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Cylindrical and Boat-Tailed Afterbodies
in Transonic Flow with Gas Ejection

D. M. Sykes*
The City University, London, England

Nomenclature

cross-section area of body

b = (subscript) base

Cp = pressure drag coefficient

¢, = pressure coeflicient {(» — pw)/}pelUs?
D = body diameter

I = ejected gas flow parameter m/Ape U«
{ = boat-tail length (calibers)

M = Mach number

m = mass flow rate

p = pressure

U = velocity

8 = boat-tail angle

p = density

» = (subscript) freestream

1. Introduction

FEYHE base drag of axisymmetric afterbodies may be sig-

nificantly reduced by ejecting gas at small flow rates into
the “dead air’”’ region behind the base'~* and also by boat-
tailing.® The combined effects have been studied at Mach
number 2° and this Note gives further results for cylindrical
afterbodies at Mach numbers from 0.8 to 1.1, and for the
combined effects at M. = 0.95.

2. Apparatus

The measurements were made in an intermittent ejector
driven 9 X 8 in.? perforated wall transonic wind tunnel with
atmospheric stagnation pressure and Reynolds number of
4 X 10%/ft. The model consisted of a 1 in. diam 5 caliber
centerbody and interchangeable 2 caliber afterbodies. The
centerbody was supported on a pair of 45° swept forward
hollow struts (see Fig. 1a), one strut contained pressure tubes
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Fig. 2 Cylinder base pressure.

and the other supplied the metered air for ejection. The
centerbody-strut intersection was profiled by simple sonic
area rule to give constant normal cross-section area of body
and struts equal to that of the eylindrical centerbody. The
body extended forward for 3 caliber as a cylinder carrying a
boundary layer transition strip, and was capped with a 2
caliber ogive nose. Since the boundary layer was turbulent
and the trailing edge of the struts was 4 calibers ahead of the
base, the base pressures were unlikely to suffer from support
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Fig. 3 Boat-tail base pressure.
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interference.” The afterbodies consisted of a cylinder and
six conical boat-tails with angles 3°, 6°, and 9° and of lengths
1 and 1 caliber, each contained a nozzle of 0.4 caliber exit
diam (see Fig. 1b). Previous tests?™ in supersonic streams
have shown that the nozzle geometry has little effect on base

pressure at low ejected flow rates.

3. Results

The boundary layer near the base of the model was in-
vestigated at M, = 0.99; the thickness was close to that
predicted for a fully turbulent layer and the velocity dis-
tribution conformed to a %th power law profile. The ratio
of boundary layer thickness to model diameter was §, which is
typical of conventional projectiles.

Pressure distribution over a cylindrical model base with-
out a nozzle was measured at M., = 0.80, 0.95, and 1.11.
The pressure coefficient on the base with a nozzle and on the
afterbody % caliber upstream was measured as a function of
the ejected flow parameter I at the same Mach numbers.

The pressures on the afterbody were almost independent of

I, while the base pressure coefficients varied as shown in
Fig. 2. The values of C,, at I = 0 were all slightly smaller
than those measured on the base without a nozzle.

Also shown in Fig. 2 is the dependence of C,, on I at M., =
0.80 and 0.95 for a cylindrical afterbody with a porous base
used by Bowman and Clayden.* TUnlike their experiments,
the present results showed little change in the behavior of
C,, with I for this change of base design; the values of C), at
I = 0 were in close agreement with those measured on the
base without a nozzle.

The pressure distribution on the boat-tailed afterbodies
was measured at M, = 0.95. The flow was found to go
supersonie over the shoulder at the start of the boat-tail, but
underwent rapid compression about % caliber downstream
of this shoulder, followed by slow subsonic compression.
Schlieren photographs showed that the flow was attached to
the boat-tail surface throughout. Pressures on the boat-tail
and cylindrical afterbody were independent of ejected mass
flow rate. The result for base pressure coefficient as a func-

“tion of I for the family of boat-tails is shown in Fig. 3. It
appeared that at this Mach number the base pressure could
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Fig. 4 Boat-tail angle and base pressure.
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Fig. 5 Boat-tail and afterbody drag coefficient.

