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Preface

Homogeneous flows of liquid and gas are currently used in two-phase, mag-
netohydrodynamic nuclear-electric power conversion systems for space, and, in
addition, are common in devices employing the boiling, condensing, and pumping
of saturated gases or liquid sprays. Flow velocities in such processes have reached
levels at which compressible effects in the mixture are significant, particularly near
the gas-to-liquid volume ratio of 1:1, the ratio at which the velocity of sound propa-
gation theoretically becomes a minimum.

Pressure discontinuities of the nature normally associated with shock phenom-
ena have been reported in studies of two-phase-fluid diffusers by Elliott, et al.,
(Ref. II-1), and Muir and Eichhorn (Ref. I-15) at flow velocities exceeding the
velocity of sound propagation in the mixture. However, because no facility existed
in which a supersonic two-phase flow could be generated and analyzed in a precise
manner analogous to the single-phase gas media, virtually no experimental study
and little theoretical study have been made of the potential shock phenomena in
two-phase mixtures.

Heretofore, relatively simple devices have been used in two-phase media investi-
gations. These devices limited measurements to such flow characteristics as the
propagation velocity of weak pressure pulses, the propagation and attenuation of
weak sound waves, thrust and pressure in subsonic compressible flow devices, and
void fraction distributions in bubbly mixtures. Consequently, a valid need existed
for a more sophisticated research device.

The primary objective of this investigation, then, was the design, fabrication,
and operation of both a tunnel for supersonic liquid-gas flow, and associated instru-
mentation with sufficient versatility and precision to permit spatial measurements
of flow characteristics, phase interrelationships, and any shock phenomena that
might occur. The relatively opaque nature of two-phase mixtures near a volume
ratio of 1:1, the unknown boundary-layer development, and the very high pressures
to be expected with shock phenomena placed special demands on the design of
such a tunnel.

Upon fabrication, the tunnel and instrumentation for supersonic two-phase flow
was placed in operation in late 1963. During the initial tunnel operation, the
presence of shock-type phenomena in supersonic two-phase gas-liquid flows was
verified, and the structure was defined sufficiently to permit relatively precise
measurements of the associated flow characteristics.

In contrast to the very formidable system of equations applicable to two-phase
flow that account for such phase interrelations as surface tension, gas dissolution,
bubble dynamics, and heat transfer between phases, actual flow measurements
confirmed the use of the relatively simple isothermal equation of state. In conjunc-

tion with the continuity and momentum equations that use average continuum
properties upstream and downstream of the shock structure, the isothermal equa-
tion provides a very close representation of the more interesting continuum proper-
ties of pressure, velocity, Mach number, and volume ratio. Applicability of these
equations was found to extend over a wide range of Mach numbers, and well into
hypersonic flow. ~
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Preface (contd)

Analytical extension of the flow relationships was made for a relatively wide
range of gas-liquid volume ratios centered about 1:1 and within the analytically
suggested applicability of the isothermal continuum theory. In addition, the iso-
thermal theory was analytically extended to oblique shock phenomena for similar
ranges of applicability to provide angular, pressure, velocity, and volume-ratio
relationships. -Examination of oblique shock structures over variously angled
double wedges in the tunnel further confirmed the validity of the isothermal con-
tinuum theory.

Other information fundamental to the flow model (velocity profiles, boundary-
layer development, void distribution, and total pressure head) was obtained in
auxiliary flow devices. It was found, for instance, that the development of a bound-
ary layer along the duct walls had a significant effect on pressure, void ratio, and
relative phase velocity.

Thus, achievement of the objective provided fundamental empirical and ana-
lytical information relative to supersonic two-phase liquid gas flows.

The author is currently Assistant Professor, Department of Mechanical Engineer-
ing, Air Force Institute of Technology, Wright-Patterson Air Force Base, Ohio.
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Abstract

Homogeneous two-phase flows of dispersed liquid and gas having gas-to-liquid
volume ratios around 1:1 exhibit the characteristics of a continuum flow with a
greatly reduced sound propagational velocity that approaches 66 ft/sec at atmo-
spheric pressure, and that is reduced further in value as the square root of the
pressure. Flows of such mixtures at velocities in excess of the local velocity of sound
can produce shock phenomena similar to that experienced in supersonic gaseous
media. A supersonic two-phase tunnel was designed and built with such versatility
and precision that normal and oblique shock structures can be photographed and
analyzed in the absence of boundary-layer interference. The applicability of the
isothermal continuum theory to such flows is confirmed empirically for volume
ratios near 1:1, and the theory is mathematically extended for both normal and
oblique shocks over a wide range of volume ratios centered about the 1:1 value.
Auxiliary flow devices were constructed for the measurement of such difficult flow
parameters as the relative phase velocity, local void ratio, coeflicient of friction,
and stagnation pressure. A general change in the flow model matrix was found at
volume ratios approaching 1:1. Pressure gradients and relative phase velocities
were correlated with the proposed flow models with generally good agreement.
The coeflicient of friction measured for supersonic flow was found to be a simple
function of the local void ratio. Stagnation pressures measured for a wide range
of flow conditions approximate an isentropic relation for a substantial part of the
lower velocity spectrum. At higher velocities, the stagnation pressure closely
approaches the normal shock plus isentropic slowdown theory. Considerable photo-
graphic information pertaining to shock structure and phase movement is obtained
over the spectrum of flow conditions with Mach numbers ranging from 2 to 20.
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l. Introduction and Approach to Isothermal
Two-Phase Flow Relationships

A. Introduction

Systems exist in both nature and engineering that in-
volve multiphase flow conditions; “phase” implies a solid,
gaseous, or liquid state in which one or more species of
molecules can be identified, and their states and motions
characterized by single-phase, thermodynamic and hydro-
dynamic equations. Flows of a liquid or gas in which solid
particles are suspended are referred to as “suspensions”;
these flows are often used in the pneumatic transport of
solids. Flows containing one or more distinguishable ele-
ments having both liquid and gas phases are known gen-
erally as “two-phase flows”; these flows constitute the
broad category under which the work described in this
paper was organized.

Figure I-1 identifies a large number of classifications of
multiphase systems, and indicates the specific areas of this
investigation. Within any of the two-phase liquid-gas sys-
tems, flows have been historically categorized as shown
in Fig. I-1, in the horizontal line labeled “Flow Categoriza-
tion.” These flows may be present as functions of position
and time. The vertical flow of a liquid in a flash-type boiler
- header-tube, for example, contains many of these cate-
gories from the initiation of boiling nucleation to the
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final single-phase vapor. The variable time and space
categorization of the flow makes the formulation of the
fundamental hydrodynamic equations extremely difficult
because the probability relationships governing multi-
element systems must also be applied. To date, the
majority of the multiphase analytical and experimental
investigations have been in this difficult area. Their indi-
vidual successes have been primarily dependent upon the
proper analytical description of an applicable flow model.

With the advent of the high-flow velocities and heat
transfer rates found in certain nuclear reactors, flash
boilers, rocket propulsion systems with cryogenic fluids,
two-phase flow power generating equipment (Ref. I-1),
and two-phase particle flows in solid rockets, the time-
stable (in a broad sense) homogeneous bubble and spray
flows have appeared as principle characteristics of the
systems. The spray- or particle-type two-phase flows in
which the volumetric ratio of gas to particles or droplets
is greater than 10 have been analytically treated by Marble
(Ref. I-2). Flows with a volumetric ratio of gas-to-liquid
between 0.1 and 10, and that are sufficiently homogeneous
to be described as continuum flows can be treated by con-
siderably simplified hydrodynamical equations.



PHASE CATEGORY SINGLE—-PHASE SYSTEM

TWO-PHASE SYSTEM

MULTIPHASE SYSTEM

PARTICIPANT

GROUPING LIQUID-SOLID

GAS—-SOL.ID

LIQUID-GAS LIQUID-LIQUID SOL.ID—SOLID

APPLICABLE
PROCESSES

CONDENSATION, EVAPORATION, BOILING, AERATION, CAVITATION, FOAMING, ATOMIZATION

FLOW
CATEGORI-
ZATION

HOMOGENEOUS
BUBBLE

HOMOGENEOUS

SPRAY ' STRATIFIED

WAVY SLUG ANNULAR PLUG

CONTINUUM FLOWS

Fig. I-1. Categorization of multiphase systems according to grouping and mechanism

B. Speed of Sound in Two-Phase Continuum Flows

The very small droplets of liquid or bubbles of gas in
most two-phase flows still contain a number of molecules
sufficient to make them subject to such static concepts as
temperature, pressure, viscosity, and density. At standard
conditions, bubbles 10~ cm in diameter contain on the
order of 10" molecules; therefore, considering the bubbles
and droplets large compared with the molecules contained
within them, the fundamental principles of hydrodynamics
may be applied to such combined flows.

The propagation of a pressure disturbance in a bubble-
liquid mixture or froth was first investigated by Mallock
(Ref. I-3). He assumed that the gas in the bubbles obeyed
Boyles law and that the mixture could be characterized
by an average bulk density and modulus. An interesting
result of these assumptions was that the velocity of a pres-
sure protuberance in the mixture is reduced by more than

an order of magnitude from that velocity in either pure
species; this is true for a relatively wide range of gas-to-
liquid volume ratios. Ackeret (Ref. I-4), Wood (Ref. I1-5),
and Spitzer (Ref. I-6) further derived formulas for the
propagation and attenuation of pressure disturbances in
bubbly mixtures. Silberman (Ref. I-7) investigated experi-
mentally the propagation and attenuation of oscillatory
pressure waves:in bubbly mixtures. Campbell (Ref. 1-8),
and Campbell and Pitcher (Ref. I-9) investigated the
velocity and attenuation of single pressure pulses in
bubbly mixtures. '

One general conclusion from the investigations to date
is that a two-phase medium can be treated 'as an iso-
thermal continuum for the propagation of pressure waves
if the distance between bubble centers is less than %2 wave
length, and if the bubble radii are less than 0.004 in., unless
the sound frequency is less than 100 cps. (Ref. I-8). The
sonic" velocity in the continuum (¢) depends upon the
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pressure (P) and the density (p) through the well-known

ratio,
_(dry:
¢= ( T)

If the gas-to-liquid mass ratio is designated by r,,, and the
gas-to-liquid (static) volume ratio by r,, then

(I-1)

v, .
o = 57 Der unit volume

(1-2)

m, .
Tm = - per unit volume,
1

and the average density of the continuum can be written as

(I-3)

where p; is the liquid density.

For pressures less than 1000 psi, a liquid such as water
can be considered incompressible. For volume ratios less
than 10, the temperature changes in the continuum can be
considered negligible so that, from Boyles law, the pres-
sure times the volume is a constant that gives an isothermal
equation of state:

P (r,) = constant. (1-4)

Combining Eqgs. (I-3) and (I-4), and obtaining the deriva-
tives P and p as in Eq. (I-1), the velocity of sound in an
isothermal continuum becomes:

P ke
c=(1-+r) [m} . (I-5)

The density of the gas can be ignored in the formulation
of Eq. (I-5) with an error in ¢ of less than 0.5% over an r,
of 0.01 to 4.0 (Ref. I-8). In analyzing a heterogeneous
elastic model of gas and liquid components, Campbell
found that the resultant propagational velocity for pres-
sure disturbance was within 1% of the isothermal model
just considered.

Not only have the effects of water compressibility been
neglected in the foregoing analysis, but the effects of sur-
face tension as well. Campbell found that the effects of
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surface tension are negligible unless the bubble diameters
are less than 0.004 in. according to the relation:

8o %
e emy| BB
B To pz,?‘,,(l +’I‘m)

where o is the surface tension of the liquid, and D the
diameter of the bubble. In the vicinity of D = 0.004 in.,
the difference between ¢ determined from Eq. (I-5), and
¢ determined from Eq. (I-6) is on the order of only 1%.

(1-6)

Figure (I-2) shows the isothermal speed of sound (c) as
a function of r, according to Eq. (I-5). A definite minimum
can be seen for an r, = 1.0 corresponding to ¢ = 65 ft/sec.
Further, it should be noted that ¢ remains at less than
100 ft/sec over a wide range of r, from about 0.2 to 6.2.
The dotted line in the figure shows, for the purpose of
comparison, the velocity of sound in pure water.

10,000

5000

1000

500

100 \\—/

[¢d
(o]

ISOTHERMAL SPEED OF SOUND ¢, fps

[oXe]] 005 Ol 0.5 1 5 10
VOLUME RATIO #,

Fig. 1-2. Isothermal speed of sound in an
air-water mixture at 530°R

C. Considerations for Shock Wave Propagation
in Two-Phase Continuum Flows

Mathematical studies on the compressibility and
dynamics of two-phase liquid-gas mixtures have been
conducted by Heinrich (Ref. 1-10), Charyk (Ref. I-11),
Zwicky (Ref. I-12), Tangren, Dodge, and Seifert (Ref. I-13),



Campbell and Pitcher (Ref. I-9), Parkin, Gilmore, and
Brode (Ref. I-14), and Muir and Eichhorn (Ref. I-15).
The experimental work prior to 1958 was concentrated in
the area of underwater propulsive devices in which a
compressible, two-phase mixture was ejected from a con-
vergent or convergent-divergent nozzle to obtain thrust.
In some of these tests, choked flow with limited supersonic
expansion was achieved. Campbell and Pitcher’s experi-
ments were a departure from those devoted to propulsive
devices. They constructed a small shock tube containing
a bubbly mixture through which weak shock waves were
propagated upon the rupturing of a diaphragm. The
results supported the isothermal continuum approach to
the propagation of sound waves and weak shock waves
through a bubbly gas-liquid mixture. Muir and Eichhorn
analyzed two-phase compressible choked flow with bubbly

mixtures in a small, convergent-divergent tunnel. Pressure
jumps obtained in the divergent section suggested normal
shock-type phenomena.

The fundamental principles of hydrodynamics can be
applied to two-phase liquid-gas flows as well as a single-
phase flow. The basic conservation equations form a fifth
order set of partial differential equations where applied
to a single-phase flow. For a two-phase flow, however, a
minimum of one additional variable is present in the form
of the volume ratio (r,). If state and change information
of the individual species is desired, the set must be
expanded. A continuity equation is required for each
phase and, if both species are allowed to exist in each
phase, appropriate relationships between the mass frac-
tions of species in the phases are required. In addition,
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the energy and momentum equations must be modified
to allow for coupling between heat, mass, and momentum
transfer between phases. Further, both static and flow
qualities can be derived for the numerous ratios between
the phases when a difference in phase velocity is allowed.

Figure 1-3 shows further considerations relating to a
more complete description of the flow regime. Most of
the work referenced above relates to adiabatic flow in
the subsonic and supersonic regimes, and constitutes,
therefore, a significant departure from previous experi-
mental efforts. Either computations can be made for the
specific species of the mixture, or assumptions can be
made about the phase dissolution. The error in assuming
a nondissolution case will be treated later in more detail.

Campbell and Pitcher’s analytical investigation of the
propagation of shock structure through a gas-liquid mix-
ture assumed thermal equilibrium of the phases and no
velocity relative to each other. The conservation equations
were used to derive an expression for the temperature rise
across a shock structure. Extrapolating their results to
pressure ratios across the shock of 40:1 results in a less
than 1-°F rise in temperature for the mixture. Thus, while
pressure effects are significant, temperature changes for
the mixture at equilibrium conditions are practically negli-
gible for a wide range of shock strengths.

Further, the entropy change for the shock structure was
derived with the form:

AS =

I R (P%/P% —1 P2> )

(I + 1) W\ 2P,/P; —hng

in which R is the universal gas constant, W the gas
molecular weight, and P,/P, the ratio of pressure across
the shock. The expression is positive only if P, > Py; con-
sequently, a rarefaction cannot be propagated without a
change of form. It was shown that the derivative of the
velocity of sound with respect to density is greater than
zero (dc/dp>>0), implying that a gently sloping compres-
sion wave can be expected to steepen into a shock wave.
For a pressure ratio of (P,/P,) = 40, AS for a nitrogen-
water mixture of r, = 1.0 has a value of less than 1.0. It
is obvious that AT cannot be considered zero for the
derivation of AS, although both AT and AS are, for rea-
sonably strong shocks, small enough to make an isothermal
approach to the development of the shock relationships
entirely reasonable. ~
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It was further concluded by Campbell and Pitcher that
energy dissipation is confined primarily to the shock front,
and negligibly little dissipation, such as that known from
studies of acoustic propagation, is included.

Parkin, Gilmore, and Brode (Ref. I-14) assumed that
shock dissipation dominates all other types of dissipation
for a large range of shock propagation, and extended the
analysis of Campbell and Pitcher to more intense shocks
involving downstream pressures approaching 10,000 psi.
They evaluated the errors involved in neglecting the inter-
phase relationships summarized here.

1. Surface Tension

Considering that the pressure in a gas bubble due solely
to surface tension is

(I-8)

where R = bubble radius, and ¢ = surface tension of the
liquid, and that the internal pressure increases as 1/R; for
isothermal air compression, or even faster for insulated
bubbles, the pressure increment of compression will
exceed that of surface tension by at least a factor of 1/R>
Consequently, if surface tension, which contributes only
a few percent of atmospheric pressure for bubbles of
R > 1073 in., is initially negligible, it will continue negli-
gible from a pressure consideration.

2. Dynamic Bubble Behavior

The dynamic bubble behavior of spherical bubbles was
investigated with Lamb’s equation of motion for a spheri-
cal gas-liquid interface. The liquid was assumed inviscid
and incompressible, and at equilibrium with the gas under
standard conditions when a pressure increase was imposed
at time £ = 0. A solution of the differential equation was

te = ¢ Ry (p1/P2)% (1-9)

where ¢, is the time to the first minimum bubble radius
R, and P, is the overpressure. Considering that the bubble
will overshoot its equilibrium size during collapse and
oscillate about that size, ¢, is less than the total time to
reach equilibrium. However, observation was cited that
suggests that the subsequent oscillations are highly
damped. For an overpressure range from 30 psia to 10,000
psia, r. was determined to be 1.0 == 0.1 sec. Thus, for an



initial bubble size of R = 0.010 in. at atmospheric pressure
with an overpressure of 100 psia applied, the resulting
value of the time to the first minimum (¢.) is 14 psec. Radii
from 0.1 to 0.01 in. have values of t. from 140 psec to 14
usec, respectively.

