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SUMMARY

A mumber of axi-symmetric afterbodles consisting of the vasic profile, a
tangent ogive with a fineness ratio of 3.33, and progressively truncated verslons
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 pressure distribution, the bese

pressure and the totsl drag with and without the presence of various reer stings.

In general the drag, in the absence of a sting, was increased by truncating
the ogive, but at supersonic speeds small truncations had litsle effect. The
results at a given free stream Mach number show that, for the dxfferent stings
fitted to each afterbody, there is an gpproximately linear relationship between
afterbody drag and base pressure, Curves are presented vhereby the measured total
drag of the sting-mounted afterbody mecdel may be corrected to obtain the true

total drag in the absence of the sting.

* Replaces R.A.E. Technical Report 66298 - A,R.C. 28812
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| INTRODUCTION

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
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 bassd bodies of revolution have received a
great deal of attention, both experimentslly and theoretically, However,
there are so many independent variables that & general solution at both super~
sonic and subsonic speeds, and for a variety of body and sting shapes, requires
extensive experimental data, sc that the scope of any one test must necessarily

be severely limited.

The pressure on the base of & body is determined by the state of the
external field, the state of the boundary layer at the end of the afterbody,
and the rate of mixing in the separated region behind the base. It is, there-
fore, dependent on several varisbles, including Mach number, Reynolds number
and the location of tramsition, To give an indication of the wide variation in
base pressure with Reynolds number, a typical curve for a cylindrical body at a
supersonic speed is shown in Fig.l, This figure has been taken from Ref.! which
contains also an explanation of the shape of the curve based on the original
analysis of Crocco and Leese. Tt will be seen (Fig.1) that with a well developed
turbulent boundary layer on the body there is a gradual decrease 1n base pressurc
ratio with increase in Reynolds number. However, at low supcersonic Mach
numbers the base pressure ratio is hlgh’, so that altheugh a chonge in Reynolds
mimber may only alter the base pressure rabtio slightly, basc drasg, being
proportional to (1 - pB/Eﬂ) is sltered by & much larger factor. This indicates
that small-scalc model testing at low supersonic speeds, could seriously under-

estimate the drag of a full-scale vehicle when base drag is a major item,

Supporting a model by a sting sttached to the basc may well interfere
with the pressursz on the base and pressures over the afterbody. A number of
supersonic investigations into sting-support interfercnce have focussed attention
on sting design giving little or no interference. Such investigations have been
made with cylindrical stings, and for convenience the 1nterference has been

3

considercd in terms of sting diamcter and length. Lece and Summers” have shown
that at transonic speeds, both for a cylindrical body and for onc particular
shape of afterbody, a sting of any finite diameter inberfercs with the base

pressure.



At supersonic speeds the critical length* of a sting depends mainly on
Mach number, but Whitfield4 has shown that the Reynolds number also has some
effect. AL transonic¢ and subsonic speeds disturbances are propagated well
upstream so that the eriticadl sting length is probably greater.

This brief survey indicates that wind tunnel experiments on smali-scale
models supported at the rear by a sting may yield values of the efterbody
and base drag vhich differ significantly from the full-scele values, The
transonic investigetion described herein has been mede on a fanily 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 distribution,
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 EXPERIMENTAL DETAILS

The investigation was made in the RAE. 2 ft X 1,5 £t transonic tunnel
at a unit Reynolds number of 2,69 million per foot., The Mach number range 3
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 diemecter support tube (Fig.2). The balance fitted
into a compartment in the body so that, except for a small gap to prevent the
support interferring mechanically with the balance, the model was continuous
with the tube. The support tube, which was located on the longitudinal centre-
line of the tunnel, by a mounting upstresm in the subsonic contraction,
enclosed the electrical leads from the balance and tubes from 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 verszons of this shape,
finishing at the positions indicated in the figure, ropresented the besic body
shortened to take various sizces of sting support. The position of the balance
compartment made it impracticable to manufacture a model reduced in length to the L

*By definition, changes in sting shape downstream of the critiecal length
have no effect on the base preasure, '



eylindrical section of Lhe basic shape; to investigate this case the model shoim
in Fig.2(b) was tested.

