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DRAG MEASUREMENTS ON A SERIES OF AFTERBODIES AT TRANSONIC SPEEDS 

SHOWING THE EFFECT CF STING IXTERFERRI'ICE 

by 

A. G. Kurn 

A number of axi-symmetric afterbodies consisting of the basic profile, a 
tangent ogive with a fineness ratio of 3.33, and progressively truncated versions 
of this shape were tested at zero incidence over a Mach number range from 0.8 to 

1.3. Measurements were made of the afterbody Dressure dLstribution, the brse 
oressure and the total drag rrith and without the presence of various rear stings. 

In general the drag, in the absence of a sting, was increased by truncating 
the ogive, but at supemonic speeds mall truncations had 1itLl.e effect. The 
results at a given free stresm Mach number show that, for the different stings 
fitted to each afterbody, there is an approximately linear relationship between 
afterbody draS and base pressure. Curves are presented whereby the measured total 
drag of the sting-mounted afterbody model may be corrected to obtain the true 

total drag in the absence of the sting. 

l Replaces R.A.E. Technical Report 66298 - A.R.C. 28812 
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I INTRODUCTION 

c A model supported in a wind tunnel by a sting at the rear must, of 
necessity, have a bluff base to house the sting. Whether or not this bluff 

i base represents the correct full-scale shape, errors in measured forces are 

introduced by an incorrect base pressure and the forward influence of the 
sting. The problem of sting interference and the interpretation of base 
pressure measurements on bluff based bodies of revolution have received a 
great deal of attention, both experimentally and theoretically. However, 
there are so many independent variables that a general solution at both sqer- 
sonic and subsonic speeds, and for a variety of body and sting shapes, requires 
extensive experimental data, so that the scope of any one test must necessarily 
be severely limited. 

The pressure on the base of a body is determined by the state of the 

external field, the state of the boundary layer at the end of the afterbody, 
end the rate of mixing in the separated region behind the base. It is, there- 
fore, dependent on several variables, including Mach number, Reynolds number 

and the location of transition. To give en indication of the wide variation in 

base pressure with Reynolds number, a t-pica1 curve for a cylindrical body at a 
supersonic speed is shown in Fig.1. This figure has been taken from Ref.1 which 
contains also an explanation of the shape of the curve based on the original 

analysis of Crocco and Lees 2 . It will be seen (Pig.1) that with a well developed 
turbulent boundary layer on the body there is a gradual decrease in base pressure 
ratio with increase in Reynolds number. However, at low supersonic Mach 

numbers the base pressure ratio is high', so that although a change in Reynolds 

number may only alter the base pressure ratio slightly, base drag, being 
proportional to (I - pD/p=) is altered by a much lar&cr factor, This indicates 
that small-scale model testing at low supersonic speeds, could seriously undcr- 
estimate the drag of a full-sceie vehicle when base drag is a mayor item. 

Supporting a model by a sting attached to the base may well interfere 
with the pressure on the base and pressures over the afterbody. A number of 
supersonic investigations into sting-support interference have focussed attention 

on sting design giving little or no interference. guch investigations have been 
made with cylindrical stings, and for convenience the interference has been 
considered in terms of sting dislneter and length. Lee and Summers'have sh0x.m 

that at transonic speeds, both for a cylindrical body and for one particular 

shape of afterbody, a sting of any finite diameter interferes with the base 
pressure. 
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At supersonic speeds the critical length* of a sting depends mainly on 
Mach number, but Whitfield has shown that the Reynolds number also has some 
effect. At transonic snd subsonic speeds disturbances are propagated well 

upstream so that the critical sting length is probably greater. 

This brief survey indicates that wind tunnel experiments on small-scale 

models supported at the rear by a sting may yield values of the afterbody 
and base drag which differ significantly fron! the full-scale values. The 
transonic investigation described herein has been made on a farlily of after- 
bodies at zero incidence attached to an upstream support. The experiment was 
carried out at a fixed Reynolds number, with a turbulent boundary layer which 
varied slightly in thickness depending on the Mach number. The aim of the 
investigation was firstly, to determine the afterbody pressure distributron, 
the base pressure and the drag of a pointed ogival afterbody which was 
progressively truncated, leaving a bluff base. Secondly, the effect of a 
variety of stings mounted behind these bases was investigated. 