3. Heat Conduction

A heat flow analysis made between phases of a two-
phase mixture of air and water at overpressures up to
10,000 psi showed relatively small temperature changes in
the water because of its small compressibility and large
specific heat. Temperature changes in the gas phase, how-
ever, depend upon how rapidly compression is accom-
plished, and these changes can be large. In the immediate
vicinity of the bubble, temperature change in the gas
compared with that in the liquid was shown to be on the
order of AT,/AT,; > 10.

Neglecting variations in the thermal diffusivity of the
air, the average temperature in the bubble at any later
time (¢) was found to be

r=r, + 3T
" 2

n=1

1 na \*
wew - 2() |

(1-10)

where D, is the thermal diffusivity of air. Assuming a
variation of D, with pressure, and a compression adiabatic
to pressure P, with y = 4/3 followed by cooling at a con-
stant P, while the radius R approaches its equilibrium
value, the time to reach 90% of the thermal equilibrium
temperature was determined to have the relationship:

£ (90%) ~ 800 Rz (P,/P,)%. (I-11)

For a bubble having an initial radius of 0.040 in. with an
applied pressure ratio P,/P, = 40, a cooling time of a
few milliseconds is required. Figure I-4 reproduced from
Ref. I-14 shows both 10% and 90% cooling times, and times
to reach the first bubble minimum (¢.) for various initial
bubble diameters. It is quickly seen that this cooling time
is significantly longer than that involved with bubble
dynamics; therefore, the thermal equilibria process will
spread out the shock structure far beyond the considera-
tions for bubble dynamic equilibria. Even then, thermal
equilibrium occurs within a few milliseconds.
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Fig. I-4. Collapse and cooling times for air bubbles
of different sizes

4. Dissolving of the Gas Phase into the Liquid

For the problem of a spherical gas bubble dissolving
in an unsaturated liquid, Ref. I-14 referred to the work
of Epstein and Plesset (Ref. 1-16), who had solved this
problem for air dissolving in water at 532°R under a con-
stant pressure. For a bubble initially at radius R, pressure
P,, and subsequently compressed to pressure P,, the time
to dissolve is given by the following relationship:

t; = 1.5 X 10% R (P,/P,)%. 1-12)
Considering a pressure ratio P,/P, = 40, and an initial

radius R = 0.010 in., the value for t, is 8.9 sec. With respect
to the thermal equih’bri‘a time, ¢, is much larger by a factor
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of 10% to 10*. However, for flow lengths much longer than
the shock structure, the dissolution of the gas phase must
be considered.

The consideration of whether the bubbles are insulated
or at thermal equilibrium is effectively bypassed by con-
sidering regions just beyond the shock structure. The
consideration for solution equilibrium depends upon the
phase constituents, but, for species such as air and water,
the dissolution of phases can be considered negligible on
a shock structure scale.

In summary, for an atmospheric to 10* psia range of
pressures over a 0.1 to 10 range of volume ratios, the flow
can be considered isothermal through normal shock struc-
ture, and the relationships for the most important flow
parameters such as pressure, velocity, density, and volume
ratio can be derived directly from the conservation rela-
tions of mass and momentum and the isothermal equation

of state applying on both sides of the shock structure, but
ignoring the relaxation processes within. The experimental
work done in the following sections will demonstrate how
well this approach approximates the actual flow charac-
teristics over a wide range of shock strengths. Only in the
discussion of the actual flow model in Section II will con-
sideration of the relative velocity between phases be
necessary.

5. Mach Number

Based on Eq. (I-5), a Mach number can be defined in
the usual form for the two-phase continuum flow:

V.V [+, "
M“E“(1+rv>[ P ] (I-13)

This relationship is plotted in Figs. I-5 through I-10 for
volume ratios of 0.5, 1.0, and 5.0, respectively. The most
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striking feature of these figures is the Mach number in
the two-phase flow, which is a strong function of both
pressure and velocity, and a weak function of volume ratio
in the range considered. A reduction in upstream pres-
sure causes a rapid rise in Mach number particularly as

the pressures reach the vicinity of the vapor pressure of
water at standard temperature. For the supersonic tunnel
described in Section II, a theoretical maximum Mach
number approaching a value of 100 exists near the vapor
pressure of water at standard temperature.

90

N 0.5

Pi=0.0l psic_ 002 0.03 004| 0.05 006 psia
L ;o

/

\\
\_——

. /

/

oL

]
/

/
e
7

/

. /

UPSTREAM MACH NUMBER M

/
/
/
/
/
/

sy /™
RNy 77/ayan
/A aan
Ly S e
-/
W//erZZ

MIXTURE VELOCITY V, ft/sec

Fig. 1-6. Upstream Mach number as a function of
mixture velocity for various values of static
pressure (20 =M =90, r. = 0.5}

JPL TECHNICAL REPORT 32-10956



* 10 Pu/ -0l psio /o.'z /o.'s /0.4 /'o,s ) o /0_7 Q!g -
20 / // // //j/// //// Ti
/LA getd
DERRRYRYY 4% 772
a / // A4 ? é - =
5 N AN 1 |
BB 72 2 T
) aEesee——=
’ ,//% L /,é/&//://jééiz/ )
= —— | [ | .

MIXTURE VELOCITY V, ft/sec

Fig. I-7. Upstream Mach number as a function of mixture velocity for various
values of static pressure (0=M =24, r, = 1.0)

JPL TECHNICAL REPORT 32-1096




MBER #,

EAM MACH NU

A=00lpsig|0.02 |0.03 004 0050.06

JEE; [ LN e
L]

008

0.09

/
/
/ 0.10
/

/
/
/)
/

0.20

7 o
/v
/A el
. gz
iy 772z

Y.
100
Fig. 1-8. Upstream Mach number as a function of
mixture velocity for various values of static
pressure (20=M =90, r, = 1.0)

\%\\\\\\

MIXTURE VELOCITY V, ft/sec

JPL TECHNICAL REPORT 32-1096



24

20

‘P,=OAI psia 0.2 03 0.4
47 5.0 // e ] e
0.5 psic

YRRy | P
06
/ % -

Ve L~

//

WY

™N

/ //
/]

ANVRNANAN

NWNNAMNES

UPSTREAM MACH NUMBER M,
~

IR\ NN

7
// e // / /
/ // A o ] : S 2o
/ / / / / ] // a0
Vv
/ /// =z = P e
L = 60| —
e —— ~10
4 s At e 1427
% e | %
= I——— =100
mm———— ] - 500
i 1" 1000

120 160 200 240
MIXTURE VELOCITY I ft/sec

280

320

Fig. 1-9. Upstream Mach number as a function of mixture velocity for various

JPL TECHNICAL REPORT 32-1096

values of static pressure (0 ==M =24, r, = 5.0)
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¢ velocity of sound (ft/sec)

D bubble diameter (ft)
D, thermal diffusivity of air (ft?/sec)
M Mach number ’
m, mass of gas (slug/ft?)
m, mass of liquid (slug/ft?)

n summation number

mixture pressure (1b/ft?)

R bubble radius (ft)

R universal gas constant (ft?/sec?-°F)
Tm gas-to-liquid mass ratio

1, gas-to-liquid volume ratio

S entropy (BTU/Ib-°R)

t, time to first minimum bubble radius (sec)

t; time for gas to dissolve (sec)

T mixture temperature (°R)

Nomenclature

T,
T,

References

gas phase temperature (°R)
liquid phase temperature (°R)
volume of gas (ft*)

volume of liquid (ft?)

velocity of mixture (ft/sec)
velocity of gas phase (ft/sec)
velocity of liquid phase (ft/sec)
molecular gas weight

ratio of gas specific heats (C,/C,)
increment

mixture density (slug/ft?)

gas density (slug/ft?)

liquid density (slug/ft?)
summation

surface tension (Ib/ft)

time to first minimum of bubble radius (sec)
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Il. Supersonic Two-Phase Tunnel

A. Design Requirements and Considerations

The proposed investigation of supersonic phenomena
in a two-phase water-gas flow implied a tunnel having
considerable flexibility in many of its basic construction
and measurement parameters. No previous investigations
into the completely supersonic regime of two-phase flow
had been performed prior to the present effort, and such
flow characteristics as boundary-layer buildup, shock
thickness, shock visibility, flow stability, and total head
pressure were uncertain. Furthermore, limited time for
tunnel construction and operation made accommodation
of variations in these parameters by adjustments of the
tunnel during actual operation desirable.

Mach numbers of three or greater in the tunnel test sec-
tion were needed to provide information applicable to the
two-phase MHD Power Generator being developed at
JPL by Elliott and others. Thus, for a test section having
a transverse cross section of 1 in.? at volume ratio (r,) near
1.0, a water pump capable of about 600 psi at 500 gal/min
was required. A water pump in the hydrodynamic labora-
tory at JPL having a capacity of 720 gal/min at 1100 psi
made possible a design point of Mach 5 at atmospheric
pressure with a 1%-in.? test section,.

- Water and gas mixing for volume ratios near 1:1 could
be accomplished by introducing gas into a water flow, or
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introducing a water spray into a gas flow. Most previous
studies of the various types of two-phase liquid-gas flows
used a water flow with gas injected through perforated
or porous tubes lying crosswise in the flow. To prevent
cavitation and excessive drag, the cross section at the
injection point must be large relative to the throat of the
test section. The distribution of the bubbles is difficult to
control, however, and the bubbles tend to be larger than
desired for such high-capacity flows. Further, shock waves
could be unpredictable and uncontrollable, if the arrange-
ment were designed to reach Mach 5.

To reach the necessary water velocities (exceeding
300 ft/sec in the test section) and have reasonably homo-
geneous distribution of gas and water, a mixer of small
water tubes about which gas would be injected seemed
very desirable. Elliott, et al., Ref. II-1, used such devices in
prior experiments with reasonably good results, although
two problems were immediately inherent: the increased
surface area of such small tubes presented considerable
frictional drag, and there was a significant pressure drop
in the gas flowing transversely toward the center of the
tube bundle. Preliminary calculations indicated that water
velocities of approximately 320 ft/sec with a pressure drop
of 1000 psi could be expected in commercially available
stainless steel tubes having an inside diameter of 0.070 in.
and a length/diameter not exceeding 18.
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The problem of gas pressure drop was solved previously ~ an excess concentration of liquid at the center line where
in the design of an injector of this latter type that regu-  the liquid velocity vectors converge. If each row of tubes
larly increased the angle of the tubes to the plane of the  were bent in a smooth curve to make their outlets parallel
outlet face in each row of tubes beginning with the row  at the outlet face and their inlets separate according to
next to the center. This solution, however, tends toward  the bending angle, sufficient clearance could be allowed

Fig. I-1. Two-phase injector showing water
entrant ports Fig. I-2. Downstream face of two-phase injector

Fig. 1I-3. Enlargement of two-phase injector showing water tube and nitrogen cusp exits
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near the tube inlet to preclude a significant pressure loss
toward the center of the bundle. An injector of this type
was designed for the two-phase tunnel as a replaceable
element to permit use of injectors of varying volume ratios,
if necessary.

B. Details of Construction

Figure II-1 shows the upstream face of the injector in
which each tube has a polished and contoured entry chan-
nel. Figure 1I-2 shows the downstream face at which all
tubes form a parallel outlet pattern. The gas inlet to the
area surrounding the tubes is located between the outlet
face clamps and the upstream diaphram plate. Figure I1-3
shows the small triangular cusps between the tubes
through which the gas is ejected and subsequently mixed
with the emerging water streams.

Tests were conducted with the finished injector, a rec-
tangular duct, and a total head probe to determine the
length required for homogeneous mixing of the water and
gas. Beyond 7.0 in. from the injector, individual liquid
jets could not be detected; therefore, a length of 8.5 in.
was used as the length of the tunnel input to the test sec-
tion. A minimum length is desirable to minimize boundary-
layer buildup and water-gas separation.

A seat for the injector was provided between the up-
stream flange of the tunnel test section and the main
water inlet flange, as shown in Figs. II-4 and II-5. A gas

Fig. 11-4. Injector seat and nitrogen
harness arrangement
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Fig. lI-5. Injector in position on leading
tunnel flange

plenum chamber can be seen about the periphery of the
seat with the eight symmetric holes from the nitrogen
harness leading to it. O-ring seals on the downstream faces
contain the water and gas, and prevent their mixing prior
to the discharge plane.

Flow straightening vanes were installed in the main
water inlet pipe (Fig. II-8) to prevent asymmetrical water
velocities at the tube inlets.

Fig. 11-6. Flow straightening honeycomb in
water inlet header
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A filter bank of six filters provides full-flow filtering
of the water for all particles larger than 50 p. Flexible
1%-in. hoses lead from the filters into the inlet head in
a plane perpendicular to the axis of the tunnel.

A rectangular test section and rectangular ducting were
required to minimize gas pressure loss in the injector tube
bundle and minimize the light requirements for high-
speed photography in the test section. Cerini’s prior
experience suggested that such mixtures would be rela-
tively opaque to transmitted light photography. There-
fore, one dimension of the two-dimension flow needed
to be relatively small.

The opaqueness of the flow led to another require-
ment: if the photography were to reveal significant
characteristics of the uniform flow core, any boundary-
layer whose velocity or composition or both had changed
from the basic core flow should be removed just
prior to the test section. Because the boundary-layer
buildup rate was unknown, variable depth boundary-
layer removal was necessary for at least the narrow

dimension, through which all photography would be
accomplished. For the long dimension, fixed removal
blades were incorporated with a setting expected to be
in excess of the boundary-layer thickness at the test posi-
tion (Fig. 11-7). In addition, the fixed blades would be
a convenient holding point for a normal shock assuming
that the tunnel test section could be back pressured
sufficiently to produce the shock.

Containment of pressures approaching 1000 psi in a
test section containing variable position walls posed a
problem. Because boundary-layer removal must occur.
just ahead of the test section, and because the removal
knife must be flush with the test section wall to preclude .
changes in the photographable flow, a complete O-ring
seal of the side wall could not be made. Also, the hori-
zontal boundary-layer blade edges had to appear in a.
portion of the transparent side wall that would permit:
photographs of normal shocks. Therefore, O-ring channels
were cut from a point just behind the lower leading edge
of the boundary layer knife to pass toward the rear of the
test section, then up and around a circular junction with

Fig. I-7. Tunnel assembly with side plate and carriage removed
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Fig. lI-8. Three-quarter view showing boundary
layer knives, O-ring seals and
sliding probe plate

the rear portion of the tunnel, and, finally, forward along
the upper boundary-layer knife to the smoothing plate
for the total head probe, as shown in Fig. II-8. The
transparent side walls, then, fit between the upper and
lower boundary-layer knives, and were sealed along most
of this junction by the O ring.

A second containment jacket was required to collect
the high-speed (300 ft/sec) water-gas spray removed by
the boundary-layer knives to prevent it from interfering
with the photographic equipment. Therefore, an outer
case was designed through which the transparent side
wall outer face could protrude. An O-ring seal between
the transparent side-wall protrusion and the outer case
provided the necessary sealing.

Side-wall movement with the inner and outer O-ring
restrictions is accomplished by a carriage in three bear-
ings. The bearings are ball extensions from the carriage;
they rest in a matching seat on the end of a screw; the
screw passes out through an O-ring-sealed gland in the
side wall. The screw load is borne by split bearings with
a ball-guide channel and matching threads; each bearing
is mounted on the main tunnel structural members
(Figs. 11-7, I1-8, and I1-9). Three bearings were used to
permit adjustment from the outside of the side walls
to their various convergent, divergent, or flush positions
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Fig. 11-9. Tunnel test section showing forward duct
and carriage bearing block details

while the walls were under a load. To allow some degree
of convergent-divergent settings and minimize the length
of the light path, side-wall thickness was limited to
approximately 3 in.; this, however, constricted the car-
riage and bearing size. With full stoppage of the down-
stream tunnel, approximately 10 in.? of side wall would
be subjected to ultimate pressures of 1000 psi, producing
a thrust of 5 tons on the three bearings.

For resistance to water corrosion and in possible later
use of sodium in the tunnel, all metal parts were fabri-
cated from stainless steel. Load requirements for the
carriage made necessary processing of the stainless steel
bearings on the carriage to an ultimate tensile capability
near 220,000 psi. This ‘was done with a “Tuftriding”
process on basic 17-7 material.

Figure I1-10 shows the carriage on the inside face, and
Fig. 1I-11, the outside face. In both figures, the bearing
stubs are shown in place between the spring seats; it is
the spring pressure on the spring seats that keeps the
assembly in the outermost position against the bearing
adjusting screws. Figure II-12 shows the carriage in place
in the tunnel with the outer casing removed. Figures 11-13
and II-14 show the upstream tunnel extension that will
be used at pressures below atmospheric for investigations
at high Mach numbers. The extensions prevent oblique
shock waves from forming upstream of the horizontal
boundary-layer blades. Figures I1-13 and 11-14 also show
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Fig. 11-10. Side wall carringe assembly showing inner Fig. lI-11. Carriage assembly showing outer face
face and side boundary layer knife assembly of transparent side wall

Fig. lI-12. Carriage assembly installed in tunnel
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Fig. 11-13. Tunnel side view showing forward duct extensions

UPSTREAM TUNNEL
EXTENSIONS -

Fig. lI-14. Closeup of test section showing typical
model placement and forward duct extensions
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an alternate lower boundary-layer blade that was con-
structed with a model support. Models of double wedges,
cones, and balls were constructed for mounting on this
support.

For protection of an observer in case of failure of the
plexiglass, a %e-in. tempered glass window was installed
over the outer face of the plexiglass (Figs. II-15 and 11-16).
Thus, failure of the sidewall under high pressure would
not result in the ejection of the plexiglass from the side
of the tunnel; the water and gas mixture in such a failure
would be safely dumped between the inner and outer
walls, and ejected out of the lower discharge tube into
the water sump.

The fiducial marks shown in Fig. 1I-16(b) were etched
on the internal surface of the transparent sidewall facing

the camera as an aid in measuring flow velocities and in
fixing the position of shock structures.

Variable back pressure on the inner downstream tunnel
is provided by a 3-in. ball seat union valve, which can
be seen in Fig. (1I-17). A short, straight, 3-in. duct carries
the core discharge to a 90° deflector that returns the
water to the under floor sump.

C. Instrumentation

1. Pressure and Flow Medasurement

Static pressure taps for the test section are drilled
along the center line of the lighted transparent face on
0.2 in. centers. Angled ducts leading from the 0.2-in.-
deep holes to fittings threaded into the outer face of

Fig. lI-15. Tunnel side view showing protective tempered glass cover plate and carriage adjustment screws
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Fig. 1l-16. Test section view for all photographic work done during tunnel tests
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Fig. llI-17. Side view of complete tunnel assembly

the transparent wall (Fig. II-18 and II-19) allow light
to pass through the face with minimum obstruction, and
allow simultaneous measurement of the static pressure
along 21 points of the test section. Stainless steel tubing
Y6-in. in diameter leads from the transparent wall through
flexible loops to a pressure tap connection fixture.

