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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
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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
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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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Analysis

Cavitation begins almost immediately after a liquid-
filled container is penetrated by a projectile traveling at
ballistic speeds. Examination of high-speed motion pic-
tures of bullets passing through water-filled tanks re-
vealed that the cavity begins as a small nearly cylindrical
wake which grows markedly after tumbling occurs and re-
mains in the liquid after the projectile has passed
through. The cavity increases in size to a maximum radi-
us at which time it is approximately spherical and then
collapses to a minimum radius. This process of growth
and collapse is repeated several times (cavity oscillation).
Each time a minimum radius occurs (cavity collapse), a
pressure pulse is propagated into the fluid and the cavity
expands once again (cavity rebound). Due to losses in the
fluid, each succeeding cycle of the oscillation leads to a
smaller cavity, a lower-peak pressure, and a reduced peri-
od. In a finite tank, reflections of the succession pulses
from the walls will further complicate the pressure history
at any point.

The same sequence of events results from the underwa-
ter detonation of an explosive. If the explosion occurs at a
depth sufficient to insure that there is no surface interfer-
ence, a bubble of gaseous products expands radially
against the ambient pressure in the fluid and creates a
spherical bubble. The amount of energy required to create
a cavity of radius a,, in an incompressible fluid at ambi-
ent pressure P, is the product of the pressure and the
change in volume of the body of fluid containing the cavi-

ty.
E, = 47a,’P,/3 1)

The second result which we will adapt from the theory of
underwater explosions is the Willis formula,¢ an expres-
sion for the time required for the bubble to expand to the
maximum radius and collapse to a minimum, i.e., the pe-
riod of cavity oscillation. If the maximum radius is as-
sumed large in comparison to the minimum radius, the
period is

T=1.14p01/2E01/3/P05/6 (2)

where T is the cavity period and p, is the density of the
medium. The third necessary relationship is that between
the energy in the explosion and the peak pressure occur-
ring at a distance R from the cavity center. This equation
has been used* to predict the relationship between the
weight of TNT detonated and the magnitude of the pres-
sure field around the bubble at the time of its first mini-
mum (the secondary pulse).

Poax — P, = 2590W!/3/R 3)

In the above, Phax — Po is the gage pressure in psi, W is
the weight of detonated TNT in pounds, and R is the dis-
tance from the center of the cavity in feet. In predicting
the effects of underwater explosions,* it is assumed cus-
tomarily that only 50% of the energy content of the explo-
sive goes into the creation of the cavity. If the driving en-
ergy, period of oscillation, peak pressure at some R, or the
maximum cavity size is known, Egs. (1-3) may be used to
compute the other three. The cavity period is the easiest
to measure experimentally as it is not subject to the
uncertainties of pressure gage calibration or the location
of the cavity center. Assuming that only 50% of the energy
contained in a pound of TNT (1.514 x 108 ft-1b) is con-
verted into cavity energy, Eq. (3) can be rewritten as

Prax — P, = 28.5E,1/%/R psi(it?/?/1b!/%)  (4)

where E is as previously defined.
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Table 1
Computed and observed cavity parameters
Com-
puted  R(Puax
Shot V  Observed o — Py)
no. fps  Tmsec Rit R ft ft-1b ft-psi
2 1269 24.8 0.5 0.494 876 272
3 1209 26.2 0.5 0.522 1032 288
4 1254 26.9 0.5 0.536 1117 295
5 1215 26.9 0.5 0.536 1117 295
Verification

The predictions were compared to the results of a pre-
viously conducted series of experiments in which 0.50 in.
caliber projectiles were fired into cubical containers
(three-foot sides) of water containing four-pressure trans-
ducers. Time histories of the pressure readings at each of
the four transducers were made, and the cavity resulting
from each shot was documented by high-speed motion
pictures taken through a transparent tank wall. Using a
density of 1.94 slugs/ft3, an ambient pressure of 2210 lbs
per ft?, and the measured cavity period, maximum cav-
ity radii and cavity energies were computed using Eqs. (1)
and (2) and are given in Table 1. Results given are for four
shots, nominally identical. The observed maximum cavity
radius was determined to be about 0.5 ft & 10% for each
of the shots which, considering the uncertainty resulting
from determining cavity size from a motion picture rec-
ord, is considered to be in agreement with the computed
values.

The predicted energies also appear to be reasonable as
can be seen from consideration of the drag, i.e., the energy
deposited per unit length of projectile travel, which is

E'=D = Cpp,V’S/2 (5)

where S is the cross-sectional area of the projectile, Cp is
the drag coefficient, p, the density of the fluid, and V the
velocity of the projectile. The drag coefficient for an unt-
umbling projectile in fully cavitating flow5 is 0.3. For a
fully tumbling projectile, Cp has been estimated! to be
about 1.67. At the average velocity for these four shots the
energy deposited in one foot of travel is 540 ft-1b and
1845 ft-lb for the two values of Cp, respectively. These
numbers are observed to bound the amount of energy cal-
culated as being required to generate cavities of the ob-
served size, one foot in diameter. If 540 ft-lb are lost in
the first foot of travel and tumbling is then assumed to
occur, the energy deposited in the second foot is 1450 ft-lb.
Since not all the energy deposited need go into the radial
velocity field of an expanding cavity, it is to be expected
that the available energy (the drag) is greater than that
required to form the cavity.

