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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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 PRESSUREAND MACH NUMBERDISTRIBUTIONSOVER CONICAL,
CIRCULAR-ARC AND PARABOLIC BOAT-TAILS
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SUPERSONIC PRESSUREAND MACH NUMBERDISTRIBUTIONSOVER CONICAL,
CIRCULAR-ARC AND PARABOLIC BOAT-TAILS

1 NOTATION AND UNITS
S British
Cp local pressure coefficient, (p — pm)/%ypri
d, base diameter, 2R, m ft
drn maximum body diameter, 2R, m ft
[ boat-tail length, see Sketch 1.1 m ft
é M local Mach number
'I; M_ freestream Mach number
g p local static pressure N/m? |bf/ft2
;‘:’,J’ P freestream static pressure N/m? | bf
g Rb base radius, see Sketch 1.1 m ft
g R, maximum body radius, see Sketch 1.1 m ft
E r local radius, see Sketch 1.1 m ft
= X axial distance along boat-tail aft of cylinder/boat-tail m ft
o junction, see Sketch 1.1
§ B boat-tail angle, see Sketch 1.1 deg deg
Eﬁ Y ratio of specific heat capacities
§ p radius of curvature of circular arc, see Sketch 1.1 m ft
5
7
A A
R Rm
_ OTW _ n
A A
A ]
Cone Circular arc
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2. INTRODUCTION

This Item presents data for the pressure coefficient and Mach number distributions along conical and
circular-arc boat-tails at zero angle of attack over the Mach number range 1.5 to 4. The data are based on
theoretical estimates obtained from the Method of Characteristics. It should be noted that data for boat-tail
pressure and Mach number distributions are also available in Item No. Aero B.S. 05.03.01 (Reference 1),
but the presentation therein is inappropriate for boat-tails where the ratio of length to maximum body
diameter ratio is small. The present Item is restricted to a maximum value of | /R, of 5 and the user is
referred to Item No. B.S.05.03.01 when | /R, isgreater than 5. The boat-tail angles considered are limited
to amaximum of 10 degrees for the case of conical boat-tails. For circular-arc boat-tails the data are given
as a function the radius ratio of p/R,, and these data may also be applied to parabolic boat-tails, see
Section 3. A discussion of theuse of the [temisgivenin Section 4, and themethod isillustrated by aworked
example in Section 6.

The method of this Item excludes situations where there are jet interference effects, see Section 4.

3. METHOD

Figure 1a gives the geometric relationship between the local boat-tall radius ratio, r/R.,, and the
dimensionless axial station, x/Rm, asafunction of boat-tail anglefor conical afterbodies. The equationis

rMR, = 1—-(x/R)tanf. (32

Rearrangement of Equation (3.1) with the substitution of the base values, r = R, and x = I, gives the
boat-tail angle for a given conical afterbody

B = tan'[(1-R/R /(IR (3.2)

Figure 1b gives the geometrical relationship between the radius ratio, r/R,, and dimensionless axial
station, x/ R asafunction of theradiusof curvatureratio, p / Ry for circular-arc boat-tails. The equation
is

ESDU Copyright material. For current status contact ESDU.

2 2. Y
rIR, = [(p/R) = (XR)T —p/R +1. (33)

Rearrangement of Equation (3.3) and substitution of the base values, r = R, and x = |, gives the radius
of curvature ratio for a given circular-arc boat-tail as

2 2
p/R, = [(/R)" + (L -R/R)1[2(1 -R/R)] . (3.4)
The boat-tail angle, B, for acircular-arc boat-tail is given by
B = 2tan-1[(1-R/R)/(I/R)]. (3.5)

Figures 2a, 2b to 5a, 5b give the local pressure coefficient and Mach number distributions for freestream
Mach numbers of 1.5, 2, 3 and 4, respectively, for conical boat-tails with boat-tail angles of 2, 4, 6, 8 and
10 degrees.
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Similarly, Figures 6a, 6b to 9a, 9b give the local pressure coefficient and Mach number distribution for
freestream Mach numbersof 1.5, 2, 3 and 4, respectively, for circular-arc afterbodies. The curvesare given
for values of p /R, up to 30, together with the limiting cases of acylindrical body (p/R,— ).

Note that the relationship between local pressure coefficient and local Mach number is given by

1 [r1+02m3)"?
Cp = > > -1, (36)
07M2[\ 1+ 02m

which assumes avalue of y of 1.4.

To the order of accuracy of the theory the datain Figures 6a, 6b to 9a, 9b may also be applied to boat-tails
of parabolic profile, the equivalent radius of curvature being obtained from Equation (3.4).

Interpolation should be used to obtain estimatesat intermediatevaluesof § or p /R, for each Mach number,
and then against M__ .

4, DISCUSSION

The nature of the pressure distributions on boat-tails differs according to the type of boat-tail. For conical
boat-tails, theory predictsasudden expansion of theflow at the surface discontinuity at the cylinder/boat-tail
junction. As there is no further change in surface slope the recompression that occurs results from the
three-dimensional nature of the flow as the boat-tail reduces in diameter. The conical boat-tail pressure
distribution is therefore characterised by sudden expansion of the flow followed by recompression.

For 'smooth' boat-tail profiles, such as circular-arc and parabolic, there is a continuous increase in surface
slope aft of the cylinder/boat-tail junction and expansion of the flow along the boat-tail. Thisis countered
and, provided that the boat-tail is sufficiently long, eventually overcome by the increasingly
three-dimensional nature of the flow as the boat-tail reduces in diameter. The pressure distribution on a
‘'smooth' boat-tail istherefore characterised by expansion of the flow down to aminimum pressure followed
by recompression.

ESDU Copyright material. For current status contact ESDU.