Pressure taps were also placed in the upstream and
downstream ducts to monitor and measure any pressure
phenomena occurring in either, and in the high pressure
water line before and after the filters, and at various
points prior to the injector face to monitor water pres-
sure and detect any obstructions that develop.

Water flow was determined by a 6-in. Waugh internal
vane meter that was connected to an electronic counter;
nitrogen flow was determined by a Fisher-Porter tapered
flow rater and associated pressure instrumentation.

2. The Probe Assembly

Because of the uncertain consistency of the flow in
the upstream duct and uncertainties in any shock waves
that may be formed, a total head probe providing three-
dimensional positioning was designed for the test section.
A duct leading to a three-dimensional gland assembly

24

was attached to the upper boundary-layer knife. The
lower end of the duct was covered by a sliding plate
with a longitudinal slit 0.080 in. wide through which the
probe could protrude into the flow, as shown in Fig. II-8.
The upper surface of the liding plate was backed by a
Teflon seal, the edges of which continued over the plexi-
glass side walls to maintain an effective seal in the test
section.

Two-dimensional movement of the upper gland assem-
bly was accomplished by sandwiching stainless steel
plates between clamps and linear rows of ball bearings.
O-ring seals were installed between the plates to con-
tain the 1000-psi design pressure. Vertical movement of
the probe was provided through an O-ring gland in the
uppermost plate. Micrometers were attached in all three
axes to provide precise positioning of the probe. The
gland assembly is shown in Fig. 11-20.

The probe assembly consists of a tungsten rod for
maximum stiffness and a stainless steel double wedge
with a probe tip; the assembly was passed through the
slot in the covering plate and into the tunnel. A single
channel ran from the probe tip to a fitting on the outside
from which the pressure could be sensed. Various probes
for both total pressure and static pressure were con-
structed and used in the many tests performed.
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Fig. lI-18. Reverse view of complete tunnel assembly
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Fig. I1-19. Closeup view of test section static Fig. 11-20. Positioning platform assembly for
pressure instrumentation total head probe
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3. Calibration Procedures

All pressure gauges were calibrated on secondary
standards at the hydraulics laboratory. Further, calibra-
tion was made on the test stand with the lines filled with
water as they would be during a test measurement; move-
ments were zeroed for this condition.

The nitrogen-flow rater was calibrated by measuring
the change in weight and the corresponding time of flow
of nitrogen at various rates of flow from a high pressure
tank mounted on scales. The gaseous nitrogen was passed
through a heat exchanger that provided a constant tem-
perature input to the flow meter.

The main water flow meter was calibrated periodically
by an outside contractor using full-range flow tests.

D. Photography

1. Slow-Speed Still Photography

A standard 4x 5 Speed Graphic camera was mounted
on a tripod in front of the protective glass cover to photo-

graph quasi-steady phenomena. Lighting through the test
section was provided by a 500-w photo spot lamp mounted
on the side of the tunnel opposite the camera, and shin-
ing through the static-pressure instrumented transparent
wall. The intensity of the photo spot was controlled by
an autotransformer. Figure II-21 shows the camera and
lighting arrangement for free flow and tunnel flow.

Shutter speeds of %o to %50 sec were adequate to freeze
slight relative motion between the tunnel and the camera.
Such a phenomenon as the oblique shock waves from the
upper knife body and probe tip, for example, can be
seen in the supersonic flow of Fig. II-22. Figure 1I-23
shows a mormal shock positioned at the knife edges;
Fig. 11-24 shows a normal shock positioned just down-
stream of the probe tip. The intersection of the normal
shock and the conical shock from the probe tip is clearly
visible in Fig. II-24.

Polaroid Type 52 color and Type 413 infrared films
were used to proof camera and light settings. Negative
films such as Royal Pan and Plus-X were used for perma-
nent reproducible records. Figures 11-22 through 11-24
were recorded on Royal Pan negative film.

Fig. lI-21.
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Camera and light arrangement for high-speed {2 usec) free-flow pictures
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Fig. II-22. Oblique shocks from inlet and probe body at 275 ft/sec (M = 4.2)
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Fig. 1-23. Normal shock at inlet at 275 ft/sec
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Fig. lI-24. Intersection of normal and conical shocks from probe at 275 fi/sec

2. High-Speed Still Photography

Exceptionally short exposure times are necessary to
resolve water—gas fine structure in the tunnel. At a ve-
locity of 350 ft/sec, movement of 0.0042 in. occurs during
a l-psec exposure. Thus, for bubbles of a cross section
of approximately 0.020 in., an exposure of not more than
1-3 usec can be allowed.

A model 500 Biplaner Image Converter Camera Sys-
tem* was used to obtain exposure times down to 5 nsec
(Fig. II-25). From an analysis of these pictures, an ex-
posure between 1 and 3 pusec is sufficient to resolve
observable detail in the two-phase flows. Consequently,
for all single-frame, high-speed still pictures subsequently
taken with the Speed Graphic Camera, Plus-X or Tri-X
film was used on open shutter with an Edgerton,
Germeshausen, and Grier Micro flash unit, as light con-
ditions permitted. The flash unit was placed about 24 in.
from the center line of the tunnel with a 6-in. condenser
lens between the flash and the transparent wall. Exposure
times of % and 1 psec were used. Figure I1-21 shows the
camera, light source, and lens arrangement.

*Camera system courtesy of Beckman and Whitley, Mountain View,
" California.
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Fig. 1-25. Model 500 Biplanar Image Converter Camera
System (courtesy of Beckman and Whitley)

Figure 1I-26 shows a free flow at 275 ft/sec taken at
an exposure time of % usec. Structural details down to
0.020 in. are clearly visible. Figure II-27 shows the
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Fig. lI-26. Two-phase free-stream flow at 275 ft/sec, Y2-usec exposure
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|
Fig. 11-27. Normal shock at 275 ft/sec, 2-usec exposure

Fig. 11-28. The 20° deflection wedge, flow at 300 ft/sec, 2 -usec exposure
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difference in the gas-bubble-connected phase upstream
of a normal shock, and the liquid connected phase
downstream. Flow deflection by oblique shock waves
from a double wedge is clearly evident in the %-psec
exposure of Fig. II-28.

3. Slow-Speed Motion Pictures

Relatively slow transient phenomena discernible to the
eye were recorded in front of the tunnel on 16-mm color
film using a Milliken Instrumentation Camera mounted
on a tripod. Shutter speeds of %o sec at frame speeds of
24 frames/sec were quite adequate. The 500-w photo
spot light with autotransformer control was used for

lighting. It was generally found that color film provided
the most accurate record of all phenomena visible to
the observer.

4. Medium-Speed Motion Pictures

A Fastax Camera with a frame speed of 5000 frames/
sec at a shutter speed of Y500 sec also was used to explore
the area of observable transient phenomena. Generally,
fine structure was completely blurred, and there was no
improvement over the slow-speed motion pictures. Fig-
ures 11-29 and II-30 show typical positions of the camera
and light source for the Fastax and higher-speed motion
picture equipment.

Fig. i1-29. Fastax camera setup at tunnel

JPL TECHNICAL REPORT 32-1096
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5. High-Speed Motion Pictures

A Dynafax Camera with a maximum frame rate of
96,000 frames/sec and a shutter speed of 2.5 usec re-
corded the fine-structure movements on both sides of
pormal and oblique shocks. Such light sources as high
intensity flash bulbs and electronic strobe lights were
tested. Because of the high shutter speed, a peak light

Fig. 11-31. Dynafax camera (courtesy of
Beckman and Whitley)

" Fig. 11-32. The 1.5-million-cp flash unit, Beckman
and Whitley Model 358 used with
Dynafax camera

JPL TECHNICAL REPORT 32-1096

intensity of 1.5 million cp was necessary when using
Plus-X film. A Model 358 Beckman and Whitley elec-
tronic flash unit gave good results in this speed range.
Figure I1-31 shows the Dynafax camera, and Fig. II-32
the light source. Position with respect to the tunnel was
the same as that for the Fastax-type equipment.

Sequential projection of the resultant pictures, how-
ever, is difficult. The Dynafax camera exposes two rows
of 16-mm frames on 35-mm film. A print must be made
of each frame and the print rephotographed in sequence
by an animation camera to obtain the full 224 frames in
sequence on 16-mm film. It took considerable effort to
obtain sufficient contrast on the large negatives, prints,
and the final 16-mm film. Dupont #936A negative film
provided the sharpest contrast in this area.

6. Ulira-High-Speed Motion Pictures

In an attempt to observe bubble dynamics in the fine
structure while passing through shock waves, a Model 200
Simultaneous Streak and Framing Camera® was used
(Fig. 11-33). A frame speed of 800,000 frames/sec was

*Camera courtesy of Beckman and Whitley, Mountain View,
California.

Fig. 11-33. Model 200 Simultaneous Streak and
Framing Camera (courtesy of Beckman
and Whitley)
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Fig. II-35. Single-frame enlargement of twelve-frame sequence

reached with good results using a 50-million-cp elec-
tronic strobe light. Figure 11-34 shows a twelve-frame
sequence of supersonic flow over a 10° deflection double
wedge. Figure I1-35 shows a single frame of the sequence,
which suffers from graininess due to the relatively fast
Tri-X film.

E. Tunnel Flow Characteristics

Exact knowledge of such characteristics of the input
flow to the test section as liquid velocity, gas velocity,
volume ratio and Mach number is required as a basis
for evaluation of all phenomena observed in the test
section.

Section III provides this fundamental information as a
function of liquid mass flow rate, gas mass flow rate, and
boundary-layer knife position, which are more easily mea-
surable parameters.

JPL TECHNICAL REPORT 32-1096

Considering only the core flow, it is shown in
Fig. III-5 that the volume ratio varies with liquid
velocity, From Eq. (I-13) of Section I, it is shown that the
Mach number of a two-phase continuum is dependent
upon the volume ratio (r,), mass ratio (r,), mixture
velocity (V), and static pressure (P). For a single injector
of fixed r,, the only variation in r, that occurs in the core
is that from duct flow friction. With the r, known as a
function of mixture velocity (V), a graph can be con-
structed giving the Mach number of the test section as
a function of the core velocity for parameters of pres-
sure (P) as shown in Figs. I1I-36 and I1-37. The latter
figure shows only Mach numbers between 20 and 90 in
the pressure range from 0.01 to 1.0 psia. Because the
Mach number is inversely proportional to the square
root of the pressure, the limiting tunnel Mach number
corresponds to the vapor pressure of the water and
dissolved gas at the maximum liquid velocity of 335 ft/
second. At a water temperature of 70°F, this corresponds
to a limiting Mach number of approximately 100.
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Nomenclature
P mixture pressure (Ib/ft?)
Twm gas-to-liquid mass ratio -
r, gas-to-liquid volume ratio

V' velocity of mixture (ft/sec)
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Ill. Two-Phase Flow Model

A. Basic Considerations and Fundamentals

The information obtained in acquiring measurements
of the core flow prior to its entry into the test section pro-
duced a drag model, and an attempt was made to correlate
these results with simple geometrical models of the phase
distribution.

Relatively straightforward techniques have evolved for
the measurement of density, velocity, and temperature in
a single-phase duct flow. Not all of these techniques, how-
ever, can be used to determine similar characteristics in
a two-phase flow because the distributions of the two
different media may or may not be known as functions of
spacial coordinates and time.

Techniques that measure average gas fractions across
flow channels generally employ the attenuation of gamma
or beta rays (Refs. III-1 through III-3) or radioactive
tracers (Ref. I1I-4). A high-resolution resistivity probe for
determination of local void properties in liquid-gas flows
was reported in a paper by Neal and Bankoff (Ref. III-5).
This latter method is of primary concern in a gas-liquid,
vapor-liquid, or liquid-liquid system in which the con-
tinuous phase is an electrical conductor. However, the

JPL TECHNICAL REPORT 32-1096

analysis depends upon known geometrical properties for
either phase.

Information gained on supersonic two-phase flows indi-
cates that near the volume ratios of 1:1, simple geometric
distributions of one or the other phase are not applicable.
Therefore, extensive calibration of such a device would be
required again before accurate information could be ob-
tained on high-speed, two-phase flows in the 1:1 volume
ratio range.

The injector constructed for the supersonic two-phase
tunnel described in Section II could, by its symmetry, give
a reasonable expectation of homogeneous transverse gas-
liquid distributions for short distances in duct flow, which
was confirmed by total head-probe measurements of the
injector. It was not known, however, what changes would
occur in boundary-layer buildup along the walls of the
test section, and how this buildup would affect the void
ratio of the remaining core flow. If thrust measurements
of the core discharge and input mass flow rates of the
liquid and gas in the boundary layer could be taken, such
quantities as core void ratio, gas, and liquid velocities
could be computed. The ability to remove the boundary
layers, then, was required to eliminate peripheral portions
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of the flow that moved below the average velocity of the
core. Assuming a device for such removal is as that shown
in Fig. III-1, then, based on this figure, the force balance
on the duct is

my, Vi, + m,,V,, = F — P, A, (II1-1)

INJECTOR Ay

4
'

4

. c

1 i

Lo ®

Ay

.

Fig. llI-1. Schematic of duct boundary layer
removal assembly

Solving for liquid velocity at discharge (position 2,
Fig. III-1),

— F'—' P2A2 —ﬁlgz‘/gz

1 [+)
2 le

(I11-2)

where

My, = My, — My, (111-3)

With volume ratios of 1.0 or less at velocities up to
350 ft/sec, m,,V,, is approximately 0.1% of F and can be
reasonably neglected in the determination of V;, The
liquid core area can be determined from continuity by

1%.
12
A= 2

. m (11I-4)

Then, with the core discharge area known, the gas area is

A=A, — A, (111-5)

2

The local volume fraction of the core is the ratio of gas
area to liquid area:

To, = (Agy/A) (I11-6)

40

From continuity, the core gas velocity can be found from
the relation,

)
—_ mg core

Vﬂ core A

(I11-7)

g core

The relative or slip velocity in the -core is the difference
between the liquid and gas velocities:

V., =V, (I11-8)

Teore core Y Ycore
By repeating all measurements at increments of
boundary-layer thickness from the wall to the core, the
velocity profiles, local volume ratios, and gas-liquid dis-
tributions in the boundary layer can be determined.

If A represents an incremental step in measurement

of boundary-layer variables, the local boundary-layer
velocity U is given by the relation

(I11-9)

From the area-mass flow relationship, the incremental
liquid area becomes

Amg,,
= I1I-1
AZA " pl UIA ( 0)
the local gas area is given by
A, =AA— Ay, (I11-11)
from which the local volume ratio is
A
Top = Kjﬁ (111-12)

The local slip cannot be determined easily because of
the difficulty in measuring the local gas mass flow rate

(1%'9[\)'

B. Equipment for Thrust and Boundary-Layer
Measurement
An equiﬁment designed to provide a flow that was an
exact duplicate of the flow in that portion of the tunnel

prior to the test section was used to measure thrust and
boundary-layer mass-flow rates. This equipment and these
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measurements were necessary to determine the composi-
tion of the core that flowed through the test section.

The 1:1 gas-to-liquid volume-ratio injector was
mounted at the front end of a rectangular duct that mea-
sured 1.90 in. high by 0.750 in. wide. The length of the

Fig. ll1-2. Front view of boundary layer
removal assembly and ducts

Fig. I11-3. Closeup showing side wall knives
inside center duct opening

JPL TECHNICAL REPORT 32-1096

duct to the side boundary-layer removal blades was 8.5 in.,
which corresponded to that duct in the tunnel. Fixed
upper and lower boundary layer removal blades were
positioned behind the side blades. Figure I1I-2 shows the
blade assembly with ducts leading perpendicularly to the
thrust center line. Figure III-3 is a closeup of the variable
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=
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ducts to the weighing tank. A swing gate in the hose

. IT11-4 and III-5 show the fixed

blade assemblies and core discharge slot. Figures 1I1-6
and III-7 show the entire assembly mounted on a thrust

stand

igs

de blades, and F

S1

discharge assembly allows discharge of the boundary-
layer ducts into the weighing tank for a timed period

of flow.

individual hoses lead from the boundary layer
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Fig. lI-6. Simulated tunnel assembly

Fig. I11-5. Closeup showing upper and lower

boundary layer knife assemblies

mounted on test stand

JPL TECHNICAL REPORT 32-1096

42



Fig. IlI-7. Boundary layer discharge rate measuring equipment
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Water enters the main water duct through six filters
from flexible hoses lying in a plane perpendicular to the
thrust center line. Figure III-8 shows the nitrogen control
panel, pressure monitoring gauges and digital thrust read-
out equipment.

LE WATER
LINES

Because the side boundary-layer knives were capable
of removing up to 50% of the total flow, which amounted
to 50 Ib/sec (liquid), extensive testing was performed on
the effect of back pressure in the flexible lines leading to
the weighing tanks. Figure I1I-9 shows a less than 1%

Fig. lli-8. Test stand instrumentation

Fig. llI-9. Boundary layer mass flow rate as a function
of boundary layer duct pressure
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change in mass flow rate over the lower 80% of the duct
pressures; this corresponds to over 90% of the velocity-
boundary-layer depth region.

C. Results from the Flow Model

1. Velocity Profiles

The step-by-step measurement in Egs. (II1-2) and (I111-3)
of the variables as a function of boundary-layer thickness
for five bands of velocity determined the average core
velocity as a function of the amount of boundary layer
removed (Fig. III-10). The curves approach zero slope
at a depth of approximately 0.150 in. from the wall indi-
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Fig. ll1-1Y. Universal reduced velocity as a function
of the amount of boundary layer removed
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cating that the core velocity is relatively unaffected by
wall friction at a depth from the wall of 0.135 in. or more.
This corresponds to a distance of 8.5 in. from the injector,
and the boundary layer would naturally grow in depth
with a longer duct.

The average core velocity profiles, when divided by the
total net liquid mass-flow rate (1?1;2) and adjusted to a
common value at the wall point, formed a reasonably uni-
form profile (Fig. I1I-11). This curve helped to determine
the curve slope to a boundary layer depth of nearly
0.150 in. The curve tended to dip a few percent in the
lower two velocity bands; this suggested an interaction
between the boundary layer and the knives.

