussion

Before presenting in detail the results for the sting diameter and flare
effects, we first examine the likely effects of "stingpositioning" employed
in this study; as mentioned in 2.1, the sting was notintroduced inside the
afterbody (unlike in conventional testing practice), but formed a narrow
gap between the base and the front face of the sting. Measurements were
made on a typical contoured afterbody (with (3 = 8 deg.), with both sting
configurations mentioned above. Results of base pressure coefficient,
C^ and boat-tail profile drag coefficient, CDp», (Fig, 6) shows excellent
agreement between the two configurations suggesting that the scheme
adopted in this study provides realistic sting effects.

National Aeronautical Laboratory
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3.1. Sting Diameter Effects

Results of base pressure coefficient CL and total drag coefficient CDA are
shown in Fig. 7 for the afterbody CA-5 with sting diameter as a parame-
ter. At each Mach number, progressive increase in base pressure and a
reduction in drag with increase in sting diameter seen are qualitatively
similar to the results obtained in many earlier studies (e.g. Sykes 1973,
Cahn 1958). Reduction in CDAis caused, in general, both by lower boat-
tail pressure drag arising from the positive pressure field (upstream
influence effect) due to the sting and by an increase in base pressure due
to a decrease in the (axisymmetric) step height to boundary layer
thickness ratio at separation.

Figures 8-12 display results of C^ and CDp» (boat-tail profile drag coeffi-
cient) for all the afterbodies tested (except CO-16) with sting diameter
as a parameter. For each case, CDp, was obtained by subtracting CDB
from the measured CDA. The vertical bar in these figures (and many to
follow) indicates typical uncertainty in CDp»; also lines have been drawn
in these figures for visual clarity. For each sting, the changes in base
pressure and in CDp, relative to da = 0 appears to be nearly independent
of M^ except around MM = 1. In the neighbourhood of M^ = 1.0, the base
flow field and the drag variation are known to be complex and very
sensitive to M_ (e.g. see Swamy et al 1978). For all the above cases, the
flow on the afterbody was attached as revealed by Schlieren observa-
tions.

The results of CO-16 (Fig, 13) shows a different trend for C^; base
pressure decreases with M^ and further, the changes in C^ relative to
the no sting case has a strong dependence on Mach number. Schlieren
and surface oil flow observations showed separated flow on the afterbody
(downstream of the corner) beyond Moo= 0.90 even in the absence of the
sting; the constancy of C^ at M^=0.95 and 1.0 in the presence of the sting
is a feature that can be expected due to separated flow ahead of the base.
The boat-tail profile drag, on the other hand, reflects features qualita-
tively similar to the unseparated cases discussed earlier.

3.2. Sting Flare Effects

Flare effects were studied on all afterbodies shown in Table 1 with the
exception of CO-16, which involved afterbody flow separation eveninthe
absence of the sting. It was apparent that the results with flow separa-
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tion would exhibit a different behaviour compared to attached flow.
Tests with tapered stings therefore were not made on CO-16 since the
flow separation would then be aggrevated further.

Figures 14-1 8 display results of C^ and CDp. for the different afterbodies
and tapered sting combinations; results for the diameter effect alone are
also included in these figures to enable assessment of flare effects for
fixed value of d/db. These results exhibit trends qualitatively similar to
the sting diameter effect. As may be expected, both base and boat-tail
profile drag decrease further due to the presence of a flare. Interestingly,
as with the sting diameter effects, the changes in C^ and CD?, due to flare
appear nearly insensitive to the free stream Mach number except
around M. = 1. The absence of flow separation for all the data shown in
Figs. 14-18 was again confirmed by Schlieren observations.

3.3. Correlations

The results of base pressure and boat-tail profile drag as influenced by
the geometrical parameters of the sting Figs. 8-18 suggest that correla-
tions may be sought for the changes in base pressure and boat-tail
pressure drag due to sting diameter and flare effects. The two effects are
considered separate and assumaed additive.

We may write

where AC , and ACD» represent the total change in C^ and CDp, respec-
tively, due to sting diameter and flare effects. With turbulent ̂ boundary
layer flow on the afterbody at high Reynolds numbers, in general, we
may expect the base pressure and the boat-tail pressure drag to depend
on

MM, Re.. (flow parameters)
dm, db, J3 (afterbody geometrical parameters), and
dg, 9 (sting geometrical parameters).

Using dimensional analysis, we may write for a tapered sting,

p.d./d^e) (1)
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Equations (1) and (2) are now utilized to write the following expressions
for the diameter and flare effects respectively:

a) Sting diameter effect: (9=0)

For fixed values of (M^, ReM, db/dm, p), we have

AC = C -C = f (d /d j
pb(da) pb(d .0) pb(0,0) 1 V B "V

>

(3)

(4)

b) Sting flare effect:

For fixed values of (M^, Re^,, db/dm, p, dg/db), we have

Pb(8)= pb(dglef pb(d ,0) 3

O) - 4 < ''

(5)

(6)

We now examine the usefulness of the relationships given by (3), (4), (5)
and (6) and assess the sensitivity of other parameters by plotting the
data obtained in the present experiments as well as those of Cahn (1958).