be written as
C:D = Opb (6;Z)I=0 + Cpb(I)
The best fit quadratic for the latter term was found as

Cp(I) = —24I + 6012

for I < 0.03 and is shown in the curves in Fig. 3. This
curve is shown fitting the data in Fig. 2 for both 'solid. and
porous base eylinders at M. = 0.80 and 0.95, but not for
M, = 1.11. The values of (C},) -0 at M., = 0.95 were also
determined in this analysis and are shown in Fig. 4, plotted
against boat-tail angle 8 for the two afterbody lengths. . For
both boat-tail lengths at 8 = 9° measured base préssures
were higher than freestream static, the longer boat-tail
producing greater pressure recovery. ]

Afterbody pressures were integrated -to - give boat-tail
drag coefficients, and combined with base pressures, assumed
to be constant over the base and exit of the nozzle, to give
afterbody drag coefficients C'p. These results are shown in
Fig. 5, which also shows the effect of drag reduction by gas
ejection at the optimum rate I = 0.02. The effect of thrust
from ejected gas momentum has not been included; this
could amount to about 0.02 change in Cp at I = 0.03. The
results show that the optimum boat-tail angle (of about 7°)
is relatively insensitive to gas ejection rate or boat-tail length.
The same optimum condition and behavior were found by
Bowman and Clayden® at M., = 2.0.
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Electric Arec Moving at
Hypersonic Speed
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1. Introduction

KDAHL, Kribel, and Lovberg! experimentally observed
a rotating spoke in an MPD are jet in argon. The ve-
locity of the rotation corresponds to the hypersonic Mach
number of around 30 based on the speed of sound at cold flow.

As is indicated at the end of this paper, calculations based
on Lovberg’s experimental data indicate that the are could
behave like a solid body at hypersonic speed. This is similar
to the case of arcs moving at subsonic speed as indicated
by some authors.??

In the present paper, using a Newtonian pressure distribu-
tion corresponding to a thin shock layer at hypersonic speed,
the shape of the arc is derived. = It is assumed that the electric
field and temperature are constant in the arc cross section.
The last assumption is justified because the plasma is fully
ionized within the spoke. A high electron conductivity re-
sults in a nearly constant temperature. Indeed, recent ex-
periments have supported this assumption, indicating mea-
sured temperature surprisingly constant and equal about
1 ev.t The spoke is driving an ionizing shock wave (Fig. 1).
The plasma in the thin shock layer is a source of strong line
radiation.

2. Derivation of the Shape of an Arc

We shall assume a uniform applied magnetic field B and a
small induced field. Conservation of momentum in the z
direction gives

dp/dz = jB = o(E — U.B)B @)
op/oy =0 @)

The electric conductivity is given by the Spitzer formula
(MKS units)

_ 1.5 X 10272 @)
7 = In[1.23 X 107(T%2/n11%)]

with
p = knT 4
one obtains from Eq. (1)
dknT/de = o(n,T)(E — U.B)B (5)

Assuming fully ionized gas (n = 2n.) within the spoke, and
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T = const, one obtains

dn
kT o) = (E — U.B)Bx (6)

or taking into account relation in (3), the preceding integral

can be calculated as follows:

f In[1.23 X 10%(T%*/n 1% ]dn
1.51 X 1072732 B

n{ln[1.23 X 1077%2/ (In)!/2] }
1.51 X 1072T%2

+C

Noting that In(n/?) is a slow function of n, the expression in

parenthesis can be taken as constant. This is equivalent to

the constant current density throughout the arc. Therefore,
dn

m=K1/ﬂ+C

where

In{[1.23 X 10"T%2/(In)¥2]} + 1

K= 1.51 X 10272

Taking into aceount that E and B are constant, one obtains
from Eqgs. (6) and (4)

p = Ko +
where v v 7
K, = T

The constant C; can be caleulated by equating the pressure
from Eq. (7) with the Newtonian stagnation point pressure
s = pUxtat & = &, (Fig. 1).

Therefore,
Ci = paUx? — Kom ®
denoting
one obtains
p=1— &, — &) 10)

Assuming a Newtonian pressure distribution over a solid body,
ie.,

[dg/dz1?
1 + [dy/dz]?

P = cosa =

(11)
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