2 E)(PERIMENTAL DETAILS 

The investigation was made in the R.A.E. 2 ft X 1.5 Et trsnsonic tunnel 
at a unit Reynolds number of 2.69 million per foot. The Mach number range 

covered was from 0.8 to 1.3. 

Each model was attached to a strain-gauge balance mounted at the down- 
stream end of a 1.5 inch diemfter support tube (Fig.2). The balance fitted 
into a compartment in the body so that, except for a small gap to prevent the 
support intcrferring mechanically with the balance, the model was continuous 

with the tube. The support tube, which was located on the longitudinal centro- 
line of the tunnel, by a mounting up&ream in the subsonic contraction, 
enclosed the electrical leads from the balance and tubes fron pressure holes in 

the model. 

2.1 The models 

The complete afterbody, representing the rear end of a typical fuselage 

without a tail-unit, is shown in Fig.2(a). Truncated vcrsmns of this shape, 

finishing at the positions indicated in the figure, represented the basic body 
shortened to take various sizes of sting support. The position of the balance 
corcpartment made it impracticable to manufacture a model reduced in length to the 

*Ry definition, chenges in sting shape downstream of the crrtical length 
have no effect on the base pressure. . 
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cylindrical section of the basic shape; to investigate this case the model shorm 
f 

In Fig.2(b) was tested. 

To accommodate the stings, a hole 0.6 in deep was made in the base of 

each model. This hole was slightly greater In diameter than 0.8 times the base 
, , 

diameter, to provide clearance bctrrccn base and sting. It was hot bl.anl;ed for 
the tests without a sting, 

2.2 The stings 

Details of the stings tested and the models to which they were fitted 
are listed in Table I. Each sting was equipped with a short cylindrical Spigot 
which fitted into the hole in the bnsc of the model with a clcare~cc of about 

0.030 in. Larger stings were made with the same size spigot snd an increase 
in diameter just behind the base. For smaller stings, short inserts about 0.1 in 
deep were fitted into the base hole to malntam the clearance gap. To illus-kratc 
this change in goemetry with sting size five cases arc shown in Fig.5. 

All the stings with the exception of two (cases I4 and 25) were tapered 

from the base. The two oxcaptions had a cyllndrlcal section from the base 
before taper commenced. The basic model was also tested with a pointed probe 

located about 0.030 In behind the aftcrbodf (case 2). 

Dcnvnstresm, the stings vcrc attached to a cone trlth a 45" vertex angle 
and a maximum diameter of 2.5 in. Including this cone the stings varied in 
length from about 14.25 in to I8 in, depending on the position of the base of 
the model. 

2.3 Balance pressure 

Throughout the teats the prcssurc in the balance compartment v&s recorded. 
Measurements of drag force have been adjusted to values that would have 
occurred if this pressure had been equal to free stream static pressure. 

2.4 Base pressure 
e-,: f' 

The basezpressure, . . measycd either on the model or on the front of a 
sting (Fi.g.5), has been used to debcrmine base drag cocfficicnt CD defined _- r 

by c 
DB 

= - (D/D~)~.c 
pB' 

Thetoxaldrag, t'nat is the drag measured by the 
&'-CT - ‘ " . . 1 ; i _:1 

strain&uige~balen& when adj6:btcd for-'the pressure in the balance compartment, 
/ .<r 

has had the base d&g sub'&a??tcd~from it to obtain aft&body drag i.e. 
C 
DA = cD - cDB' 
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Pressures measured on the front of the sting for case 20 (see Fig.3) 
indicated that the pressure in the base compartment was fairly uniform. Also, 

for all the cases with the cylindrical body, the values of afterbody drag 
coefficient agreed with skin friction estimates to withln %I.005 over the Mach 

number range. Thus the measurement of a single base pressure to determine 
base drag was regarded as justified. 