To accommodate the stings, a hole C.€ in deep was made in the base of
each model, This hole was sllghtly greater in diameter than 0. 8 times the base
diameter, to provide clearance betwean base and sting. It was not blanked for
the tests without a sting,

2,2 The stings

Details of the stings tested and the wmodels bo which they were fitted
are listed in Table 1. Each sting was cquipped with & short cylindrical spigot
which fitted into the hole in the base of the model with a clearance of about
0.030 in. Larger stings were made with the seme size spigot and an increase
in diameter just behind the base. PFor esmaller stings, =hort anserts about 0.1 in
deep were fltted into the basc hole to maintain the clearance gap. To illusfrote

this change in goemetry with sting size fave cases arc shown in Fig.3.

All the stings with the exception of two (cases 14 and 23) were tapered
from the base, The two excoptions had a eylindrical scetion from the base
before taper cormenced, The basic model was also tested with a yo inted probe
located about 0.030 in behind the aficrbody (case 2).

Dowvnstream, the stings werc ettached to a cone with a 45° vertex angle
and a maxirum diameter of 2.5 in. Including this cone the stings varied in
length from about 14.25 in to 19 in, depending on the position of the base of
the model.

2,3 Balence pressure

Throughout the teats the pressure in the balance compartment was recorded,
Measurements of drag force have becn adjusted to values that would have
occurred if this pressure had becn equal to free stream static pressure.

2.h Base pressure

LR

The baseipressure, meusured clther on the model or on the front of a

sting (Fig. J), has bcen used to aeucrmlne bese drag cocfficlent CD gefined
. B
by Cp = (D/D 2o . ThE' total drag, that is the drag meesurved by the
B B e

strain—gauge balance when addusted forthe pressure in the balance compartment,
has had the base drag Subtra®tcd ‘from it to obtain afterbody drag i.e.

c, =C,-C_ .
QA D DB
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Pressures measured on the front of the sting for case 20 (sce Fig.?)

indicated that the pressure in the base compartment was fairly uniform. Also, 3,
for all the cases with the cylindrical body, the values of afterbody drag
coefficient agreed with skin friction cstimates to within #0.005 over the Mach .

mumber range. Thus the measurement of a single base pressure to deternine

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 thickness

values in non-dimensional form

& g
M 5/DM 8 /%4 /DM

0.90 0.435 0.0765 0.0435
1.20 0.40 0.066 0.037

[8, the boundary layer thickness, is defined as the distance from the wall at
which the local velocity is 0.99 times the free-stream velocity. &% and € are

respectively the displacement and the momentum thicknesses. ] %

These traverses also showed that the velocity distribution followed the
one~seventh power law characteristic of a fully developed turbulent bhoundary

layer.
3 RESULTS

3.1 Afterbody pressures

The pressure distributions measured on the basic model alone, Case i, and
with a probe behind it, Case 2, arc presented in Fig.k(a), while Figs.4{b) to
4(e) show the effects of shortening the afterbody end including stings at the

base,

Referring first to Fig.4(a) it can be seen that a probe behind the basic
body hes a negligible effect on the afterbody pressurc 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/DM = 0,283 (Fiz.4(b)) docs not noticeably t
chenge the pressure distribution in the absence of 2 sting. When, however,
various stings are placed behind this base, the pressure 1s increased slightly ’
towards the rear of the afterbody.
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Shortening the body further to give D/Dh = 0,7¢3 (Fig.4(c)) increases the
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 the

%

entire afterbody. However, at supersonic Mach numbers, the effect i1s confined
to the rear portion of the model. A samilar trend is to be observed when
D/DJMI = 0.936 (Fig.4(d)), but in this case the data are less comprehensive

since only one afterbody pressure point was available.