Fig. 1lI-10. Average core velocity as a function of the
amount of side boundary layer removed
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The local liquid velocities (U;,,,) in the boundary layer What appeared to be a gas-free sheet of water to a dis-
were determined in accordance with Eq. (III-9). These  tance of 0.003 in. from the wall was removed by the
values along with the average core value and a zero wall ~ boundary-layer knife. This sheet was caused, in part, by

velocity provide a complete velocity profile of the flow. the injector construction, in which the outer columns of
Figures III-12 and III-13 show enlarged and complete  water overlapped the inner duct walls, and tended to
velocity profiles across the narrow dimension of the duct.  spread out the water over them. A small fraction of gas

360 Fig. 112, Liquid velocity profiles, 10.5 in.
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appeared between 0.003 in. and 0.010 in. from the wall;
at distances greater than 0.010 in., a homogeneous two-
phase flow existed.

2. Volume Ratio

From Eq. (III-6), the average volume ratio r, of the
core flow can be calculated. Figure III-14 shows the
volume ratio remaining in the core as a function of liquid
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core velocity for various parameters of boundary layer
removed.

Because the injector was designed for a volume ratio of
1.0, and, according to Fig. I11I-14, the volume ratio of the
remaining core is less than 1.0 for all velocities, the aver-
age volume ratios of gas and liquid in the boundary-
layer and core regions are not equal. This is verified in
Fig. I1I-15. For velocities less than 200 ft/sec, the r, of

Fig. lll-14. Average core volume ratio in the test
section as a function of liquid flow velocity for
values of the amount of boundary layer
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the boundary layer is higher than that of the core; at
velocities above 200 ft/sec, however, the values of r, for
the boundary layer and core flows are somewhat closer
in value.

At all boundary-layer knife settings, the r, of the remain-
ing core increases toward 1.0 as velocity is increased. This
further confirms a more uniform distribution of gas and
liquid at higher velocities.

Weak shock phenomena may exist across the knife
blades at the lower velocities. These weak shocks could,
by their pressure gradient, diffuse some gas out of the
core region and into the boundary layer ducts, in effect
decreasing the core r, and increasing the r, of the bound-
ary layer. Because these r,’s are greater than 0.7, the gas
apparently is in a connected pattern and can move a hun-
dred fold more freely than a nonconnected or random-
dispersed pattern. According to Eq. (VII-11), derived in
Section VII, in which 7, = 74, X (liquid volume fraction),
the variation in the local r, should have an effect on the
local shear stress. Furthermore, a ‘change in 7, should
affect the velocity profile curve. The liquid volume frac-
tion is ‘

liquid volume 1
gas volume + liquid volume 1 + 7,

thus

p— 1‘
Tw = Twy 1+ rvl

Consequently, an increase in r., decreases ,, and a de-
crease in r, increases r,. If, as outlined previously, Ty,
increases near the wall, r,, should decrease and the profile
become flatter; if 7, decreases near the wall, the local Tw
will increase and the profile will be more rounded. From
a Vi, of 141 to 330 ft/sec, the profile near the wall becomes
more rounded, and r, decreases simultaneously in the
boundary-layer region.

3. Relative Phase Velocity

The relative phase velocity between the gas and
liquid phases as computed from Eq. (I1I-8) is plotted in
Fig. I1I-16 as a function of gas-to-liquid mass ratio for

60
O ~Vp~ 140-145 ft/sec ‘ o Pa S
Vy~ 181-186 ft/ e S RN
O-Vp~ - sec v | - ~
£ R <1 TDO la

o S0— A-Vp~243-245 ft/sec << —~ -
2 RAN O
~N — ~ -
P o Vg ~278-281 ft/sec \\A_____ ~
- t-\\\
N Q-Vp~312-314 ft/sec L

40 NN
£ \
(&)
‘;‘ 30 - /C/\‘/

\ -t

3 M- i A
g \ D\JP
W 20 ' — 00— —0
=
<
-
VR
o

0

0
0 0.2 0.4 06 0.8 1.0 12 1.4 1.6 1.8 2.0 2.2

GAS TO LIQUID MASS RATIO r,,,(XIO-B)

Fig. 11I-16. Relative phase velocity as a function of mass ratio for values of liquid velocity
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parameters of liquid velocity V;. In all cases, water veloc-
ity exceeds the velocity of the gas regardless of the gas-
mass-to-liquid-mass ratio (r,). In general, relative phase
velocity increases with an increase in liquid velocity.
Computing the relative phase velocity as a percentage of
liquid velocity, the result is plotted in Fig. III-17 as a
function of r,,. With one exception (V; ~ 180 ft/sec), the
curves are grouped fairly close to the 17 to 20% range and
between the 7, values of 0.85 X 10 and 1.25 X 10-%,

The existence of relative phase velocities of this magni-
tude suggests a positive gradient of pressure in the duct.
Figures III-18, I1I-19, and II1-20 are plots of static pres-
sure vs duct position for flows of three different velocities
and parameters of r,,. In all cases, a positive pressure gra-
dient is evident. Imposed on the positive pressure gradient
are wave-like pressure variations along the distance of the
duct, evidence of the existence of weak shock waves. The
possible influence of differences in the static pressure taps
and gauges is minimized by the fact that the wave pattern
changes with variations in such flow qualities as r,, and
V;: a wave minimum, for instance, becomes a wave maxi-
mum at the second tap position as shown in Fig. 111-20.
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Fig. llI-20. Static pressure as a function of distance
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V, = 313 ft/sec

Figure I1I-2] shows static pressure as a function of dis-
tance for an r, of 1.1 X 10® and for three values of
velocity. This value of r,, corresponds to the volume ratio
of 1.0 for which the injector was designed. Thus it is
evident that the r, of 1.0 occurs with a gauge pressure
P, =0.0 in the downstream vicinity of the injector as
expected, but the continuously increasing pressure gra-
dient prevents a simultaneous 7, of 1.0 and P, of 0.0
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(gauge) at any point further down the duct, except for
the superimposed pressure wave variation, of course,
which may produce the condition at an isolated point.

The effect of the pressure gradient on the two-phase
flow is considered in Fig. II1-22, which is a plot of the
static pressure gradients as a function of r,, for parameters
of liquid velocity. The majority of values lie between 0.05
and 0.5 psi/in. with the latgest value reaching 1.1 psi/in.

From a momentum balance of the two-phase flow with
pressure and with the maximum gradient of 1.1 psi/in.,
a velocity change on the order of a few ft/sec/ft may
occur. Because the liquid constitutes over 99% of the mass
of the mixture, a negligible change in liquid velocity also
occurs. However, the gas has been measured at relative
velocities up to 60 ft/sec, so the slight pressure gradient
apparently causes a velocity separation of the phases.

Assuming such a velocity phase separation, then a bal-
ance should exist between the pressure gradient on the
mixture and the drag between the phases, or

—Ag AP — 7, AA, = 1M, AV, (I11-13)

Assuming however, a steady state in which ‘the phase
velocity is.constant, then AV, = 0, and

— Ay AP = 1,y AA,, (I11-14)
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The form of r,,, AA,, that represents the drag force between
phases must now be determined.

There are three possibilities for a simple form of this
term that depend upon the volume ratio and the proximity
to the injector. For r,> >1, the homogeneous flow model
is obviously a water-droplet distribution in a gas. For
1,<< < 1.0, the flow model becomes a gas-bubble distribu-
tion in water. The drag coefficient for either model can be
determined if the respective droplet and bubble sizes are
known. In addition, there are individual water streams in
downstream proximity to this type of injector. The orders
of magnitude for the three models were calculated as
follows to determine any match with the measured pres-
sure gradient term.

For straight jets of water in a gaseous media, the force
balance between the gas and liquid is

—P) (I11-15)

1/2p,(V,)?C; N;A; L; = A, (P,

where N; A; L; = total area of all jets in the pressure rise
increment. For a V, of 50 ft/sec, a jet diameter of 0.070 in.,
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and an applicable value of p, (Fig. II1-23), the calculated
pressure rise becomes
AP = 0.0033 psi/in. (I11-16)

which is smaller than the median-measured 0.2 psi/in. by
a magnitude of nearly 100.

For water droplets in the shape of spheres dispersed in
the gas, the force balance is

1/2 Py (V)Z Cd Nsph Asph - Ag (P; - Pl) (III‘17)
Assuming again a V, = 50 ft/sec, the coefficient of drag
for either a bubble or a droplet (C;) can be determined
from experimental data, such as that reported by Hoerner
(Ref. 111-6) by computing the Reynolds number (R.) for
a sphere. An average sphere diameter must be assumed
and, from photographic data, a diameter of 0.030 to
0.070 in. is a reasonable approximation. Thus the relative
R. now becomes

Vr sph
R, = (f’—“——D—"> ~ 19t0 45
Mg

(111-18)
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giving a and, from Ref. I1I-6, the €; =~ 2.2 to 8. The AP is calcu-
lated to be:
C.= 13 to 2.6 (I11-19) cd tobe
AP = 2300 to 359 psi/in. (111-23)
Solving then for AP,
o These values of AP are 1000 to 10,000 times greater than
AP = 0.731 to 2.6 psi/in. (II-20)  those measured in the upstream flow.

a value that, within reasonable adjustment of the sphere
size, falls within a factor of 10 of the range of the mea-
sured pressure gradients.

Lastly, considering the bubble-in-water model for which
the force balance equation is

1/2p1(V2) Cs Ny Ag = A, (AP) (IT1-21)

Assuming as before a V, = 50 ft/sec and a bubble size of
approximately 0.030 to 0.070 in., the Reynolds number
becomes

R. = 1.96t02.95 (I11-22)
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Thus, for the measured pressure gradients of 0.1 to
~0.6 psi/in., it is clearly seen that this range corresponds
more closely to the water droplet model than the straight
jet or gas bubble models, which are off in calculated pres-
sure gradients by a factor of at least one hundred to ten
thousand in opposite directions. Assuming that the flow
corresponds to the water droplet model, sufficient infor-
mation exists to determine the C; and D of the droplets.

4. Determination of Droplet C,/D

For the model of water droplets in gas, knowledge of
the pressure gradients and relative phase velocities are

JPL TECHNICAL REPORT 32-1096



sufficient to compute the Cy and D of the droplets, assum-
ing they are spherical and of a nearly uniform size.

The right side of Eq. (I11-24) becomes

D§ A 6Al 6AZ Cd
Aup N Cg = =2 Ci= 111-27
From Eq. (III-17), which represents the drag between o onh T 4 D3, 174D,y ( )
phases,
A giving for Eq. (I11-24)
AP =1/2 p; (V) Ca Ny =2
/200 (V) CaNw =4 9APA,p, 6A;Cq
V: 4D ., (I11-28)
or, writing known quantities on left side, ! *
Rearranging,
2AP A, p 4AP
=2 = Aun Now Co (1Ir24) e (3)=ps (111-29)
The number of spheres per unit length (L = 1in.) is and, noting that
A,
Vi A, =M
Nsph L Az 6Al
= = =— I11-25
L Vg 4r . D5 ( ) the ratio of Cy/D then becomes
”5“ (Rsph)
Cd - 4AP [ AL
and the projected area of a sphere is Dy 3V2 (I11-30)
A = 7D (I11-26) Values of C4/D as a function of r, are plotted as param-
s 4 i eters of velocity on Fig. I11-24.
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Using three values of r,, the ratio Cy/D is plotted in
Fig. IT1-25 as a function of liquid velocity, V. The plotted
values form a reasonably continuous curve that should
yield an analytical relationship between Cz/D and
liquid velocity. Choosing a relationship of the form
y = aexp (—bx) where a and.b are arbitrary constants,
the relationship between Cy/D and velocity becomes

Cd/D — aexp (_b Vll) (111-31)
By fitting this relationship at two values of velocity, the
constants are solved to give

Cq/D = 202 exp (—0.01332 V) (111-32)
Still an additional equation is required to determine indi-
vidual values for C; and D. Such an equation exists in the
relationship of C, vs Reynolds number for spheres. From
T. E. Stonecypher (Ref. III-7), a close fit to the experi-
mental C; vs R, data for spheres can be made in the range
of 0.1 = R, = 10* with the relationship

log. C; = 3.271 — 0.8893 (log, R.)
+0.03417 (log, R.)?

-+ 0.001443 (log. R,)? (111-33)
in which
R Ps DV,
‘ g

thus the unknowns C; and D can be found as functions

of V, which correspond to specific values of V;. From
a combination of Eq. (III-32) and (I1I-33), the droplet
diameter is

D

_ antilog, [3.271 — 0.8893 (log. R.) + 0.03417 (log, R.)* + 0.001443 (log, R.)*]

O—rp, =09x1073

@ O—rm=1.0x10"3

Ol A—r,=12x10"3

O —FITTING EQUATION POINTS
52 [a/D = 202 exp(-0.0133 ]

g
i
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Fig. 1lI-25. Ratio C;/D plotted as a function of
liquid velocity for values of mass ratio

(I11-34)

The coefficient of drag of the sphere, derived from
Eq. (ITI-32), is

Cy =202 D, exp (—0.0133V,) (111-35)

A plot of the experimental C,; vs R, for spheres, and the
fit of Eq. (II1-33) and the respective equations of Cy/D
vs R, from the two-phase flow data is shown in Fig. I11-26.

Equations (111-34) and (111-35) were solved on an IBM

1620 computer; the results of C; and D vs R, are shown
in Fig. T11-27.
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202 exp (—0.0133 V)

Obviously, the curve of droplet diameter vs Reynolds
number is not realistic. The droplets are on a scale of
magnitude larger than would be expected from discharge
orifices of 0.070 in. ID. According to Rupe (Ref. I11-8),
jets of water at Reynolds numbers exceeding 100,000 have,
a strong tendency to break into many small fragments a
short distance from the discharge orifice. The Reynolds
numbers for the injector tubes, based on the discharge ID,
range in values from 86,000 to 290,000. The curve of C; vs
R, values is correspondingly low.
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nificantly higher inertia than the gas, would not be influ-
enced in this way; the droplets tend to enter the shock
front parallel to the flow. These observations are discussed
further in Section V.
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Apparently, in the vicinity of a volume ratio of 1:1,
water fragments from the jet streams coalesce more
rapidly than gas bubbles, and form a partially continuous
media. The structure at the extreme volume ratio of 0.1
is reasonably expected to be bubble-in-liquid, and the
structure at the extreme volume ratio of 10 is expected
to be a liquid-droplet-in-gas. At the position downstream
from the injector where the measurements were made,
it is obvious that the low model did not correspond exactly
to the bubble-in-liquid structure because of the relatively
high relative phase velocities and correspondingly low
pressure gradients. The chain-like arrangement appar-
ently reduces drag on the gas bubbles by three orders of
magnitude. At a distance much further from the injector,
it is quite possible that the bubbles would tend to separate
and, as long as the pressure gradients remained small,
thereby reduce their relative phase velocity to negligibly
small values.

Additional evidence of the nature of the upstream gas-
liquid structure is provided in Section IV from an analysis
of the normal shock measurements and photographs. From
Figs. 1IV-4 through IV-8 which show the static pressure
gradients for normal shocks of various strengths, it is clear
that pressure gradients of 360-400 psi/in. occur at liquid
flow velocities of 320-340 ft/sec. According to Fig. 111-16,
such flow velocities have corresponding relative phase
velocities of 50-55 ft/sec. The value of the pressure gra-
dient for the bubble-in-water model with a bubble radius
R = 0.070 in. and a relative phase velocity V, = 50 ft/sec
is about 359 psi/in. This fits well into the measured values
of pressure gradient for the normal shock.

The shape of the pressure profile through the shock
structure represents, in part, the variation of the inter-
phase drag model through the shock. The foot of the
curve rises asymptotically from the upstream static pres-
sure at a relatively low gradient to that point where the
drag model changes a thousand fold to the correspond-
ingly high-drag distributed, bubble-in-liquid model. From
this point, the pressure gradient increases to a very large
value until the deceleration of the liquid is sufficient to
nearly match the downstream velocity. The pressure gra-
dient then decreases monotonically to zero as the profile
is rounded asymptotically to reach the downstream static
pressure value.

As stated in Section IV, correlation of the first observ-
able change in the flow structure for a normal shock with
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the pressure profile curves resilts simultaneously in a
volume ratio of 0.77 and a rapid increase in the pressure
gradient to its largest value. This is true for a variety of
supersonic upstream velocities, and strongly suggests that
the mode! change occurs at a volume ratio of very nearly
r., = 0.77. The finite length of the initial profile as it
asymptotically reaches the upstream pressure for a vari-
ety of volume ratio values between 0.75 and 0.96 indi-
cates the existence of a finite wave structure in a gas-
connected media.

Further confirmation of a complete change in the flow
model under the influence of diffused conical shocks and
high acceleration gradients is given in Fig. 8 of Ref. I11-9.
In separator experiments with two-phase flows (Ref. 111-9),
the percent liquid bypassing the primary slot remained
relatively constant until the volume ratio was reduced to
1.0. The rate of bypass then increased significantly as the
ratio was reduced from 1.0 to 0.7, and increased in pro-
portion to the slot width reduction from that point on.
Thus, with thousands of g’s acceleration on the two-phase
film, the liquid would not effectively separate from the
entrained bubbles, in the distance allowed, for volume
ratios less than 0.7. The fact that the impinging two-
phase flow was liquid droplets in a gas-type structure at
a volume ratio greater than 1 confirms a change in the
model to a distributed bubble-in-water matrix at volume
ratios slightly less than 1.0 or ~0.77, and confirms the drag
characteristics of that medel to be applicable between
phases at volume ratios less than 0.77.

Apparently, then, pressure pulses are transmitted
through the two-phase continuum according to the veloc-
ity of sound relationship derived in Section I. Sustained
pressure gradients as created by developing boundary
layers, however, tend to separate the phases. The gas is
influenced most strongly by its density relative to that
of the puré liquid; the applicable gas-liquid model is a
further influence.

Further, it is obvious that while the mixture behaves
very well as a continuum for shock propagation (as demon-
strated in Sections IV and V), it is not necessarily isotropic
with respect to the propagation of pressure gradients.
Because this type of injector produces the chain-like
bubble structure in the upstream flow, the propagation
of pressure pulses or sound waves will occur more easily
in the direction of flow than in the direction perpendicular
to the flow. '
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Nomenclature

A cross sectional area, duct (ft?) R. Reynolds number

Ap cross sectional area, bubble (ft?) U boundary layer velocity (ft/sec)

A, cross sectional area, gas, local (ft?) V, velocity, gas phase (ft/sec)

A; surface area of liquid jet (ft?) V, velocity, liquid phase (ft/sec)

A, cross sectional area, liquid, local (ft?) v, Zfelative)z velocity between gas and liquid phases
t/sec

Agn  cross sectional area, sphere (ft?)