2.5 Boundary layer thickness 

Pitot pressure traverses through the boundary layer on the support tube, 
one inch upstream from the model (2.67 calibres from the commencement of the 
afterbody), at Mach numbers of 0.90 and 1.20, gave the following thxkness 
values in non-dimensional form 

M 6/DM 6 "/Cl4 VDM 

0.90 0.435 ;.y7;5 0.0435 
1.20 0.40 . 0.037 

7 

c 

[6, the boundary layer thickness, is defined as the distance from the wall at 

which the local velocity is 0.39 times the free-stream vCloCl~y. 6'L and d are 
respectively the displacement and the momentum thicknesses.] z 

These traverses also showed that the velocrty distribution followed the 

one-seventh power law characterxtic of a fully developed turbulent boundary 

layer. 

0 

3 RESULTS 

3.1 Afterbody pressures -- 

The pressure distributions measured on the basic model alone, Case 1, and 
with a probe behind it, Case 2, arc presented in Flg.&(a), while Figs.b(b) to 

4(e) show the effects of shortening the after-body and including stings at the 
base. 

Referring flrSt to Fig.G(a) it can be seen that a probe behind the basic 
body has a negligible effect on the afterbody pressure distribution. Moreover, 
the flow iS apparently attached over the whole surface, even though the 

pressure gradient towards the rear of the model is unfavourable. 

Truncating the body such that D/q1 = 0.283 (Pig.&(b)) does not noticeab-g r 

change the pressure distribution in the absence of a sting. Ihen, however, 
various stings are placed behind this base, the pressure 1s rncreased slightly . 
towards the rear of the afterbody. 
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Shortening the body further to give D/G = 0.7C3 (Fig.&(c)) increases tine . 
afterbody pressures, even for the case of the body alone. In the presence of a 

sting this effect is magnified and, at subsonic Mach numbers, extends over tie 
* 

entire afterbody. However, at supersonic Mach numbers, the effect is confined 

to the rear portion of the model. A similar trend is to be observed when 

D/I& = 0.939 (Fig.&(d)), but in this case the data are less comprehensive 

since only one zfterbody pressure point was available. 

Fig.h(e) shows the pressure distribution along the cylindrical afterbody 

(D/s = 1.0) with end without a sting. At subsonic speeds it can be seen, in 

both cases, that the influence of the base extends upstream end causes a 

decrease in pressure on the cylinder. At M = 1.2, however, this effect has 

become negligible, and the indications are that the pressure which LS uniform 

along the cylinder decreases abruptly to the base pressure at the trailing edge. 

3.2 Base pressures 

The base pressure results for the different models, with and without 

stings, are shown in Fig.3, in which C is plotted against M. To illustrate 
i pB the effect of variations in the sting geometry consider, as & typical example, 

the two graphs for D/s = C.703. Referring to Table 1 it is apparent that for 

. a given minimum sting diameter (d/D constant), increasing the sting vertex 

angle (6) increases the base pressure. Similarly when e is constant, the base 

pressure increases as d/D increases. It is also apparent that this interference 

effect is quite severe, even with stings of relatively modest diameter end 

vertex angle. 

With a cylindrical afterbody and a cylindrical sting of the same 

diameter (D/D, = 1.0, Case 22), it can be seen that the measured value of C 
PB is positive over the whole Mach number range, whereas it should be zero. This 

error, which may apply also to Cases 21 and 23, is probably due to misalignment 

of afterbody and sting. 

Fig.6 presents the base pressure measurements taken on the bodies without 

a sting. As D/R increases, S/D and S decrease, so that C 
pB 

is expected to 

decrease also.- This trend is confirmed by the figure which shows further that 

the curves of C versus (D/DM)2 are approximately linear for much of their 

length. pB 
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3.3 Tctal drag 

The total drag measurements on the shortened bodies with and without 

stings are presented in Figs.7(a) to 7(d)*. The maximum cross-sectional area 

of the bodies (i.e. a 1.5in diameter circle) has been used as the reference 

area on which drag coefficients are based. 