Fig.4(e) shows the pressure distribution along the cylindrical afterbody
(D/D]H = 1.0) with and without a sting. At subsonic speeds it can be seen, 1n
both cases, that the influence of the base extends upstream and causes a
decrease in pressure on the cylander. At M = 1.2, however, this effect has
become negligible, and the indications are that the pressure which 1s uniform

nlong 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.5, in which Cp is plotted sgainst M. To illustrate

A the effect of variations in the sting ggometry consider, &s & typlcal exemple,
the two graphs for D/QM = H.703. Referring to Table 1 it 1s apparent that for
a given minimum sting diameter (d/D constant), increasing the sting vertex
engle (¢) increases the base pressure. Similarly when ¢ is constant, the base
pressure increases as d/D increases, It is alsc apparent that this interference
effect is quite severe, even with stings of relatively modest diameter and

vertex angle.

With a eylindrical afterbody and a cylindrical sting of the same
diameter (D/Ih = 1.0, Case 22), it can be seen that the measured value of CpB
is positive over the whole Mach number range, whereas it should be zero. This
error, which may apply also to Cases 2] and 23, 1s probably due to misalignment
of afterbody and sting.

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

a sting. As ];/D]M increases, 6/D and B decrease, so that Cp js expected to
: T B
decrease also.” This trend is confirmed by the figure which shows further that

; the curves of C_ versus (D/D )2 are approximately linear for much of their
3 5
length,



5.3 Tetel drag

The total drag measurements on the shortened bodies with and without
stings are presented in Figs.7(a) to 7(a)*. The maximm cross-secticnal ares
of the bodies (i.e, & 1.5in diameter circle) has been used &s the reference

area on which drag coefficients are based.

For the model with D/Dy = 0.283 (Fig.7(a)), the addition of the stings
reduces drag by & small amount only. As the base ares increases the effect of
the stings on drag becomes more significant (Figs.7(b) and 7(c)). Drag is
reduced in ell cases except for Case 16 (Fig.?(c)), vhere, gbove a Mach
nurber of 1,16 approximately the drag becomes greater than that for the body
without 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.5) which mainly
contributes to the drag increase in Case 16, This reduction in base pressurs
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 cylindrical model, three (Cases 21, 22
and 23) were of the same diemeter as the base. The total drag results for
these cases (Fig.7(d)) are considered to be in error, for the reason given in
section 3.2 above. Even so, the total drag and base pressure measurements
teken with these stings were self-consistent in thet the afterbody drag,
calculated by subtraction, agreed with the theoretical skin friction curve

(Fig.7(d)) to within 30.005 in ¢y ‘

3.4 The relationship between base pressure and afterbody drag CDA

Figs.8(e) to 8(d) relate afterbody drag to base pressure*%;when base
pressure is changed by altering sting geometry., Fig.8(c), particularily,
confirms the discovery by Mc Donald and H‘ughes5 that, as the sting geometry is
changed, the drag of a given afterbody at a given subsonic Mach number is s

*The dip in the curves at a Mech number of sbout 1.20 is probably due to a
temperature gradient across the strain geuge balance, incurred by an increase in
power necessary to maintain tumnel flow conditions. Dotted curves have been

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

*#he base pressures for Case 3 (Fig.8(b)) were not measured. Estimated
values were obtained by extrapolating the curves of Fig,4(h).

[ Y



linear function of base pressure, Further, it would seem that this linear
relationship applies also at supersonic Mach numbers above 1,10, with the
change in afterbody drag with base pressure becoming quite small at the higher
Mach nurbers (1.20 and 1.30). Below the critical Mach number of about 0.96

the curves of Fig.8(c) are parallel, which suggests that the slope (6CD /BCP )
A B
of these curves might apply at Mach numbers lower then 0.8,
Fig.S(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.3(d): Case 15(a)) increased total drag slightly.
Fig.8(d) shows that the measured base pressures are ralsed (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 pressure hole is insufficient to determine base
drag.

3.5 The total and component drag coefficients without a sting

Fig.9(a) - (c) shows the total and component drag coefficients for the
bodies without stings, plotted against Mach number. In 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 oglval afterbodies.

