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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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SUPERSONIC BASE AND BOAT-TAIL PRESSURE DRAG OF CYLINDRICAL BODIES
WITH A CONICAL BOAT-TAIL AND A CENTRAL PROPULSIVE JET

1. NOTATION AND UNITS (see Sketch 1.1)
Cp, total afterbody pressure-drag coefficient, Cp, + CDB
Cp, basedrag coefficient based on S, —Cpb[(db/dm)z—(djldm)z]

CDB boat-tail pressure-drag coefficient based on S

>
[a)
o ACDB change in boat-tail pressure drag coefficient due to jet, see
§ Equation (3.7)
= - 1
9 Cp pressure coefficient, (p—p.,)/(5Y.. P, MOS
>
§ Cpb base pressure coefficient, (p,—p,,) /(%Yw p.. Mj)
] CDB pressure coefficient at end of boat-tail in absence of jet effects,
= 1 2
c . 2
kS Cq thrust coefficient, (thrust)/ Gy, p..M.>S)
% dy, base diameter
©
E d; jet diameter at nozzle exit plane
49
.90
s d, body maximum diameter
Q.
S
) I boat-tail length
7
! M; jet Mach number at nozzle exit plane
M freestream Mach number
Pp base pressure
P; jet static pressure at nozzle exit plane

Pg pressure at end of boat-tail in absence of jet effects

p.. freestream static pressure
Rg gas constant
S reference area, ndnﬁl4
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T1; jet total temperature at nozzle exit plane K K

T4,  freestream total temperature K K

B boat-tail angle degree degree
Y3 ratio of specific heat capacitiesfor jet

Yo, ratio of specific heat capacities for freestream

0, nozzle exit angle (positive for divergent nozzle), see Sketch 1.1 degree degree
Subscripts
BT denotes value for boat-tailed body
cyl denotes value for cylindrical body
Th denotes theoretical value
M P, T

Equivaent cylindrical body
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Sketch 1.1 Body geometry and flow conditions
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2. INTRODUCTION

Thisltem providesameansof estimating the base drag and boat-tail pressure-drag coefficientsof cylindrical
bodies with conical boat-tailing at supersonic speeds at zero angle of attack in the presence of a central
propulsivejet. The method for base drag requires either an estimate or test datafor the base drag coefficient
of the cylindrical body without boat-tail but with identical nozzle geometry (see Sketch 1.1) under the same
freestream and internal flow conditions. Item No. 99010 (Reference 12) provides such a prediction method
for the supersonic base drag of cylindrical bodieswith jet flows. That Item also includesageneral discussion
of jet flow phenomena and should be referred to for background information when using the present Item.
The method for boat-tail pressure drag is based on empirical modification of theoretical data.

Themethod isdescribed in Section 3 and itsaccuracy and applicability are discussed in Section 4. Section 6
provides worked examples which illustrate the use of the method and demonstrate the benefits of
boat-tailing in reducing afterbody drag.

Item No. 79022 (Reference 9) provides data for base drag at supersonic speeds for the jet-off situation.

3. METHOD

The method for base drag coefficient is given in Section 3.1 and is based on a simple adaptation of the
prediction method of Item No. 99010 for cylindrical bodies. Section 3.2 deals with boat-tail pressure drag
and utilises theoretical data obtained by the method of characteristics. Section 3.3 considers the total
afterbody pressure drag coefficient.

31 Base Drag

An analysis of test data in Derivations 1 and 3 to 8, which describe parametric studies where bodies of
identical nozzle geometry and with identical flow conditions were tested with varying degrees of
boat-tailing, shows that the effect of boat-tailing on the base pressure of an axisymmetric body, expressed
astheratio (pb)BT/(pb) , may be represented by a simple factor depending solely on the base closure
ratio, d,/d,. The boat—tgﬂ length and angle are found to be of relatively minor significance. The ratio
( pb)BT/ (Py) | is substantially independent of jet pressure ratio, provided that the pressure acting on the
base is bel ow Freestream pressure (see Section 4).
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A good fit to the test data is found to be given by the equation

(Pp)gt _ (d_:j_l'g. (3.1)

The equation relating base drag coefficient to base pressure ratio for a boat-tailed body is