For the model with D/Dg = 0.283 (Fig.7(a)), the addition of the stings 

reduces drag by a small amount only. As the base area increases the effect of 

the stings on drag becomes more signrficant (Figs.‘l(b) and 7(C)). Drag is 

reduced in all cases except for Case 16 (Fig.7(c)), where, above a Mach 

number of 1.16 approximately the drag becomes greater than that for the body 

withcut a sting. It is shown in section 3.4 that at the higher Mach numbers 

the afterbody drag remains fairly Constant, and it is the greater reduction in 

base pressure with Mach number when the stings are present (Fig.51 which painti 

contributes to the drag increase in Case 16. This reduction in base pressure 

also accounts for the continued rise in drag coefficient for the sting Cases, 

apparent in Fig.7(b) for example, when the drag coefficient has become constant 

for the case without a sting. 

& the four stings tested with the cyLindrica1 model, three (Cases 21, 22 

and 23) were of the same diameter as the base. The total drag results for 
these cases (Fig.7(d)) are considered to be in error, for the reason &,ven in 

section 3.2 above. Even so, the totai drag and base pressure measurements 

taken with these stings were self-consistent in that the afterbody drag, 

calculated by subtraction, agreed with the theoretical skin friction curve 

(Fig.7(d)) to within S.005 in CD. . 

3.4 The relationship between base pressure and afterbody drag cDA 

Figs.a(a) CO 8(d) relate afterbody drag to base pressure**,when base 

pressure is changed by altering sting geometry. Fig.a(c), pari2cularly, 

COnfiXTlS the discovery by MC DanaId end Hughes5 that, as the sting geom&rJ is 

changed, the drag of a given afterbody at a given subsonic l&h number is a 

#me dip in the curves at a Mach number of about I.20 is pdmbly due to a 

temperature gradient across the strain gauge balance, incurred by an increase In 

power necessary to maintain tunnel flow conditions. Dotted curves have been 

added to give what is thought to be more accurate drag distributions. 

“me base pressures for Case 3 (Fig.a(b)) were not measured. Estimated 

values were obtained by extrapolating the curves of Fig.b(b). 
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linear function of base pressure. Further, it would seem that this linear 

relationship applies also at supersonic Mach numbers above 1.10, with the 

i change in afterbody drag with base pressure becoming quite small at the higher 
Mach numbers (1.2Q and 1.30). Below the critical Mach number of about 0.96 

the curves of Fig.B(c) are parallel, which suggests that the slope (6C /6C 
DA 'B 

) 

of these curves might apply at Mach numbers lower than 0.8. 

Fig.8(d) shows that for the afterbody with the largest diameter base 
there is no apparent change in afterbody drag with base pressure and no 
appreciable change with Mach number. 

The effect on drag and base pressure of altering base geometry was 
investigated with the afterbody having the largest base and no sting present. 
The modified base shape (Fig.8(d): Case 15(a)) increased total drag slightly. 

Fig.a(d) shows that the measured base pressures are raised (giving a reduction 
in base drag), and there 1s an increase in the derived afterbody drag. It may 
be that for this case a single pressur, e hole is insufficient to determine base 

drag. 

3.5 The total and component drag coefficients without a sting 

Fig.V(a) - (c) shows the total and component drag coefficients for the 
bodies without stings, plotted against Mach number. Ih these curves the drag 
of the cylindrical afterbody has been adjusted, by adding a skin friction 
term, such that its length corresponds to that of the cylindrical position of 
the ogivel afterbodies. 

For each configuration Flg,.V(a) shows that CD is practically constant at 
subsonic Mach numbers (14 < 0.95), and at supersonic Mach numbers (M > l.O5), but 
increases rapidly as M increases from 0.95 to 1.05. Moreover, this change in 
drag at trsnsonic speeds is only slightly dependent on D/D,. 

