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spond to the distance from dynamical center, radial velocity,
and time rate of change of true anomaly, respectively The
first nine and last three data combinations listed correspond
to types A and B, respectively

References
1 Gersten, R H and Schwarzbein Z E, "Self-contained

orbit determination techniques, ' AIAA Preprint 63 431 (August
19-21, 1963)

2 Schwarzbein Z E and Gersten, R H , "Preliminary orbit
determination for a moon satellite, ' AIAA J 1, 467-469 (1963)

3 Herrick, S, Astrodynamics (D Van Nostrand Company,
Inc , Princeton, N J , in Press)

4 Baker, R M L , Jr and Makemson, M W , An Introduction
to Astrodynamics (Academic Press Inc , New York, 1960), Chap
6,pp 111-152

5 Liu, A , Tw o body orbit determination from two positions
and time of flight ' Aeronutronic TN 4 (January 2, 1959)

6 Plummer, H C , An Introductory Treatise on Dynamical As-
tronomy (Dover Publications, Inc , New York, 1960), pp 24-27

-PRESSURIZED TANK

Effect of a Cavitating Venturi on
Wave Propagation in a Duct

L R IWANICKI* AND 0 W DYKEMAf
Noi th American Aviation, Inc , Canoga Park, Calif

Introduction

AVENTURI designed to reduce the static pressure of the
fluid flowing through the throat to its vapor pressure is

termed a cavitating venturi When operating under this
condition, assuming a constant upstream head, a decrease in
pressure downstream of the venturi will not result in increased
flow x~4

The purpose of this investigation, conducted for NASA,
was to determine whether or not the cavitating venturi is ef-
fective in maintaining a constant flow when the downstream
pressure oscillates in the frequency range of 100-1000 cps
If the answer to this question is affirmative, this characteristic
of the cavitating venturi could be useful when applied as a dy-
namic decoupling device in liquid rocket engines A logical
location would be at the discharge end of the feed system to
efTectivel} decouple combustion and propellant feed system
oscillations

Test System Configuration and Instrumentation

The function of the test system is to simulate the environ-
ment and boundary conditions that will exist in the actual ap-
plication of the venturi To facilitate test programming, water
was used as the test medium in conducting initial tests to
study the effect of cavitating venturi action in a dynamic flow
system Later, liquid oxygen replaced water to confirm that
no serious deviations in this characteristic action resulted from
a change in the test medium

A sketch of the test system configuration is shown in Fig 1
The system consists essentially of a 1-in -i d pipe, approxi-
mately 10 ft long, bounded at the upstream end by a large
tank and terminated at the downstream end by an orifice
discharging to the atmosphere A hydraulic siren, operating
at a branch in the system immediately upstream of the dis-
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PHOTOCON PRESSURE TRANSDUCER (TYPICAL)

Fig 1 Test system configuration

charge orifice, provides the oscillating hydraulic disturbance
to the system during the dynamic tests The siren is capable
of sweeping a continuous frequency range of 100-1000 cps
when driven by a 5-hp, remotely controlled, d c variac motor

Low pressure drop and effective fluid dynamic decoupling
were desirable features for the intended venturi application
According to Ref 5, the 7° diffuser included angle would in-
sure a minimum pressure energy loss The venturi entrance
contour was designed to have a radius, equal to twice the
throat diameter, that would be conducive to efficient flow
entry and at the same time leave more venturi length avail-
able for the diffuser The over-all length was limited by the
space in the parent hardware

Instrumentation included Photocon pressure transducers to
monitor the pressure oscillations, dynamic flowmeters (strain-
gage, cantilever type) to record the oscillatory flow component,
and Fastax camera recording equipment to determine the
size and response of the cavitation bubble for variations in
the pressure downstream of a lucite venturi A large elec
tronic amplification is required to make the dynamic flow
data measurable Amplification was accomplished before the
flow signal was recorded on tape so that further amplification
before playback was held to a minimum, thus limiting ampli-
fication of the tape noise