For each configuration Fig.9(a) shows that C_ is practically constant at

D
subsonic Mach numbers (M < 0.95), and at supersonic Mach numbers {M > 1.05), but
inereases rapidly as M increases from 0.95 to 1.05. Moreover, this change in

drag at transonic speeds is only slightly dependent on D/DNY

F:g.9(b) shows that, as the pointed ogive is progressively truncated, the
afterbody drag coefficient (CD } first increases and then decrcases. This trend,
which is particularly noticeab%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 then free-stream static
pressure further upstream. The corresponding curves for the base drag coefficient

(CD ) shown in Fi1g.9(c) call for no specinl comment,
B
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The results of Fig.9 have been cross-plotted in Fig.10{a) - {c) to show
the variation in drag &s the basic body is shortened and the base area increased.
Experinmental ervors in the total drag and base pressure measurements give a
scatter to the afterbody drag results which increases with base area (Fig.10(b)}).
The dotted curve, largely based on skin friction estimates, gives a more accurate
indication of afterbody drag for the larger base areas. It is shown (Fig.10(z))
that, for the subsonic Mach numbers, the total dreg coefficient (CD) is a
minirum for the pointed ogive and increases monotonically as the afterbody is

shortened. At supersonic Mach numbers, however, C_ changes very little with

b
small reductions in afterbody lcngth, and there is even an indication that the
minimumn CD occurs when the body is truncated slightly as suggested by the
collected data published by Hberners. Fig.10{e) also shows that the body may be

shortened without increasing C_ by more than sbout 0.005, providing the ratio

D
base aree/body ares is kept below 0.2 at subsonic Mach numbers and 0.4 at

supersonic Mach numbers.

3.6 Corrections to the dreg of a sting-mounted body

Frequently the true *%otal drag of an afterbody and base (without a sting)
is requirced, to correct the measured drag and base pressure of & shortencd model
supported in a wind tunnel by a sting at the rear. Figs.1l, 12 and 13 present
corrections whereby this may be achieved. The corrections due to the sting

and to shortening the afterbody are treated scparately.

If the shortened afterbody is not cylindrical, Fig.i1 gives the increment

(ac ) to be added to the measured drag coefficient (cDM) to obtain the true

D
STING
drag coefficient of the shortencd medel without a sting., If, on the other hand,

the shortened afterbody is cylindrical, the measured base drag coefficient for
the model with sting presert is simply 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 ) incurred simply by shortening the body is taken from Fig.13. Hence the
true ggg coefficient for a pointed afterbody model, represented by a sting
mounted model with a shortened afterbody, is determined by the expression

C.=0C. +AC - AC . The corrections of Figs.ll, 12 and 13, are, of
DBy Dgrme  Dpomy
course, strictly applicable only when the state of the boundary layer conforms

with the conditions given in section 2.5, so0 it moy be assumed thet qud is the
only significant parameter,

art
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Other workers, when camparing afterbodies of different shapes, have
brought to light some interesting information. MeDonald and Hughes6, in
correlating drag data for circulnr arc, parabolic and conical afterbodies,
from a large number of experaments a2t high subsonic speeds, found that when
the three shapes had identical afterbody angles at the base () ana identical
base diometer ratios (D/DM) the afterbody drag coefficients werce approximately
the same, and the base pressurc coefficients were approximately the same for
the circular arc and the parcbola, Moreover calculations based on the work of

Reld and Hastings' show that when M = 2.0, D/Dy = 0.58 and B = 10°, C, is the
same for both a conical ond o parabolic afterbody. It would seceom thergfore
that the drag effects due to sting interference (Fig.1!) moy perhaps be applied
to body shapes that differ slightly from the cone tested withoul 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 f conform

with that of the basic afterbody as given in Fig.il.
4 CONCLUSIONS

A tangent-ogivel afterbody ending at a point with o fineness ratio of 35.33
and progressively truncated versions of this shape have been tested at zero
incidence. The main conclusions drown from the experiment, which included an

investigation into sting interference, are summarised thus,

A Afterbody pressures {with and without stings)

1 At subsonic speeds, in the absence of a sting, shortening the afterbody
has only a small effect on the afterbody pressures. However, a sting behind
the base gives rise to an appreciable 1ncrease in pressure over the enti-e
afterbody, except when D/DM is small.

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

extends upstream of ihe base for a short distance only.