C; coefficient of drag, bubble or droplet ps density, gas phase (slugs/ft’)

C; coefficient of friction p1 density, liquid phase (slugs/ft®)

7 wall shear stress, mixture (Ib/ft?)

wall shear stress, liquid (1b/ft?)

D sphere diameter (ft)
F  thrust (Ib;) Ty
#, mass flow rate, gas (slugs/sec) Tw, shear stress between phases (1b/ft?)
m; mass flow rate, liquid (slugs/sec)

Nz number of bubbles

Subscripts

BL boundary layer
Ny number of liquid jets a local value based on incremental steps in the
N number of liquid spheres independent variables

r, gas-to-liquid, volume, ratio, static P phase
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IV. Normal Shocks

A. Fundamentals

For the isothermal two-phase continuum developed in
Section I, the normal shock-wave relationships can be
developed by the usual analysis in which the shock wave
is fixed with respect to the frame of reference and the
two-phase mixture flows into the shock. Let subscript 1
denote the region ahead of the shock and subscript 2 the
region behind as shown in Fig. IV-1. The continuity
equation across the normal shock is

£ V1 = P2 Vg (IV'I)
and the momentum equation is
P1V§_P2V§=P2“P1 (IV—2)
Yg,, M, 17
9> My T2
FLOW —— S 2 e .
Y2, ", Ve, r e,
bl i ol
CONTROL / /’& A CONTROL
VOLUME 14 SHOCK WAVE VOLUME Vg

Fig. IV-1. Schematic of normal shock and
control surface volume
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From Eq. (I-1), which is the density of the mixture,

_ 1+7,
p=p 147

or

1+ 1
Pr=pPuN\T 17,
1
and

_ 1+ 1y,
P =T,

and, from Eq. (I-4), the isothermal equation of state is

(1V-3)

r, P = constant, or 15, P1 =1, Py (IvV-4)

In addition, a relationship must be established between
7m, and 7,,, that will provide sufficient equations to define
the downstream unknown quantities in terms of the up-
stream conditions. With reference to Fig. IV-1, let

Vi=Vs (Iv-5)
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By continuity, the mass flow rates upstream and down-
stream are equal:

mhy, = My, (IV-6)
my, = 1y, (IV-7)
By definition, the mass ratios are
_ My,
Ty = m, (Iv-8)
=My,
T, = m, (Iv-9)

For homogeneous mixtures (without pressure gradients),

Ull - Ugl
Ul = ng

2

(IV-10)

Defining a cross-sectional area for each phase component,
and assuming a unit length for the control volumes,
Egs. (IV-8) and (IV-9) can be written,

m A
ny =t = S (Iv-11)

p1, Ar,

_my,  pg, Ay,
m, = T = = Iv-12
e, T pr A, (IV-12)
Equations (IV-11) and (IV-12) can be multiplied by the
velocity ratios of Eq. (IV-10) to obtain mass flow ratios:

ps, A0, Us _ 1y, (IV-13)

Tm, = - 9
vop, AU, omy

Py, Ayz Uzz . ’%92
M, = T = T IV-14
Ty p1, A, Ui, my ( )

I
o)

By Egs. (IV-6) and (IV-7), however, the mass flow ratios
are equal:

m, My,
my, My,
Therefore,
Tmy = Tm, (IV-15)
Combining Eqs. (IV-1) and (IV-2),
iVi
Vi1 —p _p (IV-16)
P2
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Combining Egs. (IV-4) and (IV-16) to eliminate P,,

N P1 1 '
Po=p, Vil —— )77 Iv-17
2 P ( PZ) 1 — ,’.vz/r‘v1 ( ) !
From Eq. (IV-3),
P ey (Lt rm1> (1 + rvz) —_—
Pz p1, (1 + 1w,/ \L + 15, ( )

Assuming that p;, = p;, (for P, < 1000 psi), and combin-
ing Eq. (IV-15) with Eq. (IV-18) and substituting the
result into Eq. (IV-17),

o, (1 + 7))

B=eViti oy
Y1

(IV-19)

Comparing Egs. (IV-19) and (I-5), the pressure ratio
becomes

P,

P (1V-20)

Combining Eqgs. (IV-4)-and (IV-20), the downstream vol-
ume ratio is !

! (Iv-21)

Combining Eqs. (IV-1), (IV-18), and (IV-21), the down-
stream mixture velocity is ‘

OV, (Mt V
V,= M¥< . Hvl) (v-22)
By definition, the downstream Mach number is
\%
M,=—
C2
which, with Eq. (I-5) for c¢,, leaves
Ve [pire (L)% ,
= -23
M=y rvz)[ s (IV-23)
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Substituting Eq. (IV-22) for V, and combining Eq (1-5),
the downstream Mach number is

1

MQZE

,Or (IV-24)

M, M, =1 (IV-25)

B. Results

During operation of the supersonic tunnel described
in Section II, it was found that restriction of the flow
by the back-pressure valve created a normal shock down-
stream of the test section. Further restriction drove the
shock upstream through the test section to the position
of the upper and lower boundary layer knives. The static
pressure taps, separated by 0.2 in. along the center line
of the test section, provided static pressure sampling
through the depth of the shock structure, and the three-
axis probe provided both total head and static pressure
surveys through the depth, width, and height of the
structure. The total head surveys, however, will be dis-
cussed in detail in Section VI.

The thickness of the test section as adjusted by the
position of the side boundary layer knives had a definite

effect on the observable shock phenomena. With maxi-
mum boundary layer removal, the tunnel thickness was
reduced to 0.308 in., and the normal shock phenomena
appeared as two black lines approximately 0.10 in. apart
(Fig. IV-2). The two lines tend to merge into one because
the camera lens center line was not on the center line
of the shock. As the width of the test section increased,
the depth of the observable shock phenomena increased
to a maximum approaching 1.0 in. (Fig. IV-3).

Referring to Fig. 1-4, the characteristic time for the
collapse of a 0.010 in. diameter bubble at ~200 ft/sec
is about 10 sec, which is approximately the time re-
quired for the mixture to travel 0.05 in. Further, the
time required to reach 90% of thermodynamic equilibrium
is approximately 1 psec, which is the time required to
travel 1 in. at the downstream velocity.

The effect of the dynamic and thermal relaxation times
is spread of the shock structure in depth. Considering
the observable effects, however, the reduction in bubble
size caused by the initial compression upon encountering
the shock front would be evidenced by greater light trans-
mission of the liquid region near the shock; this transmis-
sion is evident between the dark lines of Fig. IV-2. The
rebound of the bubbles and other turbulent motion would

Fig. IV-2. Normal shock {M; ~ 4.0)
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Fig. IV-3. Normal shock (M, = 5.0}

result in subsequent darkening of the near-liquid region;
this is evident in the second black line and the shaded
region shown in Fig. IV-3. The region in which thermo-
dynamic equilibrium was being established would be
characterized by a gradual increase in the transmission
of light as the bubble sizes decreased.

1. Static Pressure Profiles

The static pressure rise across the shock structure was
not discontinuous, but spread out as expected from the
discussion of the flow model in Section III. In such a
gas-liquid continuum, static pressure gradients can be
sustained only by the drag between the phases. As estab-
lished in Section III, the bubbles upstream are arranged
in chains with a relatively low C,. The entrance of these
chains into the shock front compresses the bubbles and
destroys their connecting chain structure, which effec-
tively increases the relative C; between the phases. Thus
the pressure gradient immediately after the initial bubble
compression is indicative of the C; change within the
shock structure. After reaching maximum C,, the pres-
sure gradient should decrease with the pressure, and
approach its downstream value asymptotically as the
bubble size is established by thermal equilibrium.

Figures IV-4 through IV-8 represent the static pressure

through the shock structure for parameters of mass ratio
(rm) and mixture velocities ranging from 150 ft/sec to
340 ft/sec. The profiles are reasonably close in general
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Fig. IV-4. Static pressure as a function of horizontal
position through a normal shock for values
of mass ratic (V = 150 ft/sec}

shape to those expected from the flow model. At lower
velocities, the profiles reach further upstream with more
gentle gradients; at the higher velocities, the leading foot
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Fig. IV-7. Static pressure as o function of horizontal position through
a normal shock for values of mass ratio (V = 313 ft/sec)

of the profile is shortened, and the gradients reach very
large values.

Correlation of the pressure profile curves with the first
visual evidence of a change in the upstream flow pattern
as it approaches the shock position indicates that changes
in visual density, bubble size, and bubble orientation
occur simultaneously with the relatively rapid increase
in pressure gradient for a nearly constant volume ratio
equal to 0.77. Downstream of the shock position, water
deceleration occurs rapidly as evidenced by the high
pressure gradient. The asymptotic approach of the pres-
sure profile to the downstream pressure occurred at
nearly equal distances from the shock holding point for
all cases; this suggests a strong similarity between the
downstream model and the temperature relaxation times.

Reduction of the gas-to-liquid mass ratio at all veloci-
ties tends to steepen the maximum pressure gradient, as
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expected from the better distribution of bubbles upon
compression, Further, a reduction in r,, slightly increases
the Mach number. This increase, in turn, increases the
pressure ratio (P./P;); this latter increase is evident in
Figs. IV-4 through VI-8.

Profiles for shock strengths of less than Mach 2 were
not obtained in the tunnel because the foot of the profile
curves extended beyond the initial pressure taps of the
test section. The shape of the shock pressure profile de-
pends upon the upstream mixture velocity, volume ratio,
and any isotropy of gas-phase distribution. For initial
volume ratios less than 0.77, the shock pressure profile
will be reasonably narrow for all supersonic: velocities;
for volume ratios greater than 0.77, the leading portion
of the profile can be expected to extend with both a reduc-
tion in velocity and an increase in volume ratio, although
this extension will remain finite.
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Fig. IV-8. Static pressure as a function of horizontal
position through a normal shock for values
of mass ratio (V = 340 fi/sec)

2. Static Pressure Ratio

According to Eq. (IV-20), the static pressure ratio
across a normal shock is proportional to the square of
the Mach number. Because Mach number includes mix-
ture velocity, r, and r,, the validity of this simple pro-
portionality supplies strong confirmation of the basic
isothermal relations developed through Eq. (IV-25) and
the parameters of actual tunnel operation. A plot of the
asymptotic static pressure ratio vs the isothermal theory
is given in Fig. IV-9. The results of the plot fall within 2%
of the theory through the full range of tunnel velocities,
and, at lower pressures, exceed a Mach number of 6.

The variation of static pressure with velocity is plotted
‘in Fig. IV-10 for a range of r, from 0.1 to 1.0, and in
Fig. IV-11 for a range of 1.0 to 10.0. From the two
graphs it is evident that the maximum (P,/P,) ratio occurs

JPL TECHNICAL REPORT 32-10%96

PRESSURE RATIO A, /P,
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Fig. IV-9. Pressure ratio as a function of Mach
number for a normal shock
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Fig. IV-10. Downstream static pressure as a function
of upstream velocity for volume ratios of
0.1=r, =1.0, for a normal shock
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Fig. IV-12. Downstream static pressure as a function
of volume ratio for values of upstream velocity

for an r,, = 1.0, and drops off on either side of that value
as shown in Fig. IV-12. Further, a graph of the static
pressure (P,) vs velocity (V,) for the actual tunnel vol-
ume ratios is shown in Fig. IV-13. The agreement is
equally as close as in Fig. IV-9. Of further significance,
V,, was used for mixture velocity and appears to be a
valid representation of the latter at these void ratios even
with the 20% relative phase velocities that exist upstream.

The near independence of the downstream static pres-
sure on the upstream static pressure, except as a weak
function of r,, is shown in Fig. IV-14. Over a pressure
range 10 = P, =45 psia there is little variation in P, for
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Fig. IV-13. Downstream static pressure as a function
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Fig. IV-14. Downstream static pressure as a function
of upstream static pressure for values of
upstream velocity

the four liquid velocities shown. Over a wider range of
pressure, however, the effect of an ,, increase with pres-
sure becomes noticeable above a pressure of P, =100 psia,
barely noticeable for low values of (r,,), and more
strongly noticeable as 7, increases (Figs. IV-15, IV-16,
and IV-17).
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3. Downstream Volume Ratio

The downstream volume ratio could not be measured
directly for lack of suitable instrumentation. The validity
of Eq. (IV-21) can be inferred only from the close corre-
lation of the data with Eq. (IV-20), from which Eq. (IV-21)
was developed. For reference, a plot of downstream vol-
ume ratio (r,,) vs upstream Mach number for values of
1y, from 0.1 to 10.0 is shown in Fig. IV-18.

4. Downstream Mixture Velocity

The downstream mixture velocity cannot be measured
conveniently in a thrust arrangement as was the upstream
velocity. However, sufficient movement of bubble strata
occurred downstream of the normal shock to permit mix-
ture velocity determination from analysis of the Dynafax
sequences. A plot of the downstream-to-upstream ve-
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Fig. IV-19. Velocity ratio as a function of upstream
Mach number at actual tunnel ry, values
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locity ratio (V,/V,) as a function of Mach number is
shown in Fig. IV-19. The data agrees within 10% of the
isothermal theory based on Eq. (IV-22) up to a Mach
number approaching 12. Because the strata observed in
the flow is necessarily close to the wall, it will be some-
what slowed in its travel through the test section by the
development of a wall boundary layer, which is also evi-
dent in the results plotted. The theoretical velocity ratio
(V./V,:) vs Mach number (M,) over the range of volume
ratios 0.1 =1, =10.0 is shown in Fig. IV-20.

5. Downstream Mach Number

The downstream Mach number cannot be determined
by measurement until the downstream volume ratio (ry,)
can be accurately measured. The theoretical isothermal
relationship according to Eq. (IV-24) is shown in
Fig. IV-21.

Fig. IV-18. Downstream volume ratio as a function
of upstream Mach number for values of r,
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Fig. IV-21. Downstream Mach number as a function of upstream Mach number
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6. Photographic Analysis

Single photos taken at exposures of 1/50 to 1/75 sec
reveal the quasi-stationary features of the two-phase nor-
mal shock phenomena. Figure IV-2 shows an essentially
narrow dark line for the shock structure, with the side
walls set at minimum width. Visually, a dark-light-dark
set of lines appeared, the second of which proved diffi-

cult to retain on black and white film. As the tunnel
width increased, the shock structure depth (the region
of darkening) increased as shown in Figs. IV-22 and
IV-23. The upstream pressures for these two flow con-
ditions of M, = 3.4 (Fig. IV-22) and M, = 4.2 (Fig. IV-23)
were above atmospheric, and forced the shock structure
to seek greater accommodation upstream, which accounts
for its slight convex curvature.

Fig. IV-22. Normal shock, V; = 304 ft/sec, M, = 3.4

Fig. IV-23. Normal shock, V; = 304 ft/sec, M, = 4.2
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Figures IV-24 and IV-25 show normal shocks at Mach
numbers 5.8 and 8.2, respectively. At pressures below
atmospheric, thickening has occurred at the base of the
shock because of interaction with water drawn into the
free stream from the free surface between the tunnel dis-
charge and the knife edges. The visible depth of shock
structure has decreased because of the lower 1y, value
that resulted from the increased Mach number (M,) in
accordance with Eq. (IV-21).

Figures 1V-26 and IV-27, taken at an exposure of
¥ usec, show the fine structure of the flow and shock
phenomena at Mach numbers 3.9 and 4.1, respectively.
The slight decrease in upstream pressure needed to in-
crease the Mach number has made a significant difference
in the amount of fine structure (bubbles) that can be seen
in the downstream area behind ‘the shock front. The
bubble-connected chains in the upstream flow are dis-
cernible in the area to the right of the shock front.

Fig. IV-24. Normal shock, V; = 346 ft/sec, M, = 5.8

3

Fig. IV-25. Normal shock, Vi, =304 ft/sec, M, = 872
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Fig. IV-26. Normal shock at 2-usec exposure, V; = 310 ft/sec, M; = 3.95
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cross-sectional area, gas, local (ft?)
cross-sectional area, liquid, local (ft?)
velocity of sound in mixture (ft/sec)
coeflicient of drag, bubble or droplet
Mach number

mass of gas (slugs)

mass of gas flow rate (slug/sec)

mass of liquid (slugs)

mass of liquid flow rate (slug/sec)
pressure, static (Ib;/ft?)
gas-to-liquid mass ratio

gas-to-liquid volume ratio

gas velocity in control volume (ft/sec)

1
Fig.1V-27. Normal shock at Y2-usec exposure, V; = 310 ft/sec, M, = 4.1

3

Nomenclature
U, liquid velocity in control volume (ft/sec)
V, volume, gas phase (fté)
V,  volume, liquid phase (ft?)
V' mixture velocity (ft/sec)
V, velocity, gas phase (ft/sec)
Vi velocity, liquid phase (ft/sec)
p mixture density (slugs/ft*)
pe density, gas phase (slugs/ft?)
p1  density, liquid phase (slugs/ft?)
Subscripts;"
1 upstream of shock
2 downstream of shock
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V. Oblique Shocks

A. Fundamentals

The normal shock analysis of Section IV can be ex-
tended to oblique shock waves with relative ease for
the isothermal case by using the geometrical relation-
ships common to the derivation of oblique shock rela-
tions for gaseous single-phase media. The equations of
continuity and momentum, mixture density and velocity,
the isothermal equation of state, the mixture density rela-
tion, and the geometrical relationships form a complete
set of equations for determination of downstream flow
characteristics.