Frg.g(b) shows that, as the pointed ogive is progressively truncated, the 
afterbody drag coefficient (CD ) first increases snd then decreases. This trend, 
which is particularly noticeab e e at subsonic speeds, reflects the afterbody 
pressure distribution (Fig.4), the static pressure being greater than free-stream 
pressure towards the rear of the afterbody, and less than free-sixem static 

pressure further upstream. The corresponding curves for the base drag coefficient 
(C 

DB 
) shown in Fig.g(c) call for no special comment. 
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!Che results of Fig.9 have been cross-plotted in Fig-IO(a) - (c) to show 

the variation in drag as the basic body is shortened and the base area increased. 
Experimental errors in the total drag and base pressure measurements give a 
scatter to the afterbody drag results which increases with base area (Fig.lO(b)). 
Thc,dotted curve, largely based on skin friction estimates, gives a more accurate 
indication of afterbody drag for the larger base areas. It is shown @ig.lO(a)) 
that, for the subsonic Mach numbers, the total drag coefficient (C,) is a 

minimum for the pointed ogive and increases monotonically as the afterbody is 
shortened. At supersonic Mach numbers, however, CD changes very little xith 
small reductions in afterbody Length, and there is even an indication that the 
minimum CD occurs when the body is truncated slightly as suggested by the 
collected data published by Hoerner5. Fig.lO(a) also shows that the body may be 
shortened without increasing CD by more than about 0.005, providing the ratio 
base area/body area is kept belad 0.2 at subsonic Mach numbers and 0.4 at 
supersonic Mach numbers. 

3.6 Corrections to the drag of a sting-mounted body 

Frequently the true Cotal drag of an afterbody and base (without a sting) 
is required, to correct the measured drag and base pressure of a shortened model 
supported in a wind tunnel by a sting at the rear. Figs.11, 12 and 13 present 

corrections whereby this may be achieved. We corrections due to the sting 

and to shortening the afterbody are treated scl'arately. 

If the shortened sfterbody is not cylindrical, Fig.11 gives the increment 

'nc%TmG 
) to be added to the measured drag coefficient (C 

94 
) to obtain the true 

drag coefficient of the shortcncd model without a sting. If, on the other hand, 
the shortened afterbody is cylindrical, the measured base drag coefficient for 
the model with sting present is simI~ly replaced by the base drag coefficient for 

the model alone shown in Fig.12. In this event it may be noted that there are 

no restrictions on sting geometry. 

Having eliminated the effects of the sting, the increment in drag coefficient 

(Ac%pY 
) incurred simply by shortening the body is taken from Fig.15. Hence the 

true rag coefficient for a pointed afterbody model, represented by a sting 
mounted model with a shortened cfterbody, is determined by the expression 

CD = c 
9.3 

+AC -AC 
DSTING %ODY' 

The corrections of Fig.s.ll, 12 and 13, are, of 

course, strictly applicable only when the state of the boundary layer conforms 
with the conditions given in section 2.5, so it may be assumed that C/G is the 
only significant parameter. 
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Other workers, when comparsng afterbodies of different shapes, have 
brought to light some lnterestlng information. McDonaid snd Hughes6, in 
correlating drag data for circuiar arc, parabolic and conical afterbodies, 
from a large number of experaments at high subsonic speeds, found that when 
the three shapes had identical after-body angles at the base (p) and identical 

base diameter ratios (D/GM) the afterbody drag coefficients were approximately 
the same, and the base pressure coefficients were approximately the same for 
the circular arc and the parabola. Moreover calculations based on the work of 

Reid and Hastings7 show that when M = 2.0, D/DM = 0.58 and fi = IO", C 
DB 

is the 

same for both a conical and a parabolic afterbody. It would seem therefore 
that the drag effects due to stang anterference (Fig.11) may perhaps be applied 
to body shapes that differ slightly from the one tested without incurring too 
great an error in drag, except possibly in the transonic region. The require- 
ments for a different body shape would be, of course, that D/DM and p conform 
with that of the basic afterbody as given in Fig.14. 

4 CONCLUSIONS 
i 

A tangent-ogival afterbody ending at a point rnth a frncncss ratio of 3.33 

end progressively truncated vcrslons of this shape have been tested at zero . 
incidence. The main conclusions drawn from the experiment, which included an 
mnvcstlgation into sting interference, are summarised thus. 

A Afterbody pressures (with and without stings) 

t At subsonic speeds, in the absence of a sting, shortening the sfterbody 
has only a small effect on the afterbody pressures. However, a sting behind 
the base gives rise to an appreciable lncrfase in pressure over the cnti--e 
afterbody, except when D/DMis small. 