1 (pb)BT”[d:JZ (d:ﬂ
(Cpp)ur = 1- =2 - =, (32)
Db/BT %YMMj[ P.. d d
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Substitution of Equation (3.1) into (3.2) gives

(Py) .y (d 19 d. )2 d,\2

1 b

(Covler = ; [ 22 () M—J (7” 3
VM., =

Thevalueof (p) | /p,, may be obtained either from test data or derived from the predicted value of base
drag coefficient, based on maximum cross-sectional area, from Item No. 99010. The required equation is

o - 1—%ymMj[(CDb)Cyl /[1—(dJ/dm)z]} . (3.4)

32 Boat-tail Pressure Drag

At low jet pressure ratios the base pressure is usually below that prevailing at the end of the boat-tail. This
resultsin an expansion fan at the point of flow separation at the base. The flow on the boat-tail isisolated
from the influence of the jet and the boat-tail pressure drag remains independent of jet pressure ratio. In
this regime the boat-tail pressure drag may be estimated by

Cpg = 085(Cpg)o, for (Cpp)gr<Cpp- (3.5)

The theoretical value, (CDB)Th’ isgiven in Figures lato le for boat-tail angles, §, of 2, 4, 6, 8 and 10
degrees. Thefactor of 0.85isempirical and improves agreement with experiment. In order to check whether
the base pressureisbelow that at the end of the boat-tail, the base drag coefficient calculated in Section 3.1
can be used to derive a base pressure coefficient using

(Cop)gr = _(cDb)BT/ [(dy/d)® = (dyfd)?], (3.6)

which can be compared with the boat-tail pressure datain Figure 2. Figures 2ato 2e present the pressure
coefficient at the end of conical boat-tailsfor boat-tail angles, 3, of 2, 4, 6, 8, and 10 degrees, as calcul ated
by the method of characteristics. Estimates of (CDB)Th for intermediate values of 3 may be obtained by
cross-plotting.

ESDU Copyright material. For current status contact ESDU.

At higher jet pressure ratios the base pressure can exceed that on the boat-tail so that the expansion fanis
replaced by a shock wave. The base pressure then feeds onto the boat-tail via the subsonic portion of the
boundary layer causing areduction in drag. Further increasesin jet pressure ratio, and thus base pressure,
lead to the formation of a shock wave of increasing strength, which eventually provokes separation and
moves upstream of the base, further reducing the boat-tail pressure drag’. This phenomenon is known as
‘pluming’ or ‘plume-induced’ separation. Base pressure continues to increase until reaching a plateau at
some point where it exceeds the freestream pressure. Plume-induced separation is illustrated in the
photo-montage in Sketch 3.1, taken from Derivation 3, which shows composite results of Schlieren and ail
flow investigations. The sketch includes a plot of the experimental pressure distribution along the boat-tail
and the base pressure for the same freestream and jet flow conditions as the photograph, together with the
results observed at both higher and lower jet pressure ratios, and the case of no jet flow.

" Although, strictly, the method of Item No. 99010 is invalid for cases where separation occurs upstream of the base, its application to
boat-tailed bodies, viathe method of Section 3.1, still appearsto model successfully the monotonic increasein base pressure demonstrated
by the test data, at least until the base pressure equals the freestream pressure.
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<y A simple method (Derivation 2) of alowing for jet influenceon C, when (C )g exceeds C_, isbased
o DB pb J pp
) on the assumption that the effect on the boat-tail drag may be represented sol y as a function of the
- difference between the base pressure and the pressure at the end of the boat-tail in the absence of jet effects,
Y .
i.e (Cpb)BT_CpB .
An analysis of thetest datafor (C,,,),~>C,.a showsthat the changein boat-tail pressure-drag, ACnp, IS
pb/BT~ ~pP DB
represented adequately by

3 2
Cop = 0.010([(cpb)BT—ch]Mi) —0.018([(Cpb)BT—CpB]Mi) . @7

In Equation (3.7) the parameter [(C

CpB] ismodified by Mi to cater for the effect of external Mach
number.

Pb)BT_

The boat-tail pressure-drag coefficient is then given by

Cpg = 085(Cpg)yy, + ACp, for (Cpp)gr>Cop - (3.8)
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