With reference to Fig. V-1, the continuity equation
can be written as

(V-1)

prts Sin 8 = p, (U sin B8 — v, cos B)

FLOW Y
—

Fig. V-1. Oblique shock relationships
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The momentum equations normal and parallel to the
shock wave are

(normal) P; + p,u?sin? B8 = P, + p. (u, sin 8 — v, cos B)?
(V-2)

(parallel) p,uf sin B cos B

= p, (U2 5in B — v, cos B) (u, cos B + v.sin B)

(V-3)
The isothermal equation of state remains
Pr, = constant
or
Pl rvl = 1)2 rpz (V-4)
the mixture density is:
(I +1m;)
pi — (1 + rv') (V'S)

where ¢ can take values of 1 or 2 and the Mach number:

(V-6)

Vi V; Ty, 1+ e %
M, = I:pl "( i ’):]

C (I+r) P;
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Dividing Eq. (V-3) by Eq. (V-1),

L% tan B (V-7)
L2
By geometry from Fig. V-1,
vy
W tan § (V-8)
Substituting Eq. (V-8) into Eq. (V-7),
U,
Y= + tan B tan 0) (V-9)
or
b= s tand = u tan 6 (V-10)

1+ tan B tan 6)
Substituting Eq. (V-1) for p, in Eq. (V-2) and solving for
(Pz - Pl);

P, — P, = pyu; sin B [(u; — u,) sin B + v, cos 8]
(V-11)

1  (—sin®Bsing) + r, (sin® B cos B cosf) — (sin B cos* Bsinb) (1 + 1))

Substituting Eqgs. (V-9) and (V-10) into Eq. (V-11),

_ [ sinBsind :
P, — P, = ptij [——-———COS (= 0)] (V-12)
Substituting Eq. (V-4) for P, in Eq. (V-12),
To, _ ) sin 8 sin 4§ .
p(-) =i mg]

From Eq. (V-5) and the previous (Section IV) relation
T, = T'm,, the ratio p;/p, for normal and oblique shocks
becomes

P1 (l + 1'1,0)
frod o V-14
P2 (l + rl’l) ( )

Then, using Eqs. (V-14), (V-1), (V-9), and (V-10), the
expression (r,, /r,, — 1) can be computed in terms of B,
g, and 7,

(ry, + 1) (sin* B + cos® B)
sin 8 |:_ sinf + 1o, cos f cos’ B (1 + rvl)]

tan ¢ sin 8
(V-15)

Substituting Egs. (V-15) 'and (V-6) into Eq. (V-13),

)

The pressure-ratio-Mach-number relationship from Sec-
tion IV was:

w©

P 2
p, M

The component of velocity normal to the oblique shock is

— V-16
M3 ry, [cos (B — 0)] . ’ ( )
or
P, ...,
(V-17) F} = Misin B
Solving for P,,
(V-18) P, = P, M:sin? B {downstream pressure) ’ (V-19)

U; = u,sin 8
Expanding Eq. (V-17) and substituting Eq. (V-18) for #;,

p, .,

P, _p(l A ), prui(l +1y) 1, sin* B8
p, T -

P (1 +r,)* P, (1+m,)°

76

From Eq. (V-4),

P,

. 7'1.'1

P, 1,
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or, substituting for P,/P; from Eq. (V-19),

By geometry,

Ty Uz
s 2 qin2 @)~ , x
o (M3 sin? g)1 po— (V-22)
Solving for r,,
Substituting Eq. (V-9) into Eq. (V-18),
Ty, = 1y, (M3 sin? B)~* (downstream volume ratio)
(V-20) , Uy
% = (cos 0 + tan Bsin 0) (V-23)
From Eq. (V-6),
i = (Ws)2 [pity, (1 +7m,) (v-21) Substituting Egs. (V-19), (V-20), and (V-23) for P,, r,,,
T+, P, ) and (1), respectively, in Eq. (V-21) gives, for M.,
Mi(1+r,) (V-24)

M. (cosd + tan Bsin 6) (M3sin? B + 1,

Equations (V-16), (V-19), (V-20), and (V-22) are suffi-
cient to describe the downstream flow and the shock
geometry for any initial values of Mach number (M,),
volume ratio, pressure, and fow deflection angle. It is
to be noted, however, that in consideration of the sub-
stantial distances required for the completion of the re-
laxation processes in any shock structure as found in
Section IV, the foregoing derivation is somewhat ideal-
ized. A portion of any deflection geometry will necessarily
involve incomplete relaxation processes, and its extent
will be strongly dependent upon the proximity of the
shock wave to the deflecting surface.

1. Limiting Deflection Angle for Oblique Shock
Attachment

Equation (V-16) cannot be solved for shock angle g
and, consequently, solutions of 8 for initial values of
deflection angle 6, M, and r, must be solved by iteration
on a digital computer. Such solutions have been obtained
and are shown in subsequent figures. The envelopes of
applicability for ¢ as a function of Mach number M, are
shown in Fig. V-2. It is readily apparent that a limiting
“value of ¢ exists for each value of Mach number M, be-
yond which the shock wave will become unattached, and
the oblique shock relations will cease to apply. Corre-

JPL TECHNICAL REPORT 32-1096

) (downstream Mach number)

sponding values of 8 and the pressure ratios P,/P, are
also shown in Fig. V-2. For r,, < 1.0, the limiting values
of 6 are nearly reached by Mach number 10; for
2.0=r, =100, however, the limiting values of ¢ are
not reached until nearly Mach number 20.

2. Shock Angle 8

Shock angle 8 as a function of Mach number (M,) has
been plotted for values of deflection angle ¢ in Figs. V-3
through V-24. The first eleven figures have a Mach num-
ber range from 0==M, =10, and the last eleven from
0 =M, =100. Fach graph in both ranges is constructed
for a fixed value of r, in the volume ratio range of
0.1=r, =16 in 02 increments. The upper limiting
values of 8 for each curve of § correspond to the envelope
of limiting values as drawn in Fig. V-2.

It is evident in the succession of graphs that an increase
in r,, increases the maximum ¢ for which an oblique shock
attachment can occur, while simultaneously decreasing
the shock angle 8 for any fixed value of M; and . Further,
B is a strong function of the Mach numbers near the limit-
ing minimum Mach numbers, decreasing to a lower limit
near M, = 20. Beyond M, = 20, the majority of the 8 vs
M, curves are nearly flat.
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Fig. V-3. Oblique shock angle as a function of Mach number for values
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Fig. V-4. Oblique shock angle as a function of Mach number for values of deflection angles {r,, =0.3,M; = 1t0 10)
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Fig. V-5. Oblique shock angle as a function of Mach number for values of deflection angles (r,, = 0.5, M; = 110 10)
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Fig. V-6. Oblique shock angle as a function of Mach number for values of deflection angles (r, = 0.6, M; = 1 to 10)

82

JPL TECHNICAL REPORT 32-1096



70

60

5 40 \\ N \\\
lg \\\ \\ T —— 12 deg
z \
é 30 \ ~ \\ —— 10deg™ |
\\ I R 8 deg
20 \ [ ]
\ \\ 6 deg
\\\\R |_adeg |
0 — 2deg__|
0]
0 1 2 3 4 5 6 7 8 9 10

UPSTREAM MACH NUMBER M,

Fig. V-7. Oblique shock angle as a function of Mach number for values of deflection angles (r,, =07, M; = 1t010)
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Fig. V-8. Oblique shock angle as a function of Mach number for values of deflection angles (r,, = 0.8, M; = 1 to 10)
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Fig. V-9. Oblique shock angle as a function of Mach number for values of deflection angles (r,, = 0.9, M; = 110 10)
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Fig. V-10. Oblique shock angle as a function of Mach number for values of deflection angles (r,, = 1.0, M, = 1 to 10)
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Fig. V-11. Oblique shock angle as a function of Mach number for values of deflection angles (r,, = 1.2, M; = 1t0 10}
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Fig. V-12. Oblique shock angle as a function of Mach number for values of deflection angles (r,, = 1.4,M, = 1to 10)
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Fig. V-13. Oblique shock angle as a function of Mach number for values of deflection angles (r,, = 1.6, M, = 110 10}

JPL TECHNICAL REPORT 32-1096

89



SHOCK ANGLE g, deg

70

60

50

40

30

20

= 0.l

6=2 deg

\
T
N

| deg

20

30

40 50 60

UPSTREAM MACH NUMBER A

70 80 90 100

Fig. V-14. Oblique shock angle as a function of Mach number for values of deflection angles (r,, = 0.1, M; = 1 to 100)
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Fig.V-16. Oblique shock angle as a function of Mach number for values of deflection angles (r, = 0.5, M; = 1 to 100)
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Fig. V-17. Oblique shock angle as a function of Mach number for values of deflection angles (r, = 0.6, M; = 1 to 100)
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Fig. V-18. Oblique shock angle as a function of Mach number for values of deflection angles (r, = 0.7, M, = 1 to 100)
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Fig. V-19. Oblique shock angle as a function of Mach number for values of deflection angles (r,, = 0.8, M; = 1t0 100)
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Fig. V-20. Oblique shock angle as a function of Mach number for values of deflection angles (r,, = 0.9, M, = 1 to 100
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Fig. V-21. Oblique shock angle as a function of Mach number for values of deflection angles (r, = 1.0, M, = 1 to 100)
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Fig. V-22. Oblique shock angle as a function of Mach number for values of deflection angles (r,, = 1.2, M; = 1 to 100}
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Fig. V-23. Oblique shock angle as a function of Mach number for values of deflection angles (r,, = 1.4, M, = 1 to 100)
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3. Pressure Ratio (P,/P,)

Pressure ratio (P,/P,) from Eq. (V-19) is a simple func-
tion of initial Mach number and shock angle 8. However,
B is not generally part of the initial known characteristics
of a supersonic flow configuration. As a function of M,
and deflection angle ¢, (P,/P,) is far more interesting,
although no simple dependence on § exists in Eq. (V-19)
to eliminate B. Figures V-25 through V-30 show (P,/P,)
as a function of M, for values of § with each figure
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B i FLOW DEFLECTION Va
ANGLE 6=10deg

| =
%

6 deg

< / //
w '/ /7 7/
7
NS AP:
V4E
v

UPSTREAM MACH NUMBER #,

Fig. V-26. Oblique shock pressure ratio as a function
of Mach number for values of deflection
angle (r,, = 0.6, M; = 0 to 28}
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representing a fixed value of r,, from 0.5 through 1.0.
Figures V-31 through V-41 show the same plotted rela-
tionship for an extended Mach number range of 0 to 70,
and the additional 7., values from 0.1 through 1.6 in steps
of 0.2 r,.

Note that pressure ratios exceeding 10° exist for Mach
numbers exceeding 50 at medium deflection angles as the
void ratio 7, increases beyond 1.0.

Fig. V-25. Oblique shock pressure ratio as a function
of Mach number for values of deflection

angle (r,, = 0.5, M, = 0 to 28)
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Fig. V-27. Oblique shock pressure ratio as a function
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Fig. V-28. Oblique shock pressure ratio as a function
of Mach number for values of deflection
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Fig. V-29. Oblique shock pressure ratio as a function
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of Mach number for values of deflection
angle {r,, = 1.0, M, = 0t0o70)
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4. Ratio of Volume Ratio {r,,/r,)
The ratio of the volume ratios shown in Eq. (V-20) is

the reciprocal of the pressure ratio and the downstream
volume ratio (r,,), and follows directly as a reciprocal
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Fig. V-41. Oblique shock pressure ratio as a function
of Mach number for values of deflection
angle {r,, = 1.6, M; = 0 to 70)
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function of pressure ratio (P,/P;). In the same manner as
subsection 3, the volume ratio r,, is plotted in Figures V-42
through V-52 as a function of Mach number M, for values
of deflection angle 6 on individual graphs of fixed up-
stream volume ratio (r,,).
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5. Downstream Mach Number

The downstream Mach number (M,) in Eq. (V-24) is a
function of the four variables M,, r,, B, 6, which have
the relationship given in Eq. (V-16). By constraining the
four variables through Eq. (V-16), the values of down-

stream Mach number can be determined from Eq. (V-22).
Plots of M, as a function of M, for values of § are repre-
sented in Figs. V-53 through V-63, each of which represent
a fixed value of volume ratio r,, for the range 0.1 =1, =16
in increments of 0.2 r,.
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Fig. V-53. Oblique shock downstream Mach number as a function of the upstream
Mach number for values of deflection angle (rp1 = 0.1}
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Fig. V-54. Oblique shock downstream Mach number as a function of the upstream
Mach number for values of deflection angle (rv1 = 0.3)
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B. Results of Supersonic Two-Phase Flow at
Various Deflection Angles

The model support described in Subsection II-B sup-
ported double wedges of varying deflection angles at the
center line of the test section for the creation of oblique

shock phenomena. The wedges extended to within
0.001 in. of the transparent side walls and were restrained
from lateral vibration by a rubber insert that was pre-
loaded by compression against the side wall. Examples
of 10° deflection and 20° deflection wedges are shown
in Figs. V-64 and V-65, respectively. The relatively high

Fig. V-64. The 10° deflection double wedge mounted in tunnel test section

Fig. V-65. The 20° deflection double wedge mounted in tunnel test section
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pressure loadings on any internal surface not parallel to
the flow made symmetrical test shapes the most desirable.

The model width for the wedges was 0.500 in., which,
when placed symmetrically within the tunnel, allowed
the removal of a maximum boundary layer depth of
0.127 in. on each side. According to Fig. III-12, the side
wall velocity at this boundary layer depth should be
within 2% of the core velocity. The 0.001 in. space be-
tween the edge of the wedges and the transparent wall
proved sufficient for the establishment of a nonattached
shock and /or boundary layer flow about the leading edge
of the rubber bumper. This flow is apparent in most pic-
tures of the wedge flows, but, fortunately, lies sufficiently
behind the leading edge of the'wedge to permit measure-
ment of angle and pressure in the initial oblique shock
phenomena.

Static pressure measurements behind the oblique
shocks were taken from a static tap probe operated by
the main probe assembly, and the aggregate of center
line taps between the leading edge and the apex of the
wedge. In the regions of lower Mach number (<10),
the static taps showed pressures reasonably close to the
moveable probe values. For wedges of 10° or less deflec-
tion and at Mach numbers greater than about 5, the
moveable probe, by reason of its geometry, was not capa-
ble of an approach to the surface of the wedge sufficient
to permit measurements.

Static taps in the leading wedge surfaces would have
been more desirable, but such an installation was too
complex for this phase of the project. The instrumentation
used, however, did provide pressure information at the
lower Mach number ranges sufficient to confirm the
validity of the isothermal oblique shock-pressure
relationships.

As stated in Section II, flow in the tunnel can reach a
Mach number of 5 at atmospheric pressure, but, with
a reduction in pressure as given in Eq. (V-6), the Mach
number can reach exceedingly high values. Reduction in
pressure is accomplished by reducing the gas flow through
the tunnel and the fixed r, injector. The limit of reduc-
tion is the vapor pressure of the water, which corresponds
approximately to Mach 100 at the full liquid velocity
of 335 ft/sec. At Mach numbers exceeding 10, cavitation
began to damage the plexiglass side walls, preventing
use of the tunnel at relatively low water vapor pressures
over a long period of time. The highest test Mach num-
bers, then were limited to about 18+.

126

Because the leading portions of the test wedges occupy
a zone in which the relaxation processes are not com-
plete, some curvature of the oblique shock waves is evi-
dent in the various test series that are described below.
Therefore, measurements of the shock-wave angles were
made, in most cases, parallel to the most representative
portion of the wave, and in consideration of the inter-
section of the wave with the wedge centerline, and its
nearness to the leading edge of the wedge. Motion picture
sequences were examined in depth to determine the most
representative portion of the shock wave under the vari-
ous flow conditions. In all cases, complete sets of mea-
surements for a series were used for comparison with
theoretical predictions.

1. The 4° Deflection Wedge

The 4° deflection wedge was subjected to input Mach
numbers (M,) ranging from 2.2 to 18.5 at corresponding
tunnel volume ratios from 0.76 to 0.96. Because the Mach
number is a function of both mixture velocity and pres-
sure, a test series was made with runs at constant pres-
sures and various velocities, and runs at constant velocities
and various pressures to determine the behavior of the
Mach number through such oblique shock variables as
the shock angle (8) and the downstream pressure P..

Figure V-66 shows the variation of 8 as a function of
M,. At 4° deflection, the separation of the 0.7 and 1.0
1,, curves is smaller than the scatter of the data; thus,
no significant confirmation of tunnel r, can be gained
from this figure. From M, = 2.75 to M, = 18.5, the result-
ant data lies generally in the region of the theoretical
curves, with the water velocities of V;, = 180 ft/sec and
Vi, =335 ft/sec closest to the theoretical. The lower
velocity of V; = 147 ft/sec tended to give higher values
of B in the region 2.2 =M, = 2.75. Some interaction be-
tween the wedge shock and the top and bottom tunnel
walls was visibly evident at the lower Mach numbers,
which suggests that the test section choked near a Mach
number of 2.2.

Figure V-67 shows pressure ratio as a function of Mach
number. The scatter in the data again is wider than the
7y, band for the tunnel test section. The data is reason-
ably grouped about the r, band, however.

A constant-pressure sequence of increasing Mach num-
bers on Type 413 infrared Polaroid film is shown in
Fig. V-68. Atmospheric pressure was maintained as the wa-
ter velocity was increased from 140 ft/sec to 335 ft/sec in
seven steps for a Mach number range of 2.11 =M, =5.18.
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Fig. V-68. Infrared photographs of supersonic flow over
a 4° deflection wedge and constant pressure (P,=14.2
psia) and variable velocity (V; = 140 to 335 ft/sec)
[(a) M, =211, (b) M, = 2.21, (¢} M, = 2.30, (d)

M, =278, (ei M, =410, (i M, = 4.60,

(g} M, = 5.18]
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In pictures (a), (b), (d), and (e) of Fig. V-68, back flow-
ing lines that have no relationship to the flow appear
behind the wedge tip. They are roller patterns from the
Polaroid developing mechanism. The leading edge of
the shock phenomena is readily discernible in pictures (b),
(), (d), (e), (f), and (g). The slope of the leading edge
oblique shock in pictures (a) and (g), however, must be
determined with the help of similar infrared and high-
speed (%-psec) exposures in the same Mach numbers,
respectively.

Constant-velocity~variable-pressure sequences were
made for four values of liquid velocity ranging from
147 ft/sec to 335 ft/sec. The volume ratio remains a
constant value for each sequence, because r,, in the test

section is primarily a function of V,,. Figure V-69 shows
a sequence of increasing Mach numbers for a V;, of
147 ft/sec, an r,, of 0.750, a P, from 14.2 to 1.30 psia, and
an M, from 2.25 to 7.40. Roller marks are evident in pic-
tures (a), (b), and (c) of Fig. V-69 and should be ignored.
The oblique shock from the leading edge of the wedge
is discernible in all pictures of this figure.