As the method is derived from inviscid calculations, no account is taken of the presence of the boundary
layer, the primary effect of whichisflow displacement, the magnitude being dependent on Reynol ds number
and Mach number. M oreover, the growth of the boundary layer along the boat-tail itself will also be strongly
dependent onthe pressure gradient, which isdetermined by the severity of theboat-tail profile. In particular,
the magnitude of the sudden expansion exhibited by theoretical data at the junction of the cylinder and a
conical boat-tail is not realised as the boundary layer acts locally to smooth the discontinuity. The Itemis
expected to provide redlistic results provided that the boundary layer is thin compared to the local body
radius. Quantitative assessment of the effect of Reynolds number is beyond the scope of this Item.

Application of the method excludes circumstanceswhereinterference effectsarise asaresult of apropulsive
jet issuing from the base of the body. However, such interference only occurs when the nozzle operating
conditions and geometry result in a base pressure exceeding that on the end of the boat-tail. Under such
circumstances the higher base pressure feeds onto the boat-tail via the subsonic portion of the boundary
layer. For ahighly under-expanded jet, producing a high base pressure and alarge jet plume, a shock wave
may form of sufficient strength to separate the flow on the boat-tail.
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6. EXAMPLE

Calculatethelocal Mach number and pressure coefficient at astationlocated at x = 1.5R, onacircular-arc
boat-tail at afreestream Mach number of 2.5. The geometry of the boat-tail is defined by

| = 2R adR, = 0.7R_.

From Equation (3.4), with I /R, = 2 and R,/R,, = 0.7,

p/R [(I/R )% + (1= R /R )°1/[2(1 = R/R )]

m

[2° + (1-0.7)%)/[2(1 - 0.7)].
6.82.

Datafor both C, and M areobtained for sufficient valuesof p /R, at each of thefreestream Mach numbers
represented by Figures 6a, 6b to 9a, 9b, as given in Table 6.1. Sketch 6.1 summarises the procedure of
crossrplo_ttmg both CJD and M against p/R,, tointerpolatevaluesat p /R, = 6.82, and then cross-plotting
them against M__ to interpolateat M_ = 2.5.
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TABLE 6.1 Datafor cross-plots, x/Rm =15
M_ p/R, 4 5 6 7 10
15 Cp -0.360 -0.303 - -0.235 -0.176
(Figures 6aand 6b)
M 2.05 1.93 - 181 1.72
2.0 Cp -0.238 -0.206 - -0.161 -0.121
(Figures 7aand 7b)
M 2.70 2.55 - 2.38 2.26
3.0 Cp -0.130 -0.116 -0.105 —0.095 -0.073
(Figures 8aand 8b)
M 4.22 3.92 3.75 3.63 342
4.0 Cp -0.080 -0.075 —-0.069 —0.063 -0.051
(Figures 9aand 9b)
M 6.06 5.52 5.20 5.00 4.66
The resulting values for Cp and M are—0.120 and 3.0, respectively.
Documents
il Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 00028 2001


http://www.avadocuments.com/doc/esdu-00028-2001
http://www.avadocuments.com/doc/esdu-00028-2001

ESDU 00028

=6.82

PRy

2.5

Cp=-0.120for M,

0

-0.3

-04

ESDU Copyright material. For current status contact ESDU.

6.82

15

-0.1
-0.2

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU
No reproduction or networking permitted without license from IHS

Full document details: ESDU 00028 2001

-0.3

-0.4

4.0

35

3.0

25

20

15

10

p/Rm

Licensee=/, User=,
Not for Resale,

o
<
0
(42}
& /. &
b
L :
a 0
- N
¥
1
= )
.-
T / 3
s o)
N e 5
© 1) o~ — y—
%)
°
=3
A
o
@)
-
o
: =
©
)
(o]
s S ™ o~ m\
[oe]
- kyf7 o
[{e]
[{e]
Wﬂ 5
/ 4
~ o n <t ™ N -
Documents
5 Document Sharing Hub


http://www.avadocuments.com/doc/esdu-00028-2001
http://www.avadocuments.com/doc/esdu-00028-2001

ESDU Copyright material. For current status contact ESDU.

ESDU 00028

Q
T T
| [ / / ol
| /
| / /
| / /
|
| /
/ / ”
Lo
| / / 7/
[ / ~
| / /
| / /
| /
| | /
| / /
| \ \ y /
/ / o
/ / / ~
| / /
| /
o _~ /
__ / / /
| / / %)
/ Lo B
/ / / ™ S
/ / =
| / / / S
[ / / / Q
o f 8
__ \ / / % 5
/ / / =¥ ©
S
| / / / L2
_‘ \ / Rm
__ I y / X
__ / / 7 % Rm 2
| / / y / X 8
7/ 7 Q
[ / / / 2
| / / 3
_~ \ / o
| / / S o
| / / [
__ \ / / =
/A ARy AR i
| / / T/ L
| [ / x
1 ul =
_‘ | \ / / O
17 /17 L
[/
[/
/
[ 1]/
__ \ f 7/ m._
[ /
| /
| /
[/
[/ /
|11/ /
Iararava
:\\\ %
Iy
111/
[1//
1111/
111
§\
| _
Qo 2 Q ™~ © o < ™ N — - ©
- o o o o o o o o o
o
Documents
....... Document Sharing Hub
Copyright Engineering Sciences Data Unit @

Provided by IHS Markit under license with ESDU
No reproduction or networking permitted without license from IHS

Full document details: ESDU 00028 2001

Licensee=/, User=,

Not for Resale,


http://www.avadocuments.com/doc/esdu-00028-2001
http://www.avadocuments.com/doc/esdu-00028-2001