Test Procedure
With the system fluid flowing through the venturi under the

prescribed tank pressure of 1500 psi, the siren was operated
over the full frequency range of interest, 100-1000 cps, with
all transducer outputs being recorded on tape for later anal-
ysis Only oscillatory components of the pressure and flow
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Fig 2 Typical filtered traces
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Fig 3 Frequency response for the \W2\/\PS ratio

transducers were recorded to permit improved amplitude
measurement accuracy This test was followed by an identical
test, except for the replacement of the venturi by a cylinder of
constant diameter (0 375 in ), to provide reference data A
comparison of the dynamic test data for the two tests was used
as the basis for evaluating the effectiveness of the cavitating
venturi in preventing the upstream transmission of flow os
dilations that result from pressure oscillations generated
downstream of the venturi

Liquid oxygen tests were conducted using essentially the
same test sequence The chief difference was that these tests
required a special precooling technique to insure that liquid,
and not gaseous, oxygen was flowing in the system Before
any testing commenced, liquid nitrogen was forced through
the system jacket under low pressure (about 50 psi) for about
10 min to precool the test system Then liquid oxygen was
allowed to flow through the test system under low pressure
until liquid oxygen could be seen flowing out of the system
discharges By this time, the thermocouple located down-
stream of the venturi indicated that the temperature had
stabilized, and, according to Ref 6, this should have been
ample precooling

Data Analysis

The results of the dynamic test data can be presented best
as frequency response curves To be able to measure sine
wave component amplitudes over the full-frequency range,
the tape recorded data was played back through a variable
band-pass filter onto oscillograph paper or Clevite brush re-
corder paper Narrow band passes were utilized to insure
constant signal gain through the filter over the frequency
band selected The traces of principal interest were the pres-
sure oscillations generated downstream of the venturi and
the pressure and flow oscillations transmitted upstream of the
venturi For those particular filtered flow and pressure
traces which displayed a very nearly sinusoidal wave shape
within the same time slice, the ratio of flow amplitude meas-
ured immediately upstream of the venturi to pressure ampli-
tude measured immediately downstream of the venturi was
plotted vs frequency

Similar points were plotted for the traces obtained from
both the venturi and reference tests A comparison of the re-
sulting curves showed the effectiveness of the cavitating
venturi in decoupling the downstream pressure oscillations
from the upstream flow Figure 2 shows sample traces of the
filtered data obtained with the test system transducers
Amplitudes for frequency-response plots are measured from
traces of this type

Test Results in Water

The lucite venturi, with a 0 160 in throat diameter and a 7°
diffuser included angle, exhibited cavitation in water at a
downstream pressure of 1100 psi (Upstream pressure was
1500 psi) For a brass venturi in water, with highly polished
diffuser surface, the corresponding downstream pressure for
incipient cavitation increased to 1325 psi In liquid oxygen,
this pressure was 1350 psi Dropping the downstream pres-
sure below the point of incipient cavitation, of course, insured
deeper cavitation; however, the increased venturi pressure
loss was undesirable The test points for the brass venturi
were determined with the siren in the test system operating
at 500 cps

Fastax motion picutres depict how the size of the cavitation
bubble changes with a change in the pressure downstream of
the venturi The bubble appears as a dark, wavy shadow
emanating from the venturi throat When projected, the
motion picture shows the cavitation bubble oscillating at the
same constant frequency at which the siren was operating
(1000 cps)

A frequency response curve shows the results of the dy-
namic tests The points in Fig 3 are a plot of the ratio of the
upstream oscillating flow amplitude to the amplitude of the
downstream oscillating pressure vs frequency It can be
seen that resonances occur at approximately 250,500 and
800 cps With the constant diameter flow passage replaced by
the cavitating venturi, the magnitudes of these resonances are
significantly reduced, by a factor of approximately 5:1, as
indicated by the small circles in the figure The flow to-
pressure ratio holds some analogy to the ratio of the amplitude
of an oscillating injector flow to the chamber pressure oscilla-
tion amplitude in a liquid rocket engine

Test Results in Liquid Oxygen

The test results in liquid oxygen paralled those obtained in
water, showing a 5:1 reduction in upstream pressure ampli-
tudes in the vicinity of the resonances Steady flow tests
showed that incipient cavitation in the identical venturi oc-
curred at a slightly higher pressure downstream of the venturi,
1350 psi compared to 1325 psi for water

Conclusions

From these results it can be concluded that a cavitating
venturi flowing water or liquid oxygen is significantly ef-
fective in decoupling downstream pressure oscillations from
the upstream flow over a frequency range of 100-1000
cps Downstream pressure oscillations of large amplitude
(greater than 100 psi peak to-peak) could extend partially
into the noncavitating region and make the venturi less ef-
fective while it is operating at the point of incipient cavitation
Erosion due to cavitation was not apparent in the brass ven-
turi