2 At supersonic speeds the afterbody pressures are increased both by 
truncating the body alone and by addang a sting, but this increase in pressure 

extends upstream of the base fox a short distance only. 
-. ~_ 

B Bcse pressures end ,aftcrbody drag (with and without stings) 

3 In general the prescncc of a sting increases the basic pressure 
coefficient. 

4 For the bodies without a sting the base pressure coefficient decreases, 

in an approximately linear manner, as the ratlo base area maximum area I 
increases. 
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5 For a given afterbody mnd a given Wch nunber (less than 0.9 or greater 
than 1.10), a linear relationship exists between the base pressure coefficient 
and the afterbody drag coefficient as the sLing geometry is varied. At Wch 
numbers greater than 1.10 the afterbody drag coefficient is rather insensitive 
to changes in base pressure coefficient. 

C Total drag (without a sting) 

6 The complete ogival afterbody (ending at a point) has less total drag at 
subsonic Mach numbers than any of the truncated versions. However, at super- 

sonic Mach numbers, a shortened afterbody with a small. base area appears to have 
the minimum drag, although the drag for the complete afterbody is only very 
slightly larger. 

7 Providing the base area is less than 0.2 times the body area at subsonic 
speeds, or 0.4 times the body area at supersonic speeds, the total drag 

coefficient does not exceed the minimum value by more than 0.005. 

8 For each configuration the total drag coefficient (C,) is approximately 
constant at Mach numbers less than 0.95 and greater than 1.05. In the transonic 

range CD increases abruptly with Mach number, the increment being practically 

independent of base area ratio. 

As the effects of varying boundary layer conditions were not investigated 
these conclusions must be considered applicable only when the state of the 
approach boundary layer conforms to that of the experiment. 

2' 

\ 

. 



Table 1 -- 

Stmg-body configurntlons 

T 

t 

Sting 

Body alone 

c ! 2.29 

Body alone 

0.8 0 
0.8 2.29 
0.5 2.29 

Body alone 

c.8 o 
0.8 1.145 

0.8 2.29 

0.8 3.435 

0.65 2.29 

0.5 2.29 

0.895 1 2.85 

Body alone 
0.8 0 
0.8 2.29 

0.5 2.29 

Body alone 

ParaL 
length 

'calibres (LJJ 

0 

0 
0 

0 
0 
0 
0 
0 

1 

0 
0 

0 
0 

2 

*Case 150. - with msert for Case 18 positioned in base hole. 



I4 29 

cD total drag coefficient, based on the maxirwm cross-sectional area of 
the body 

cD* 
afterbody drag coefficient, based on the maximum cross-sectional 
area of the body 

cDB 

C 
CP 
PB 

d 
D 
D 

M 
M 

base drag coefficient, based on the msximum cross-sectional area of 
the body 
pressure coefficiert 
base pressure coefficient 

diameter of sting at the base 
base dicmeter 

PB 

pB 
?x 
X 

msximum body diamctcr (= I calibre) 
free-stream Mach number 
pressure on the base 

P 
6 

6* 
e 
0 

pressure on the afterbody immediately upstream of the base 
free-streem static prcssure 
distance downstream from commencement of afterbody, i.e. where body 

diameter starts to decrease 
afterbody angle at the hose 
boundary layer thickness measured 2.67 calibres upstream from the 
commencement of the efterbody 
boundary layer displacement thickness 
boundary layer momentum thickness 
sting vertex Semi-mgie 

AC 
DBCDY 

the increase in dreg coefficient due to shortening the afterbody 

AC 
DSTING 

the decrease in drag coefficient due to positioning a sting at the 
base of the shortened cfterbody 
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dlfrerent stings rftted to each afterbody. there Is an appmrumtely 
linear relationShip tetwen arterbody &ae and baa &mssu-e. Curves 
a-e presented rdmrrby ti neasursd total drag or the sting-mountad 
arCWbody model II&, be CorCected to obtain th? tme total d?-w in ths 
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