. - -

B Bese pressures and afterbody dreg (with and without stings)

3 In general the presence of a sting increases the basic pressure
coefficient,

4 Por the bodies without o sting the base pressures coefficicnt decreascs,

in en approximately linear monncr, as the ratio base area/moximum ares

increases,
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5 For a given afterbody and a given Mech nurber (less than 0.98 or greater
than 1.10), a linear relationship exists between the base pressure coefficient
and the afterbody drag coefficient as the suing geometry is varied., At Mach
numbers greater than 1.10 the afterbody drag coefficient is rather insensitive
to changes in base pressure coeffic;ent.

C Total dreg (without a sting)

6 The complete ogivel afterbody (ending &t a point) has less total drag at
subsconic Mach numbers than any of the truncated versions. However, at super-
sonic Mach numbers, & shortened afterbody with a small base area appears to have
the minimum drag, although the drag for the complete afterbody 1is only very
slightly larger.

7 Providing the base area is less than 0.2 times the body erea 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 (CD) is approximately
constant at Mach numbers less than 0.95 and greater than 1.05. In the transonic

range C. increases abruptly with Mach number, the increment being practically

D
independent of base area ratio.

As the effects of verying boundary layer conditions were not investigated
these conclusions must be considered ppplicable only when the state of the

approach boundary layer conforms to thot of the experiment.
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Table 1

Sting-body configurations

Body Sting
! Paralilcl
Case No. D/DM ge a/D i ¢° length
l -calibres (DM)
] 0 17.1 Body alone
2 ¢ 2. 0
3 ©.28% [14.6 | Body alone
L 0.8 0 -
5 0.8 2.29
6 0.5 2.29
7 0.70% {9.6 | Body alone
8 ¢.8 0 -
9 0.8 1.145 0
10 0.8 2.29 0
1 0.8 | 3.435 0
12 0.65 | 2.29 0
13 0.5 2.29 0
14 ©.895 2.85 !
15 and 15a*0.9%9 (4.4 | Body alone
16 0.8 0 -
17 0.8 2.29
18 0.5 2.29
19 1.00 !0 Body alcne
20 0.8 2.29
21 i.0 2.29 0
22 1.0 0 -
23 1 1.0 2.29 2

*Cage 15a - with insert for Case 18 positioned in base hole,

15
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BODY

AC
STING

SYMBOLS

total drag coefficient, based on the maximum cross-sectional areas of
the body

afterbody drag coefficient, based on the maximum cross-sectiocnel
area of the body

base drag coefficient, bosed on the maximum cross-sectional area of
the body

pressure coefficiert

base pressure coefficient

diameter of sting at the base

base diameter

maximum body diamcter (= 1 calibre)

free-stream Mech number

pressure on the base

pressure on the afterbody immediately upstresm of the base
free-stream stetic pressure

distonce downstream from cormencement of afterbody, i.e. where body
diameter starts to decrense

afterbody angle at the brse

boundary layer thickness measured 2,67 calibres upstream from the
commencement of the sfterbody

boundary layer displacement thickness

boundary layer momentum thickness

sting vertex semi-angle

the increase in drog coeffieclent due to shortening the afterbody

the decrease in drag coefficient due to positioning a sting at the
base of the shortencd afterbedy

]

29
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The results at a given free stream Mach number show that, for the
different stings fitted to each afterbody, there is an approximately
linear relationship between afterbody drag and bass pressure, Curves
are presented whereby Lhe neasured total drag of the sting-mounted

arterbody model may be corrected to obtaln the true total dreg in ths
absence of the sting.

The results at a given {ree stream l4ach number show that, for the
alffereit stings fitted to each afterbody, there is an aporoximately
linear relationship between afterbody drag and base pressure. Curves
are presented .hereby the measured total drag of the sting-mounted
afterbody model may be corrected to obtain the true total drag in the
abgsence of the sting.

The results at a given free stream Mach number show that, for thg
different stings fitted to each afterbody, there 1s an approximately
linear relationship between afterbody drag and base pressure, Curves
are resented wvhereby the measured total drag of the sting-mounted

afterbody model may be corrected to obr.a\ln the true total drag In the
absence of the sting.
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