Figure V-70 shows an increasing Mach number se-
quence for a constant V,; of 181 ft/sec, an r,, of 0.800,
a P, from 14.2 to 1.20 psia, and an M, from 3.08 to 9.50.
Note the oblique shocks leading from the upper and lower
boundary layer knives at lower than atmospheric pres-
sures in pictures (c) and (d). This is due in part to the

JPL TECHNICAL REPORT 32-1096

Fig. V-69. Infrared photographs of supersonic flow over
a 4° deflection wedge at constant velocity (V, = 147
ft/sec), constant volume ratio (r,, = 0.750), and
variable pressure (P, = 14.2 to 1.30 psia) [{a)

M, = 2.25, (b} M, = 2.65, (c) M, = 3.50,

(d) M, = 6.40, (e} M, = 7.40]
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Fig. V-70. Infrared photographs of supersonic flow overa 4° deflection wedge at constant velocity (V, = 181
ft/sec), constant volume ratio (r, = 0.80), and variable pressure (P, = 14.2 to 1.20 psia)
[(a) M, = 3.08, (b) M, == 4.20, (¢} M, = 6.20, (d) M, = 9.50]
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entry of some gas and liquid between the sidewall and
knife into the free stream at pressures below the inner
jacket pressure, which is atmospheric.

Figure V-71 shows an increasing Mach number se-
quence for a constant V;, of 266 ft/sec, an r,, of 0.900,
and a P, of 14.2 to 1.07 psia for a corresponding range
of 4.75= M, == 18. More distinct traces of the shock from
the leading edge of the wedge appear with higher ve-
locity, particularly on the lower side of the wedge in
pictures (b) and (c).

Figure V-72 shows an increasing Mach number se-
quence at the highest constant of V; =335 ft/sec, an

r,, of 0.963, and a P, of 14.2 to 5.39 psia for a correspond-
ing range of M, from 5.30 to 10. The shock from the lower
leading edge of the wedge continues to appear more
strongly along with a barely discernible shock from the
leading edge of the rubber bumper that is located in a
slot in the wedge between the wall and wedge endface.

Pictures (a) through (c) of Fig. V-73, at %-usec expo-
sures, show an increasing Mach number sequence at a
constant P, of 14.2 psia, and a range of 2.32= M, =5.17.
Shock phenomena can be readily seen in pictures (a)
and (b) of Fig. V-73, but they lie sufficiently close to
the wedge in pictures (c), (d), (e) to make necessary an
enlargement for analysis.

JPL TECHNICAL REPORT 32-1096
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Fig. V-71. Infrared photog‘ruphs of supersonic flow over
a 4° deflection wedge at constant velocity (V, = 266
ft/sec), constant volume ratio (r, = 0.90), and
variable pressure (P, = 14.2 to 1.07 psia) [{a)

M, =475, (b) M, = 6.35, {¢) M, = 10.55,

{d) M, = 18+1
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Fig. V-72. Infrared photographs of supersonic flow over a 4° deflection wedge at constant velocity (V = 335
ft/sec), constant volume ratio {r,, = 0.963), and variable pressure (P, = 14.2 to 5.39 psial
[{a) M, = 5.30, (b) M, = 8.40, () M; =10+
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Fig. V-73. One-half-usec exposures of supersonic flow over a 4° deflection
wedge at constant pressure (P, = 14.2 psial, and variable volume ratio
{r,, = 0.76 to 0.96) I[la) V, =152 ft/sec, M, =2.32, (b) V, =179
ft/sec, M, = 2.75, (c) V, = 265 ft/sec, M; = 4.10, (d) V, = 297
ft/sec, M, = 4.60, (e) V, = 335 ft/sec, M; = 5.171

JPL TECHNICAL REPORT 32-1096 ’ : 133



g s

Fig. V-73 (contd)

JPL TECHNICAL REPORT 32-1096

134



Figure V-74 shows an increasing Mach number se-
quence at a constant V; of 180 ft/sec over a range of
2.78 =M, =11. Pictures (a) through (d) of Fig. V-74
are similar to those of corresponding Mach numbers in
Fig. V-73; picture (e) of Fig. V-74, however, shows the
strong oblique shocks from the upper and lower knife
edges caused by the entry of water and gas into the test
section. Further, interaction because of water on the side
walls seems to have occurred at the side knife edges.
These interactions appear to be weak because they pro-
duced no significant change in the static pressure.

Figure V-75 shows an increasing Mach number se-
quence at a constant velocity of 335 ft/sec. The comments

{a)

on pictures (a) through (c) of Fig. V-74 apply to pic-
tures (a) through (c) of this figure as well. Picture (d) of
Fig. V-75, however, was made with all gas shut off; only
dissolved gas and liquid vapor combined to form the gas
voids. The Mach number is considerably in excess of 18,
but, due to the damaging effect of cavitation on the side
walls at the junction of the lower knife shock and the
lower oblique shock from the wedge, time sufficient for
the pressure instrumentation to reach a steady value could
not be allowed. There is an interesting change in the
phenomena near the tip of the wedge under these con-
ditions; a rounding seems to occur as if the shock had
become unattached near the point, yet the trailing shock
angles appear to remain near the values of those near
the tip just prior to this change.

Fig. V-74. One-half-usec exposures of supersonic flow over a 4° deflection
wedge at constant velocity (V, = 180 fi/sec), constant volume ratio,
and variable pressure [{a) M, = 2.78, (b} M, = 3.16,
() M, = 4.5, (d M; = 6.70, (el M, = 11+1]
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Fig. V-74 (contd)

JPL TECHNICAL REPORT 32-1096

136



Fig. V-75. One-half-usec exposures of supersonic flow over a 4° deflection
wedge at constant velocity (V; = 335 ft/sec), constant volume
ratio (r,, 0.96), and variable pressure [(a) M; = 6.55,
{b) M, = 10.56, (c) M; = 16.10, (d) M, = 18+1
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2. The 10° Deflection Wedge

The 10° deflection wedge model was subjected to flow
conditions ranging in Mach number (M,) from 2.7 to 19
at tunnel volume ratios (r,,) between 0.75 and 0.96. This
deflection angle produced shock phenomena far more
clearly discernible than those of the 4° model.

The effect of a change in r,, is more pronounced at a
deflection of 10° than at lesser deflection values. There-
fore four separate figures (Figs. V-76 through V-79) are
used for 7, of 0.75, 0.8, 0.9 and 0.96, which correspond
to the liquid flow velocities of 149 ft/sec, 180 ft/sec,
265 ft/sec and 335 ft/sec, respectively.

The experimental data points between M, = 2.2 and 2.7
on Fig. V-76 confirm the sharp upturn of the theoretical

138

Fig. V;75 (contd)

curve in this region and the ultimate disattachment of the
oblique shock at Mach numbers less than 2.2. The data at
Mach numbers between 10 and 20 in Fig. V-79 closely
substantiate the validity of the asymptotic nature of the
theoretical curve to a constant value in the upper Mach
number ranges. '

Between these extremes, the close correlation of the
data points with the g8 curves at the different values of
7y, strongly confirms the variation in r, that occurs in the
tunnel test section for different liquid velocities. This is
more clearly evident in Fig. V-80, which includes the
four B curves of fixed r,, and a dotted 8 vs M, curve that
corresponds to the actual r,, variation in the tunnel at
constant pressure with variable liquid velocity. The ex-
perimental data closely follows the dotted curve.
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(335/43 081 = *A) AHP0[3A Jup}sUOd D 40 36PaM UOHIBBP QL P 404 19GUINU YID 40 UOKIUNY B sB 3|BuD Yd0ys anbiqO *z2-A ‘Biy

W Y3EWNNN HOYW

[s}]

oz

o
L2}

o
<
g 379NV MDOOHS

(o]
0

09

0oL

[o]]

oz

(o]
2]

02 6l 81 PA] 9l Si bl €1 r4| I ol 6 8 L 9 S b €
X1 |L .
Ol =8 ——
Z
S
3903M THL LV 935/4 08l ~ %
‘08°0% '/ HO4 VAVA WLINIWINIAXT V 7
08'0 = '/ ‘AHOZHL TYWHIHLOS| —
|
080:="
I |
(235/13 6171 = 'A) AIP0[3A JuDjsu0d D §p 96paM UOHIB|PBP , 0] P 104 IBGUINU YIDW JO UOKIUNY D sB 3)Bub yI0ys anbljqO '92-A By
W ¥3gWNN HOVIN
oe 6! 8t 21 ot St ot €l r4] 1l [o]] 6 8 pA 9 14 £ 0
o
L01=8 e
(o]
(o)

3903M 3HL LV 995/ 6bls 4
[}
‘G20 ' 404 VIva TVLNIWIHIAXT O

GL0 = " ‘AMO3HL TWWY3IHLOS) —

o
<
& 319NV MOOHS

os

09

oL

139

JPL TECHNICAL REPORT 32-1096



{(P3s/4} SEE = "A) AD0|9A jub}suo)d D 4D aBpam UOYIB|YSP L0 P 10} JAQUINU YIDW JO UoldUNY D sB 3|BuDb yd0ys anbiqo ‘62-A B4

I YIBNNN HOVIN

02 -1} 8! Ll 9} 4] 14l 3] 2l i [o]] 6 8 pa 9 S b
vy v o
o01=8 #/)
oY e
582 /
]
205/4) GEE = A
‘96°'0 = ¥ ¥O4 VIVa VINIWINIIXI O
96°0 = "/ ‘AMOIHL WWYIHLOSI —
96'0='"1
(295/13 §9T = "A) AH120[3A JUR}SUOd D b 36pPaM UOIISIEP 01 P 10} JBGUWINU YIDW JO USLIUNY D sD 3jBup Xpoys anbyqo ‘82-A "Bi4
W ¥3BANN HOWW
02 6l 8| pas 9l Gi 4] €l 2l 1 o]} [ 8 FA 9 S -]
Ly m} Fl/:nr
- oo— =8 //
E T
n/

_ 985/1) g9z = ' %
06'0 ~ '/ HOJ4 VLVA TVINIWINIIXI O

06°0 = ' AMOIHL TYWHIHLOSI —

060 =
|

ol

oz

og

JPL TECHNICAL REPORT 32-1096

oY

& 379NV NOOHS

0s

09

oL

0i

(er4

(o]
"
& 319NV ¥OOHS

o
<

[
i

09

(622

140



T T T T T T T

ACTUAL TUNNEL r,, AT CONSTANT

€0 T PRESSURE (l4.2 psia abs.) AND
VARIABLE LIQUID VELOCITY
| ! ! i
@ 50 \\ |2 EXPERIMENTAL DATA POINTS FOR
CONSTANT PRESSURE (P =14.2 psia)
4 %0 L VARIABLE LIQUID VELOCITY (),)  _|
[T} \ i
2 X
X 30
Q
Q
z 8=10° A \E“
20 i ! \‘
| \ry = 0.7
MAXIMUM TUNNEL MACH r,=0.8
o} NUMBER AT ATMOSPHERIC \_, ‘.09
PRESSURE (14.2 psia) N
iy = 1.0
0 l l | l |
1 2 3 q 5 6 7 8 -] 10

MACH NUMBER M,

Fig. V-80. Oblique shock angle as a function of Mach
number for a 10° deflection wedge at variable
velocity and variable Mach number

The pressure ratios (P./P;) as a function of Mach num-
ber are displayed similarly on four graphs of constant 7, ;
pressure ratios of 0.75, 0.8, 0.9, and 0.96 are shown in
Figs. V-81, V-82, V-83, V-84, respectively. At the two lower
liquid velocities of 149 ft/sec (Fig. V-81) and 180 ft/sec
(Fig. V-82), the experimental data closely approximates
the isothermal theory. For the lowest velocity in particu-
lar, the pressure ratio is lower at the limiting Mach num-
bers than predicted by theory. Quite possibly this is due
to a diffusion of gas at the relatively low shock strengths.

At the two highest liquid velocities of 266 ft/sec
(Fig. V-83) and 335 ft/sec (Fig. V-84), the experimental
pressure ratios for Mach numbers greater than 4.2 clearly
exceed that predicted by isothermal theory. In the latter
case, however, the scatter is sufficiently great to make the
suggestion of a firm trend questionable. Below M, = 4.2,
the data approximates the isothermal theory reason-
ably well.

Figure V-85 shows a sequence of increasing Mach num-
bers at a constant pressure of P, = 14.2 psia, in which
liquid velocity increases from 151 to 335 ft/sec, and
the volume ratio increases from 0.75 to 0.96, respectively.
At the lowest Mach number, the oblique shock from the

leading edge of the wedge is barely discernible, and, for-

accurate measurement, the shock must be located by an
isodensity analysis of the negative and a comparison with
%-usec exposures at the same Mach number. A change in
flow direction parallel to the wedge surface is evident in

JPL TECHNICAL REPORT 32-1096

’y‘ = 0.75

| /
2 /

/ ISOTHERMAL THEORY,ry = 0.75
O EXPERIMENTAL DATA POINTS
FOR 7, = 075, I =149 ft/sec
AT THE WEDGE

N

100

0 4 8 12 16 20 24
M

Fig. V-81. Oblique shock pressure ratio as a function
of Mach number for a 10° deflection wedge at
a constant velocity (V, = 149 ft/sec)

the vicinity behind the shock front. A complete void exists
behind the wedge up to nearly M; = 4.0. At higher liquid
velocities, the pressure is sufficiently high behind the
shock to turn the flow more quickly and partially close in
the void area.

At Mach numbers higher than 4.0 created by lowering
the test section pressure below atmospheric (14.2 psia),
the voids behind the double wedge are clearly evident.
There are no expansion-type shock structures evident in

“the two-phase flow that are capable of turning the flow

about a sharp corner. Expansion flow appears dependent
upon pressure and the directional momentum of the flow.
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Fig. V-83. Oblique shock pressure ratio as a function

of Mach number for a 10° deflection wedge
at a constant velocity (V, = 266 ft/sec)
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Fig. V-84, Oblique shock pressure ratio as a function
of Mach number for a 10° deflection wedge at
a constant velocity (V; — 335 ft/sec)
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Fig. V-85. Supersonic flow over a 10° deflection wedge at constant pressure
(P, = 14.2 psia), and variable volume ratio {r, = 0.75 to 0.96),
[{a) V, = 151.6 ft/sec, M, = 2.40, (b) V, = 196.5 ft/sec,
M, =3.08, {c) V, =258 ft/sec, M, = 4.00, (d) V, =297
ft/sec, M, — 4,45, (e) V, = 335 ft/sec, M, = 4.95]
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Fig. V-85 (contd)

Figure (V-86) shows an increasing Mach number se-
quence at a constant liquid velocity of V; = 149 ft/sec,
and an r,, =075 over a Mach number range of
2.30=M,=28.30. In this sequence, the shock wave
created by the rubber bumper at the edge of the
wedge is clearly evident. In pictures (a), (b), and (c)
of Fig. V-86, flow can be seen about the leading edge of
the bumper. In pictures (d) and (e), the bumper flow or
shock conflicts with the previously continuous slope of
the oblique shock from the leading edge of the wedge,
and bends it outward about half of the way back to the
wedge surface. In pictures (f), (g), and (h), the oblique

shock from the leading edge of the wedge is actually

below the outer shock wave. This has been confirmed by
a careful analysis of motion pictures of a similar Mach
number sequence and an analysis of %-usec pictures at
similar flow conditions.

JPL TECHNICAL REPORT 32-1096

Figure V-87 shows an increasing Mach number se-
quence at a constant V,_ of 180 ft/sec, and an r,, of 0.800
over a range of 2.80=M,=9.50. A conflict with the
shock phenomena from the rubber bumper first appears
in picture (c) of Fig. V-87, and continues through pic-
ture (g). The actual oblique shock from the wedge’s lead-
ing edge is completely obscured in picture (g), and its
location was determined by visual observation and com-
parison with motion pictures of a similar Mach number
sequence.

Figure V-88 shows an increasing Mach number se-
quence at a constant V; of 266 ft/sec, and an r, of 0.90
over a range of 4.10= M, = 13.3. In pictures (a) and (b),
the oblique shocks from the leading edge of the wedge
are weak but visible because the infrared pictures were
very slightly underexposed.
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Fig. V-86. Infrared photographs of supersonic flow over a 10° deflection wedge at constant velocity (V = 149 ft/sec)
constant volume ratio (r,, = 0.750), and variable pressure [(alM, = 2.30, (b) M, = 2.50, (c) M, = 3.20
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(d) M, = 4.30, (e) M; = 6.00, (ff M, = 7.00, (g) M, = 7.80, (h) M, = 8.301]
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Fig. V-87. Infrared photographs of supersonic flow
over a 10° deflection wedge at constant velocity
(V = 180 ft/sec), constant volume ratio
{r,, .= 0.80), and variable pressure
[{a) M, = 2:80, (b} M, = 3.15,

{c} M, = 3.95, (d) M, = 5.20,

(e} M, = 7.35,(fIM, = 8.50,

{gl M; = 9.501
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Fig. V-88. Infrared photographs of supersonic flow over a 10° deflection wedge at constant velocity
(V, = 266 ft/sec), constant volume ratio (r,, = 0.90), and variable pressure [{a) M, = 4.10,
(b) M, = 4.70, (c) M, = 6.00, (d) M, = 7.40, (e) M, = 11.8, (fi M, = 13.0]

Figure V-89 shows an increasing Mach number se-
Juence at a constant V,_ of 335 ft/sec, and an r, of 0.96
over a range of 5.90 = M, = 10.0.

Figure V-90 represents an increasing Mach number
sequence at a constant pressure (P, = 14.2 psia), each
taken at an exposure of %4-usec. The fine structure of the
flow near the wall is discernible. The incoming flow is
characterized by linear chains of gas voids that are dis-
tributed more uniformly upon passing through the shock

148

front. As previously stated, this change in distribution is
the key to the ability of the shock front to sustain its
characteristic pressure rise through the relative phase
drag. The light variations along the upper surface of the
tunnel are not due to the flow, but to shadows of the static
tap fittings.

Pictures (a) through (c) of Fig. V-91 show an increasing
Mach number sequence at a constant V; of 335 ft/sec.
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Fig. V-89. Supersonic flow over a 10° deflection wedge at constant velocity
(v, = 335 ft/sec), constant volume ratio (r,, = 0.96), and variable
pressure [(a) M; = 5.90, (b) M, = 7.40, (c) M, = 8.5]
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Fig. V-90. One-half-usec exposure of supersonic flow over a 10° deflection
wedge at constant pressure (P, = 14.2 psia), variable volume ratio
{r,, = 0.75 to 0.96), and variable velocity (V, = 147 to 335 ft/sec)
[{a) M, = 2.25, (b) M, = 2,68, (c) M, = 4.00,
(d) M, = 4.60, (e} M, = 5.201
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Fig. V-91. One-half-usec exposure of supersonic fléw over a 10° deflection
wedge at constant velocity (V, = 335 ft/sec), constant volume ratio
{r,, = 0.96), and variable pressure (P,} I{a} M, = 7.40,
(b} M, = 10.30, (c} M; = 14,90, (d) M, = 16.1]
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Fig. V-91 (contd]

Picture (d) clearly shows the interference to the latter
sections of the upper and lower oblique shocks caused
by the unattached shock from the leading edge of the
rubber bumper.

