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Now, the integral I(t) can be written as
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In particular, when the integration is from the blunt lead-
ing edge, the lower limits X; and t; in Eq. (8) are zero,
and X = I(t). The leading edge solution for X — 0 is ob-
tained by expanding Eq. (14) for p > 1 and the result for
the pressure is

P(X - 0)~ [2/9-y(y + 1)K*]1/3x-2/3

It) =

Results and Discussions

The closed-form solution given by Eq. (14) was solved
for different values of the incidence parameter M, 6 and
the results are compared with Cheng’s theory in Fig. 1.
The values of X were obtained by calculating the integral
I for different values of P(= K/t). For each value of M. 0,
there is a different downstream limit corresponding to the
wedge value. Far downstream, Cheng’s theory predicts an
undershoot in pressure and a subsequent oscillatory ap-
proach to the downstream. Recently Cheng and Kirsch®
have given a higher-order theory which almost removes
the undershoot and predicts close agreement with the
wedge value downstream.

Since the pressure area relation Eq. (2) is valid only in
the limit of ¥ — 1, in order to give good agreement with
experimental results, Kemp suggested the following modi-
fication to Cheng’s pressure area relation (Eq. 2)

pelys— (v +1)/2-y,] = (y—1)/2* Dy (15)

where y; is the shock waveshape. When the leading edge
is sharp, Eq. (15) reduces to the oblique shock theory re-
sult ys = (y + 1)2-y, for M, > 1. For the case of blunt
leading edge, to use tangent wedge approximation along
with Eq. (15), we need one more relation between ys and
the effective body shape y.. For large M, , it is reasonable
to assume (y + 1)/2-y. and the dotted line in Fig. 1
shows the results with these modifications.

For large M. 0, the solution can be obtained in a sim-
pler form than Eq. (14) by approximating the tangent
wedge rule as P = (y + 1)/2-M ., 22, This gives after inte-
gration the closed-form solution for the pressure

~y +1)/4 =2+ (3%/2) + In(1 — 1) (16)
40°%x
£= 5 1)Conts

« = (y +1 .yMﬂf@Z)“Z

2 P

Though the solution (16) is valid for M, 8 > 1, it is found
to be quite accurate even for moderate values. For M, 8 =
1 and P = 28, the values of (203« /eCpnte) calculated by two
Egs. (14) and (16) differ only by 4%.
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Subsonic Flow into a Downstream
Facing Inlet

Theo G. Keith Jr.*
The University of Toledo, Toledo, Ohio

BY changing the direction on the internal engine flow,
through the use of a variable pitch fan, reverse thrust can
be generated in a fan engine. However, in accomplishing a
thrust reversal by this method, flow will be taken into the
propulsor from its downstream opening and thus the ex-
haust nozzle will function as an inlet. Since the nozzle
was not necessarily intended to be used in this fashion, it
is of interest to examine expected performance character-
istics. As a first step, a simple extension of an earlier
study by Fradenburg and Wyatt, Ref. 1, is used in this
note to estimate the total pressure recovery of the inlet as
a function of the freestream Mach number for parametric
values of the inlet or duct Mach number.

The flow model assumes that the nozzle can be repre-
sented as a sharp-lip cylindrical duct facing in the down-
stream direction, and that the internal duct flow is sepa-
rated due to the fact that the flow cannot turn the 180°
required to stay attached to the duct wall. Because of
this, the total pressure does not remain constant through-
out the flow field.

Since the analysis closely follows that presented in Ref.
1, only the major points will be brought out herein. A
mass-momentum balance on a control volume drawn
around the inlet results in the following two expressions:
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Fig. 1 Total pressure recovery vs freestream mach number for
various inlet mach numbers.
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where A is the area, M the Mach number, P the static
pressure, T the static temperature, and ¢ the momentum
parameter equal to: (P — P.) + yPM?] A. Also, subscript
1 refers to a location within the inlet where the flow is
uniform and subscript « denotes an external uniform flow
location far upstream of the inlet. It should be mentioned
that Eq. (2) is based on the assumption that intake lip is
sharp and therefore cannot support a suction force and
that the pressure integral over the control surface vanishes
for reasons detailed in Ref. 1.

When the area ratio is eliminated between Egs. (1) and
(2), and use is made of the stagnation property relations
for temperature and pressure, we obtain

v -1 _r#l
b+ Sg—n? PO

Py L+ M2
5= @)
P,.
- 1/2
1+ Y2 1 M7
a + M — + yMM.,
1412 M,?

Thus the total pressure recovery, P;1,/P. , is a function of
just the freestream and duct Mach numbers. In addition,
it can be seen that the direction of the freestream flow af-
fects the magnitude of the recovery only through the
yMM_, term. Figure 1 is the graph of the expression. No-
tice that pressure recoveries found from values of M. to
the right of the origin correspond to an upstream facing
intake. Total pressure ratios are much lower in the down-
stream facing duct case. Furthermore, the maximum total
pressure, for a given duct Mach number, that can be re-
covered with a rear facing sharp-lip inlet occurs as the
freestream Mach number approaches zero. When M., = 0,
(static case), the total pressure recovered equals the free-
stream static pressure, P.. Thus at best, there is a com-
plete loss of the freestream dynamic head.

Finally, it should be pointed out that type of inlet con-
sidered in this note produces a larger total pressure loss
than would occur in a variable area or flared inlet, which
is a physically more realistic intake. On the other hand, a
well rounded inlet, which is clearly not a practical ex-
haust nozzle when the propulsion unit is used to develop
forward thrust, is capable of complete total pressure re-
covery. Thus the actual intake experiences total pressure
losses somewhere between those predicted here and unity.
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However, since reverse thrust applications occur at low
Mach numbers and therefore at the largest values of pres-
sure recovery, these differences should not be unreason-
able.
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Cavity Growth and Collapse Phase of
Hydraulic Ram

G. C. Cardea* and P. J. Torvikt

Air Force Institute of Technology, Wright-Patterson Air
Force Base, Ohio

Introduction

WHEN a projectile traveling at a high rate of speed en-
counters a liquid-filled container, several mechanisms
contribute to the generation of high pressures within the
liquid. The generation of these large pressures is referred
to as the hydraulic ram phenomenon.! Such high pres-
sures may cause the growth of cracks emanating from the
entrance or exit hole and lead to rupture of a tank wall.
High internal pressures also may cause bulging of tank
walls and damage to the supporting structure. Finally,
any equipment inside the container may be damaged by
high pressure.

Several mechanisms can lead to the generation of pres-
sures large enough to produce damage. As the projectile
strikes and penetrates the entrance wall, a strong shock
wave will be driven into the fluid. This phenomenon has
been the subject of a number of studies.?-® As the projec-
tile moves through the fluid, a pressure field in generated
around the projectile. This phase of the process, which is
made quite complex by the tumbling which typically oc-
curs when projectiles pass through liquids, has been con-
sidered quite extensively.? The third phase, the subject of
the present study, is the generation of pressures due to the
formation and collapse of the cavity which forms behind
the projectile. It has been noted previously that such cavi-
ties will form, will generate pressures, and are loosely
analogous to cavities formed by underwater explosions.!

It is the purpose of this note to show that the formulae
developed for the purpose of analyzing underwater explo-
sions can be adapted to projectile penetration and used to
predict the relationships between the period of the cavity
growth and collapse cycle, the energy required to produce
the cavity, the maximum size of the cavity, and the peak
pressures generated by its collapse. Some experimental
data are used to confirm the applicability of such predic-
tions.
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