The cavitation bubble has some appearances of behaving as
a hydraulic capacitor, releasing some of the pressure energy
of the oscillations as they are propagated upstream through
the central core7 of the bubble Fastax movies demonstrated
the good frequency response of the cavitation bubble in water,
oscillating at a frequency of 1000 cps as it adjusted in size to
the downstream pressure variation of the same frequency
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reduces Eq (1) to the incompressible form

Skin Friction of Slender
Cones in Hypersonic Flow

JAN RAAT*
U S Naval Ordnance Laboi atoi y,

White Oak, Silvei Spt ing, Md

The transverse-curvature effect on the skin fric-
tion of slender, circular cones is investigated em-
ploying a momentum-integral technique A rela-
tion between a suitable transverse-curvature param-
eter and the hypersonic viscous interaction param-
eter is discussed

1 Introduction

APPLICATION of the Mangier transformation reduces
the axisymmetric boundary-layer problem to the com-

putation of a two-dimensional boundary layer The trans-
formation becomes possible through the assumption that
the radial coordinate, wherever it occurs explicitly in the
boundary-layer equations, may be replaced by the local body
radius In other words, it is assumed that the body radius
is large compared with the boundary-layer thickness This
assumption may become invalid, however, for slender bodies
in hypersonic flight at high altitudes, such as the case of re-
entry missiles It will then be necessary to solve the bound-
ary-layer equations with the additional transverse-curvature
terms Unfortunately, these equations, in general, do not
yield similar solutions In the regime of vanishing trans-
verse-curvature effects, however, asymptotic solutions have
been obtained by Probstein and Elliott1 In the following,
a momentum-integral technique is discussed which has been
employed to obtain an approximate solution in the regime
where transverse-curvature effects are neither very small
nor very large, and where, consequently, series-expansion
techniques fail

2 Analysis

In the absence of pressure variations the momentum loss
in the boundary layer is due to friction only, and the momen-
tum theorem requires

— f *
dx Jo pu(u — u)2irrdy = (1)

where conventional notation has been adopted f
Introduction of the variable

Cy P j= L - rdyJo p
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Ue
= 771 (2)

It can be shown2 from the governing boundary-layer dif-
ferential equations that, for a heat-insulating wall and for a
gas following the Chapman-Rubesin viscosity law /*//* =
C T/T , the velocity profile u/u = f(x,\) can be expressed as

1 0(X4)

where

2 cos6 T^
rw* T

The angle 6 is the local inclination of the body surface with
respect to the freestream (in the case of a cone, 0 is the semi-
vertex angle)

The foregoing expansion indicates that a profile propor-
tional to ln(l + <1>X) will give a fairly accurate estimate of the
actual boundary-layer flow near the body surface, because
such a profile will be correct up to the fourth order in <I>X
It further can be shown that, for a gas following a power
viscosity law instead of the linear Chapman-Rubesin rela-
tion, the logarithmic profile is correct up to only the third
order in <1>X This will also be the case for a heat-conducting
surface If we choose the profile t

f(x,\) = [l/a

/(x,X) = 1 for X (e" - 1) (3)

the following differential equation for a(x) is obtained upon
introducing Eq (3)intoEq (2):

dx pwuea

Equation (4) is still applicable to a body of revolution of
arbitrary shape as long as pressure variations along the body
are negligible Integration of Eq (4) in the particular case
of a cone leads to the following expression for the local skin-
friction coefficient2:

/CVe

\uxux

where

, . Ta (Cvt = cote — ( — )T \ux/
"

(5)

(6)

Ihe parameter t is the transverse-curvature parameter
of Probstein and Elliott, multiplied by 31/2?VT The
functional dependence F(t) has been computed from the
numerical solution for a and is given in Fig 1 Further-
more, the following asymptotic solutions for F(t) can be
derived from Eq (4):

F(t-+G) = # -

+

(7)

(8)

Equation (7) applies to the regime of vanishing curvature
effects far downstream of the cone apex, whereas Eq (8)
applies to the immediate vicinity of the cone apex in the
regime of very strong curvature effects

t For incompressible flow and 0 = 0, Eq (3) reduces to the
profile employed by Glauert and Lighthill3 in their analysis of
the boundary layer along a slender, circular cylinder