For the present tests, the change in boat-tail pressure drag (ACDJ is
inferred in the following manner. For each afterbody and given flow
conditions, the variations in Cf (on the afterbody) with and without the
sting are assumed small; these variations arise from the slightly altered
pressure field on the afterbody due to the presence of the sting. This
assumption was verified by comparing skin friction distributions ob-
tained (from computer codes for both inviscid and turbulent boundary
layer flow) with and without a sting, for a few cases of contoured
afterbodies at a transonic Mach number. For each case, ACDp was there-
fore arrived at by subtract ng the values of CD», without sting from that
with it (for diameter effects), and by subtracting CDp, without the flare
from that with it (for flare effects).

The correlation plots are shown in Figs. 19-22; each symbol in these
figures represent a given afterbody - sting combination. We have further
utilized the observation (discussed in section 3.1 and 3.2) that the
changes in C^ and C Dp. are sensibly independent of Mach number in the
range 0.7 to 0.95.
TM EA 8902
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In Figs. 19,20 are shown the data plotted in the non-dimensional para-
meters suggested by equations (3) and (4) for the sting diameter effects.
Excellent correlation of base pressure may be seen Fig. 19' which
suggests that ACp^is determined by local geometrical parameters, and
sensibly independent of free stream Reynolds number as well as the
afterbody shape. The changes in boat-tail pressure drag, on the other
hand, shows dependence on two afterbody geometrical parameters Fig.
20; this is understandable since two parameters are least required to
characterise (in a gross manner) the afterbody shape. Increased drag
reduction with P (for fixed value of dg /dm) perhaps reflects increased
upstream effect of the sting at higher p.

Correlation for the sting flare effects, in the non-dimensional parame-
ters given by equations (5) and (6), are shown in Figs. 21 and 22; a weak
dependence on P is evident and no systematic effect of other afterbody
shape parameters can be discerned. The increased drag reduction with
P (for fixed value of 8) is again to be expected (Figure.22) based on
upstream effect considerations; the lower base pressure changes at
higher p Figure.21, perhaps reflects the response of the decelerated
boundary layers at separation (at higher p) to the additional pressure
rise at reattachment imposed by the flare.

The success of the correlations Figuress 19-22 reveals two important
factors. First, the consistency and agreement between the drag data
obtained by two different methods; the afterbody pressure drag was
obtained by integration of surface pressures in Cahn's work, as opposed
to the use of balance in the present tests. Second, the insensitivity of the
correlations to the Reynolds number which is about twice higher in
Cahn's experiments compared to the present work.

To enable quick estimates of sting corrections for use in practical
applications, simple expressions are fitted for the lines drawn through
the data in Figs. 19-22. These expressions (described in Appendix-1) are
shown plotted in (fig. 23} against our measurements as well as those of
Cahn which indicates very good agreement consistent with the accuracy
of the measured data.

3.4. Comparison with Additional Test Cases

With a view to assessing the usefulness of the correlations developed
here, several new test cases involving different afterbody - sting combi-
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nations were generated as a part of this study. These configurations are
shown in Fig, 24 and measurements were made with and without the
sting in the Mach number range 0.7 - 0.95. Additional test data was also
obtained at a free stream Mach number of 0.6 for examining the
effectiveness of the correlations at lower Mach numbers.

Figure 25 shows comparisons of the estimates using expressions A1-A4
with actual measurement of sting effects for all the test cases described
above. The agreement is seen to be atleast as good as in Fig. 23 (which
provided data for the correlations), except possibly for the case CT-12/S9
in which a tapered sting (in the definition adopted he~e) is not used.
Estimates shown for this case have been made for the equivalent flare
angle of 11 deg. (shown by chain line in Fig. 24) which seem to compare
reasonably well with the measurements although the value of 9 (= 11

.deg.) is outside the range of flare angles used to establish the correla-
tions. The agreement of all test cases at M..= 0.6 may also be seen to be
excellent.

3.5. Comparison with Earlier Data

Earlier data reported by Sykes (1973) on two conical boat-tails and of
Kurn (1966) on two tangent ogive afterbodies are examined in the light
of the present correlations. Kurn's data correspond to tapered stings
while Sykes' data are on diameter effects. Comparisons with the esti-
mates from the coirelations (Fig. 26} show good agreement with Sykes'
data*, while the measured sting effects are consistently lower in Kurn's
experiments.