A comparison of the calculated and observed pressures
is more difficult, for the peak overpressure recorded de-
pends on the distance from the gage to the cavity center.
The motion picture records of the experiments did not
provide a determination of the distance from cavity center
to pressure transducer accurate enough to permit a com-
parison of observed and calculated products of pressure
and distance. However, from the predicted value of the
product of pressure and distance for each shot and from
the recorded value of peak pressure at each gage, a locus
of possible cavity centers was constructed for each gage
and their intersection determined. In all cases this com-
puted location of the cavity center was found to be in rea-
sonable agreement with what could be observed from the
motion pictures, confirming that pressures at any point
may be predicted if the location of the cavity center is
known. These results are not entirely conclusive, as not all
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gages were operative in all of the shots. It can be seen
from the table that pressures of considerable significance
(several hundred psi) occur a foot away from the cavity
center.
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Computation of Transonic Flow about

Lifting Wing-Cylinder Combinations

E. B. Klunker* and P. A. Newman#*
NASA Langley Research Center, Hampton, Va.

SUCCESSFUL development of relaxation algorithms for
the computation of inviscid potential flow about two-di-
mensional airfoils and bodies of revolution at transonic
speeds!® has led to adaptation of the technique to more
complex configurations. Three-dimensional wing calcula-
tions based upon a small disturbance potential equation
have been presented in Refs. 9-13 and calculations for a
vawed wing with the full potential equation are described
in Ref. 14. To date, the only published results for a wing-
body configuration are for a nonlifting wing with a cylin-
drical body.1? Some results are presented here for a lifting
rectangular wing centrally located on a circular-cylindri-
cal body. This simple configuration has been utilized in
order to assess the merits of a mapping technique for
wing-body configurations.

Two general approaches can be followed in the formula-
tion of these problems: 1) employ Cartesian (or other sim-
ple) coordinates which preserve the utmost simplicity in
the governing differential equation but which generally
necessitate interpolation or extrapolation to incorporate
some of the boundary conditions, or 2) utilize coordinate
transformations which simplify specification of the sur-
face boundary conditions but which generally increase the
complexity of the differential equation. The first tech-
nique has been used in Ref. 15 for a two-dimensional
time-dependent computation while the second has been
widely employed in fluid mechanics and other fields. A
combination of the two approaches will most likely be re-
quired for all but the simplest configurations. The proce-
dure employed here makes use of a coordinate transforma-
tion to simplify specification of the surface boundary con-
dition in the computation of the flow about a rectangular
wing symmetrically located on a circular-cylin-
drical body. The method can be extended to incorporate
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wing sweep, finite length body of noncircular cross sec-
tion, and arbitrary wing placement; however, these exten-
sions involve a considerable increase in complexity of the
problem.

Method

One of the simplest wing-body configurations which can
be reduced to a simple form by a coordinate transforma-
tion is that of a cylindrical body with the wing plane pass-
ing through the body axis. A Joukowski-type transforma-
tion in planes normal to the body axis
c=0, +fo, x=xy 0=y +izg 0=y +iz (1)
where ¢ is a constant, maps the circular cross section y.2
+ 2.2 =¢2(y =y, z =2 on c) and the plane z = 0 for
|¥] = ¢ onto the plane z; = 0. If the body radius does not
differ appreciably from ¢, then the boundary condition of
zero normal velocity both on the wing and on the body
can be enforced on the plane z; = 0. Moreover, the
boundary condition on the trailing vortex sheet, which is
assumed to lie in the plane of the wing, is similarly satis-
fied on the plane z; = 0. The condition that ¢ is a con-
stant preserves the orthogonality of the coordinates but
excludes consideration of bodies of finite length. The body
radius 7, can depend both on x and the polar angle 6 =
arctan (z,/¥o(; however, one-to-one correspondence be-
tween the coordinate systems x,y,z and x1,y1,21 requires
that r, = ¢. Thus the boundary-value problem for this
simple wing-body configuration in the x1,y1,21 coordinates
is similar in most respects to that of a wing alone in Car-
tesian coordinates.

The equation for the pertubation velocity potential used
here is

(B = (v + DM 20, (1 + ¢, /2)|dyy + Oy + 0, =0 (2)

where M . is the stream Mach number, 82 = 1 — M.2,
and vy is the ratio of specific heats. Equation (2) differs
from the familiar form of the small disturbance transonic
flow equation by inclusion of the term ¢,2$., which has
been retained to better approximate the critical speed
where the equation changes type from elliptic to hyper-
bolic.

The flow tangency condition on the wing is approximat-
ed by

¢ 00,9,0) =/, —a 3)

for x, on the wing planform where z = f(x,y) is the equa-
tion of the wing surface and « is the angle of incidence. It
may be noted here that taking the surface boundary con-
dition as ¢z (x,y,0) = [1 + ¢2(x,5,0))fx — « generally leads
to results where the full expansion around the blunt lead-
ing edge of an airfoil is not achieved. The flow tangency
condition for a body of revolution is approximated by

Veby¥, Vo 20) + 2l + 0,0, v,, 2] = cldr/ad (@)

Additional terms involving (dr,/df) must be included in
Eq. (4) for bodies of noncircular cross section. The bound-
ary condition on the trailing vortex sheet, assumed to lie
in the plane of the wing z = 0, is

¢7(x,3’,0+)—(/>(x,y,0') :F(V) (5)

for x,y on the sheet; the circulation I'(y) is determined as
part of the solution.

The disturbance velocity potential must vanish far from
the wing-body configuration and its trailing vortex sheet.
Thus, ¢ = 0 on the outer boundary surfaces except those
far upstream and far downstream in the vicinity of the