Since the model configuration used by Kurn involved a longforebody (a
cylinder extending all the way into the contraction of the wind tunnel),
as opposed to a finite forebody (with a fineness ratio in the range 6-7) in
the present as well as Cahn's tests, it was logical to examine if the
observed differences above could be due to the boundary layer trans-
verse curvature effects in Kurn's data. Estimates of curvature parame-
ter (5/r) at the beginning of the afterbody shows (Appendix 2) that it is
about four times larger in Kurn's experiments than in the others. This
view gets added support from the observed better agreement (in a

* Correlation estimates of (ACnft) for the afterbody with d, - 0.87 d have not"Dp
been included in Figure 26 since, for reasons not clear to us, the data shows only
a small change in ACDg over a significant variation of da/db.
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relative sense) of AC^ (Fig. 26) with increase in base diameter from 0.28
to 0.70 dm in Kurn's tests, although such an improvement is not evident
in the ACDp comparisons. Apparently, boundary layer transverse curva-
ture effects can affect the base pressure and boat-tail pressure drag
significantly. The present correlations should therefore be used with
some caution in cases where (5/r) > 0.20.

4. Conclusions

An experimental investigation has been carried out primarily for provid-
ing reliable data for assessing sting corrections on afterbody drag at
transonic speeds. Experiments have been made on several afterbodies
and sting combinations in the Mach number range of 0.6 - 1.0 and at
relatively high Reynolds numbers. Measurements made included after-
body total drag (using a balance) and base pressure. Correlations of base
pressure and boat-tail pressure drag for the sting diameter and flare
effects have been proposed using dimensional arguments. The effective-
ness of these correlations have been assessed by comparison with addi-
tional test cases generated in this study and with earlier data. The
correlations provide quick and reliable estimates of corrections to the
zero-lift drag of axisymmetric bodies, and are expected to be valid under
the following conditions.

a) Contoured Afterbodies

0.6 £M_<, 0.95 4°<p<16°

0.2 <ds/db< 0.95 6<5°

0.25 < d /d < 0.70<—. B m —

b) Conically Boat-Tailed Afterbodies

0.6 < M_ < 0.90 4° < p+ < 12°

0.2 <d/db< 0.95 9<5°

0.25 <d/dm< 0.70

* (Correlation is valid upto M^ = 0.95 if P < 8°)

National Aeronautical Laboratory



P R Viswanath, G Rajendra 11

The most important requirement for the applicability of the correlations
is that the turbulent boundary layer flow on the afterbody must be
attached under all conditions. No evidence of Reynolds number effect
(otherwise) has been observed in the correlations. Flow separation can
give rise to effects very different from those studied here.

It is unlikely that, generalized correlations of the kind proposed here can
be extended to M,. = 1.0 and beyond (say, upto M_= 1.20) since the flow
field can be expected to be highly Mach number sensitive; furthermore,
the data may become sensitive to the details of the afterbody shape,
support system and interference from tunnel walls.
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Nomenclature

A Forebody (max) cross sectional area
CDA Total afterbody drag coefficient,Net drag force/Cq^A)
CDB Base drag coefficient, Base drag/Cq^A)
CDP Boat-tail skin friction drag coefficient
CD(} Boat-tail pressure drag coefficient, Pressure
Cf Skin friction coefficient
CD(}, Boat-tail profile drag coefficient (= CDA - CDB)
C^ Base pressure coefficient
db Base diameter
dm Forebody (max) diameter
df Sting diameter
1 Sting length (see Figure. 1)
Mra Free stream Mach number
q,,, Free stream dynamic pressure
Re^ Free stream Reynolds number
r Forebody (max) radius
P Boat-tail angle (see Figure. 1)
5 Boundary layer thickness
6 Sting flare angle
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Appendix 1

Expressions for estimating sting corrections

From section 3.3, we have

AC = AC -I- AC
pb pb(d ) pb(9)

The following expressions may be used for estimating sting corrections
from the correlations.

AC = 0.08 (d/dh)2 for 0.2 < d/d, < 0.75 (Al)
Pb(dg) • B -" • ° ~

(For dB/db % 0.75, the mean line shown in Figure. 19 is to be used).

AP — IT fRo\ fA9\
^^ /̂m — "i W ) \<n»6j

where K,

where

= 0.015 (p = 4° - 8°)
= 0.01 (|5 = 12° - 16°)

(A3)

= -0.025 (p = 4°)
= -0.048 (P = 8°)
= -0.064 (p = 12°)
= -0.092 (p = 16°)

(A4)

where Kg = -0.0025 (p = 4° - 8°)
= -0.0045 (P = 12° - 16°)

Note: Values o
diate values of p.

and Kg may be linearly interpolated for interme-
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Appendix 2

Estimates of Transverse Curvature Parameter

References (67r)

Cahn (1958)" 0.20
Sykes (1973)** 0.18
Present Tests * 0.21
Kurn (1966)- 0.87

* 6 estimates made assuming incompressible zero pressure gradient
turbulent boundary layer; Schlichtmg (1968).
** Measured values of 8 used,

Table 1
Geometric details of afterbody models

GEOMETRY

r — ̂ î____J
CIRCULAR ARC

u — — —

CONICAL

NOTATION

C A - 5

C A - 1 2

CO- 4

CO - 8

C O - 12

CO - 16

V
mm

25

25

25

25

25

25

db,
mm

18.2

12.6

16

12.8

1.2.8

13.0

A
deg

5*

12*

4

8

12

16 -

Angle at the base plane
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Figure 1: Sketch defining afterbody and sting geometrical parameters.
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Figure 2: Correlation of base pressure due to flare (Ref.6).
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Figure 3: Model-sting support system.
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Figure 5: Sketch of tapered stings.
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Figure 14: Sting flare effects: Model CA-5.
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Figure 19: Correlation of base pressure due to sting diameter effect.
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TMEA 8902



34 Sting-support Interference on Afterbody Drag at Transonic Speeds

0.10 r

0.08

0.06

"Pb(8J

0.02

O CA-5
O CA-12
A CO-4
V CO-8
D CO-12

d" CO-8

V CT-86 ^Cahn {1958)

d CT-16

3 4

6, deg

12,16

to sting flare effect.



Transonic Speeds P R Viswanath, G R^fenclra

(3*

'—4,8

O CA-5
O CA-12
A CO-4
V CQ-8
D CO-12

Cf CO-8

y' [jlf
Cf CT-16.

0.04

0.03

0.01

4,1

al Laboratory

Figure 22: Correlation of boat-tail pressure drag due to sting flare effect.

TMEA8902



36 Stiag-stipport Interference on Afterbody Drag at Transonic Speeds

0.16

0.12

(ACPb)cor.

0.08

0.04

o CA-5 •}
A £S~a [Present

- v CO-8 >Cvnf

O CA-12 Expt

D CO-12J

0.05

tf CO-8
CT-16

(1958)lVCT-8
ff CT-16

0,04 0.08 0.12

(ACPb)Meas.

0.16

0 0.01 0.02 0.03 0.04 0.05

Meas.

23: Comparison of measurements with estimates from correlations:
Present data and Cahn.

National Aeronautical Laboratory



CT : CONTOURED AFTERBODY CO
"si



38 Sting-support Interference on Afterbody Drag at Transonic Speeds

0.16

0.12

V Pb)cor.
/AC \

b; i

o CA-5/S6*
I- o> CA-5/S3

e CO-6/S3
© CO-8/S3
° CA-12/S1
d CA-12/S3

0.08

0.04

=0.60

m CT-8/S3
A CT-12/S9
A CT-1Z/S2
V CT-6/S8
V CT-6/S3
.a CT-8/S7

0.16

0.02 0.04 0.06

: Comparison of measurements with estimates from correlations :New
test cases and data at M = 0.60.

National Aeronautical Laboratory



P E Viswaaatfa, G Bajeafr®

0.16

0.12

lAf \
I Pb/Cor.

0.08

0,04

.and' 0.871 Sykes
.68J 119731

0

0.05

0.04

f V) Cor.

0.02

0.01

layer
curvatiifi tfftcts

0.04 0.08 0.12 0.16
(AC \
\ Pb/Meas,

OJ2 0.03 0.04 0.05

n/»u0^/Meas.

Figure26: Comparison of measurements with estimates from correlations : Data
ofSykes tmd Kurn.

TMEA8902



Documentation Sheet

National
Aeronautical
Laboratory

Class Unrestrited

No. of copies 50

Title Sting-support Interference on Afterbody Drag at Transonic
Speeds

Author/8 P E Viswanatib, G Rajendra

Division Experimental Aerodynamics

Document No. TMEA8902

Contents 39 Pages 26 Figures

NAL Project No.

Date of issue November 89

1 Tablet 8 References

External Participation

Sponsor

Approval Dr M SMvakumara Swamy, Head, Expt. Aerodynamics Division

Keywords Sting interference, afterbody drag, transonic speeds

Abstract Experiments have been performed on several boat-tailed af-
terbodies and sting combinations with a view to assessing sting correc-
tions on afterbody drag at transonic speeds, Measurements made in-
cluded afterbody total drag and base pressure in the Mach number
range of 0.6 -1.0 and at relatively high Reynolds number, Correlations
of base pressure and boat-tail pressure drag for the sting diameter and
flare effects have been proposed using dimensional arguments. The cor-
relations provide quick and reliable estimates of corrections to the zero
lift drag of axisymmetiic bodies with either contoured or conical boat-
tailing.