Figures V-92 and V-93 are restricted views of the test
section at Mach numbers 2.25 and 4.00, respectively, mag-
nified fivefold. Bubbles of 0.002-in. diameter are visible in
the individual chains, but the diameters lie more generally
in the range of 0.005 to 0.010 in. The upstream bubbles
are elongated in the direction of flow, effectively reducing
their coefficient of drag. A considerable number of liquid
voids can be seen leading the shock area. These voids
occur just prior to attachment.

3. The 20° Deflection Wedge

With reference to Fig. V-2, the maximum deflection
angle for oblique shock attachment in a flow having a
maximum volume ratio of 0.96 is approximately 18.8°. At
a Mach number of 5.0, this value is reduced to 17.2°.
A twenty-degree wedge constructed for, and subjected to
the same range of Mach numbers as wedges of lesser
deflection angles was used to verify, according to the iso-
thermal theory, that the shock was unattached at the
lower Mach numbers, to determine if attachment occurred
at any higher Mach number, and, finally, the form of an
unattached shock wave.

Figure V-94 shows an increasing Mach number series
at a constant V,; of 298 ft/sec, and an 7, of 0.9 over a

JPL TECHNICAL REPORT 32-1096

range of 4.0 == M, = 12.5. The flow must approach a Mach
number of at least 4.0 before the previously normal shock
in the test section moves downstream to the leading edge
of the wedge and folds back in the manner of an oblique
shock as shown in picture (a) of Fig. V-94. Figure V-95
shows a flow at nearly the same Mach number (4.0) taken
at an exposure of % usec; the shock wave appears close to
attachment, yet there is obvious rounding in front of the
leading edge. To investigate further the area adjacent to
and in front of the leading edge, an isodensity analysis®
was made of negatives of the %-usec exposure in the range
of Mach 4 to 5. Tracings from this analysis are shown in
pictures (a) and (b) of Fig. V-96. Regions of distinct
density variation associated with the shock phenomena
are evident well ahead of the leading edge of the wedge,
particularly in picture (b). This confirms that the shock
phenomena is not attached to the leading edge.

Measurement of the angle of the leading shock curve
near Mach 4.0 from the various types of photographs indi-
cates basic shock angle (8) of 53 to 57° in the initial rela-
tively straight portion of the wave. With reference to
Figs. V-2 and V-10, the limiting 8 for the 18° wedge at
M, = 4.0is 57°. Thus the shock phenomena is near attach-
ment and near the proper 8 angle, but has not attached
as predicted in Fig. V-2, which was plotted by the iso-
thermal theory.

s[sodensity analysis courtesy of Beckman and Whitley, Mountain
View, California.
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Fig. V-94. Supersonic flow over a 20° deflection wedge at a constant mixture velocity (V, = 298 ft/sec],
constant volume ratio (r, = 0.9), and variable pressure [(a) M; = 4.0,
(bl M; = 9.30, () M; = 11.3, (d) M, = 12.5]
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Fig. V-95. One-half-usec exposure of supersonic flow over a 20° deflection wedge at a Mach number (M, = 4.0)

The form of the shock at higher Mach numbers, the
final question answered by the 20° wedge, is shown in
pictures (b), (c), and (d} of Fig. V-94, At higher Mach
numbers, the shock front tends to approach the leading
surfaces of the wedge just behind the leading edge, but
B is relatively unaffected by the higher Mach numbers,
as predicted by the isothermal theory.

Figure V-97 shows a tunnel-starting sequence for the
20° wedge at a %-usec exposure. In picture (a) where
M, =0.8, a pressure gradient of strength sufficient to
drive the bubbles outward has developed near the wedge.
At picture (c), traces of the unattached shock in the form
of change in the bubbles’ direction can be seen, but, as the
flow reaches a Mach number of 1.4 in picture (d), the inlet
becomes choked, and a normal shock coincident with the
leading edges of the upper and lower boundary layer
knives is evident. The shock is strengthened as the Mach
number increases to 2.5, but remains at the knife edges
as shown in pictare (e). In picture (f) of Fig. V-97, the
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liquid velocity is increased to over 100 ft/sec with a pres-
sure increase sufficient to keep the Mach number at 2.5.
No significant change occurs in the form or position of
the essentially normal shock wave as long as the effective
Mach number remains constant.

As the Mach number reaches the 3.5 value shown in

~ picture (g), the normal shock moves back to the vicinity

of the wedge’s leading edge. The Mach number has
reached 4.6 by picture (h), and the shock wave has
assumed the near but detached form shown in picture (a)
of Fig. V-94.

4. Dynafax Analysis of Double-Wedge Flows

Dynafax sequences of approximately 133 frames per
sequence at 26,000 frames/sec were made for the majority
of flow conditions previously described for the 4°, 10° and
20° deflection wedges. Slow-projected (3 to 8 frames/sec)
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Fig. V-97. Tunnel starting sequence of flow over a 20° deflection wedge; 2-usec exposure
[ia) V, = 50 ft/sec, M, = 0.8, (b) V, =75 ft/sec, M, = 1.1, (c) V., = 100 ft/sec, M; = 1.2,
(d) V, = 125 ft/sec, M, = 1.4, le) V, = 200 ft/sec, M; = 2.5, (f) V, = 318 ft/sec,

M, = 2.5, (g) V, = 259 ft/sec, M, = 3.5, (h) V, = 318 ft/sec, M, — 4.6]
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Fig. V-97 (contd)
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Fig. V-97 {contid)

motion analysis of these sequences was intended to deter-
mine the direction and velocity of the two-phase flow in
the various positions of the test section both upstream and
downstream of any shock phenomena. Six frames from
a sequence of flow about a 10° wedge are shown in
Fig. V-98. :

Because of the original exposure time of 2.5 usec/frame
that reduced definition from that of the %-usec still
frames, the twenty-fold magnification, and the rephoto-
graphing required to place the Dynafax frames in se-
quence, the quality of the individual prints was far less
than that of the %-usec exposures. The dark strata of
bubbles and the lighter regions of liquid, however, could
be followed through the shock structure.

Directional movement through the shock structure was
both similar and different from that generally attributed
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to a single-phase gaseous flow. Upon entering the shock
region, the upstream two-phase mixture was observed to
turn toward the oblique shock onto a path generally
parallel with the deflection angle of the wedge surface.
With this condition, the similarity with single-phase flow
ends. Superimposed upon the general flow was the rela-
tive movement of some of the connected gas-bubble strata
under the influence of the pressure gradients encountered
in the shock structure.

Gas bubble movement appears to begin at the leading
edge of the wedge and appears to move outward along
the leading edge of the shock wave, as shown in Fig. V-99.
Between the leading edge of the shock and the wedge
surface there is a bubble movement generally along rays
from the leading edge of the wedge. Apparently, a portion
of the gas, that which is in the configuration having the
lowest C, value, is deflected outward along the rays, and
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Fig. V-98. Frames from Dynafax sequence (listed alphabetically in thé sequence taken) of supersonic flow over
a 10° deflection wedge at a frame rate of 25,000 frames/sec, 2.5-usec exposure per frame;
V, = 150 ft/sec. Frame (g} is a typical portion of a Dynafax negative
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MOVEMENT ALONG SHOCK WAVE
(APPARENT GAS DIFFUSION)

_& } SECONDARY MOVEMENT IN
A NARROW BAND BEHIND THE
SHOCK (APPARENT GAS DIFFUSION)

BASIC FLOW IS INITIALLY TURNED
PARALLEL TO THE LEADING
WEDGE SURFACE

Fig. V-99. Schematic of supersonic flow patterns
over a double wedge

the remaining mixture moves more or less parallel to the
deflection surface. The superimposed gas flow appears to
be continuous, but in reality moves under the influence
of the pressure gradient according to the C; value of its
local configuration, which changes because of the turbu-
lence. Gas which initially began moving along the oblique
shock, for instance, will be deflected into the general flow
and be replaced by gas entering the shock structure in a
low C, configuration with respect to the slight pressure
gradient parallel with the shock. The result is partial sep-
aration of the phases as the mixture passes through the
oblique shock: the liquid tends to remain near the wedges,
and the gas tends to diffuse outward toward the regions
farthest from the leading wedge surface.

As the flow passes the wedge apex, a transverse, nega-
tive pressure gradient not only tends to bend the flow
toward the symmetrical void area behind the wedge, but
tends to diffuse gas through the flow toward the void
(Fig. V-100).

The appearance of a reflected shock structure down-
stream of the wedge continues to create regions of vary-
ing volume ratio due to pressure gradients associated with
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GAS DIFFUSION
&, TOWARD VOID AREA

MAIN STREAM
FLOW

Fig. V-100. Schematic of supersonic flow patterns
over a double wedge showing gas
diffusion directions

the original shock structure and the nonisotropic and time-
dependent C; of the gas structure.

Suitable instrumentation that could determine the local
volume ratio in regions behind the oblique shock was
unknown at the time of the test.

The gas-phase migration constitutes a portion of the
overall relaxation process and consideration of proximity
to the deflecting surface. True downstream conditions are
difficult to obtain for the oblique shock wave, particularly
in view of the lateral nonuniform void fraction distribu-
tion caused by the gas migration. The generally close
agreement of the isothermal oblique shock theory with
the measurements of shock angle (8) and pressure ratio
(P./P,) made in the various test series gives substantial
credibility to this theory for representation of the basic
nature of the two-phase oblique shock. Any further accu-
racy and definition, particularly in the initial stage of
development of an oblique shock wave, would necessarily
require consideration of the interphase movements and
relaxation processes along with their proximity to the
deflecting surface, which would result in a considerable
increase in the complexity of the governing system of
equations.
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Tm

Ty

|
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Nomenclature

velocity of sound in mixture (ft/sec)
Mach number

static pressure (Ib;/ft?)

gas-to-liquid mass ratio (static)
gas-to-liquid volume ratio (static)

X component of mixture velocity (ft/sec)

component of mixture veloeity normal to the shock
wave (ft/sec)

component of mixture velocity parallel to inclined
plane (ft/sec)

V' component of velocity (ft/sec)

B angle of shock wave with the horizontal (deg)

¢ angle of inclined plane with the horizontal (deg)
p mixture density (slugs/ft?)

p1 density, liquid phase (slugs/ft?)

Subscripts
1 upstream of oblique shock

2 downstream of oblique shock
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\'4R Sfagnaﬁonl Pressure Recovery

The velocity of a two-phase mixture or, in particular,
the velocity of either phase separately is difficult to mea-
sure. In single-phase media, the total head probe or pitot-
static probe in which the dynamic pressure is measured
‘can be related to the velocity of flow. For subsonic single-
phase flow, compressibility effects can be compensated
in the measurement of dynamic pressure at higher ve-
locities. The presence of a normal shock with a subse-
quent isentropic stagnation of flow at the probe tip in
supersonic single-phase flow can be correlated to the
measured pressure from which, in turn, velocity can be
determined.

In two-phase flows, the total head probe is sensitive
to the velocities of component phases, and the void ratios
of the phases. If neither the void ratio nor velocities are
known, the total head probe is of little use in two-phase
, flow. If at least the void ratio is known, the problem of
how well the measured stagnation pressure recovery can
be correlated to the characteristic phase velocities of the
flow still remains.

A. Fundumentqls

1. Isentropic Stagnation Pressure Recovery

First, the relationship for isentropic pressure recovery
will be developed. If a mixture can decelerate over a
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finite distance with a change in cross-sectional area, the
restriction of Eq. (IV-1) does not apply and the momentum
equation at each point is

pVdV = —dP (VI-1)

The expression VdV can be replaced by dV?2/2 an(i, sub-
stituting for mixture density from Eq. (I-3), the equation
becomes

_ 21+ 1)

dV - [ (1 -+ Tm)

dp (VI-2)

Integrating the left side for a velocity change over a
pressure rise from P, to P, gives:

Py
Vz___2/ 1(1+r,,)dP
P

A\ — —
V1 N Pt (1 + 'rm)

(VI-3)

For pressure less than 1000 psi, p; ~constant; r,, will be
a constant for nonstratified steady flow conditions:

2 2
Vi~ Vi =~ 1+r,)dP VI-4
t=Vi= s [ (VI-4)
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From the isothermal equation of state, Eq. (I-4), r,P =
constant that can be chosen as r,, P;:

2 P dP
—-“‘—"pl(l F f'ml) ﬁl (dl) +1”1;1P17)">

Integrating the right side of Eq. (VI-5),

vievie— 2 Te ()]
Pl (1 + Tml) 1 P1
(VI-6)
Rearranging Eq. (VI-6),

1 P
P,=P, + 5 P (1 +rn)(Vi— Vi) —r,, PiIn <P—2>

1

(VI-T)

which represents the stagnation pressure recovery pos-
sible in shock-free isentropic flow. To distinguish this
pressure from the downstream pressure of normal shock
flow, stagnation pressure recovery will be designated P;.

2. Normal Shock Plus Isentropic Stagnation
Pressure Recovery

The introduction of a blunt probe tip into supersonic
two-phase flow should create an unattached shock ahead
of the probe, followed by an isentropic deceleration of

(I+wrm) 1

P, = prfT,,l m
Y1

The contention that a detached shock should appear
ahead of the probe inlet is well confirmed in Fig. I1-24.
The total head probe, positioned such that the probe
body protrudes completely through a normal shock in the
duct, has a detached shock just upstream of the tip inlet.
However, from analysis of the shock pressure profiles of
Section IV, the distance required for the completion of
the relaxation processes in a normal shock is many times
the distance between the shock leading edge and the
probe inlet. Consequently, the probe is not sampling the
isentropically stagnated downstream flow, but a partially
compressed stagnated flow. Therefore, neither approach
is completely valid for a supersonic stagnation pressure
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the mixture to zero movement at the probe entrance
(Fig. VI-1).

The section of the unattached shock directly ahead of
the probe on the center line can be considered a normal
shock, and, from isothermal normal shock theory, the
pressure rise across the shock is given by Eq. (IV-19):

1+ rml)
ETIERRE

/ ;TOTAL HEAD PROBE

12 3
FLOW— RN : -

P2:PZV%

SHOCK WAVE

I\

Fig. VI-1. Schematic of shock wave in front
of pressure probe body

The isentropic slowdown begins at point 2, Fig. VI-1;
the pressure at the probe tip is the sum of the pressure
rise across the shock, and the isentropic stagnation pres-
sure recovery. Substituting the normal shock pressure for
P, in Eq. (VI-7), and writing the final pressure in terms
of P, to distinguish it from the static and all-isentropic
pressure recovery,

Ly

(At ) [ P+ 1) ]

P V% rvl (1 + Tml) (VI—S)

recovery probe. This will become more apparent in the
discussion that follows.

B. Results

Total head probe surveys were made both ahead of
and behind normal shocks over the full range of flow con-
ditions used in the supersonic two-phase tunnel. For each
data point shown in the figures referenced below, between
two hundted and three hundred cross-sectional points
were surveyed in the flow, and averaged to give an accu-
rate representation of the core flow for those conditions
of P,,V,, r,, and r,, selected. The qualities of the upstream
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flow were well-known, allowing easy calculation of the
isothermal stagnation pressure recoveries according to
Egs. (VI-7) and (VI-8).

The measured stagnation pressure in free flow is shown
in Figs. VI-2 and VI-3 as a function of upstream liquid
velocity V. In Fig. (VI-2), the theoretical isentropic stag-
nation pressure recovery relationship for the given data
point conditions is plotted for comparison. The measured
stagnation pressure recoveries closely follow the isen-
tropic theory up to a liquid velocity of about 270 ft/sec,
and fall away to 10% lower than the theoretical values at
a velocity of 335 ft/sec.

In comparison with the normal shock plus isentropic
stagnation pressure recovery plotted in Fig. VI-3, the mea-
sured values are generally in excess of the theory by
about 9%. Fig. VI-3 is, in addition, a plot of the measured
values of stagnation pressure downstream of a normal
shock. These values are about 4% above the theory at
velocities up to 200 ft/sec, and, at the highest velocity of
335 ft/sec, approach to within a few percent of the theo-
retical value.

It would seem clear, then, that stagnation pressure
recoveries sampled downstream of the shock structure at
a distance sufficient for completion of the relaxation proc-
esses would represent isentropic stagnation in subsonic
flow in accordance with Eq. (VI-7). The fact that the

1200 T [ [ I

ISENTROPIC STAGNATION PRESSURE RECOVERY
RELATIONSHIP

00Ol— PR+t (l+rm])(l/]2—l/22)-rv| A |n7§12 '

THEORETICAL ISENTROPIC STAGNATION
PRESSURE RECOVERY FOR A=14.2 psia,
800f— v, AS SHOWN, 7, ~0.00085

O0—-MEASURED STAGNATION PRESSURE
RECOVERY X (ACTUAL 2 NOTED)

600%— A—REAL STAGNATION PRESSURE
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Fig. VI-2. Stagnation pressure as a function of liquid
velocity at actual tunnel volume ratio
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Fig. VI-3. Stagnation pressure measured downstream
from a normal shock as a function of the
upstream liquid velocity

supersonic flow stagnation pressure recovery measured by
the probe is closely approximated by Eq. (VI-7) for a sub-
stantial range of mixture velocities suggests a possible
decrease in local volume ratio directly ahead of the probe
inlet. From the results of the studies of oblique shock,
gas-phase migration was found along nonnormal shock
geometrics; this could account for the r, decrease along
the center line of the shock symmetry. At velocities above
270 ft/sec, increasing entropy losses along with a relative
increase in r, along the center line most probably con-
tribute to the downward pressure transition from the
isentropic curve toward the normal shock plus isentropic
stagnation curve.

Figure VI-4 shows the measured stagnation pressure as
a function of upstream static pressure for values of liquid
velocity. It should be noted that the pressures shown for
the highest velocities are slightly in excess of the more
accurate values in Fig. VI-2. The curvature of each theo-
retical curve, however, is surprisingly well duplicated by
the data; this further confirms the applicability of
Eq. (VI-7) for the lower velocity ranges.

The behavior of Eq. (VI-7) has been investigated over
a wide range of static pressures, volume ratios, and liquid
velocities. The equation is presented in Figs. VI-5 through
VI-18. In Figs. VI-5 and VI-6, P; is a function of V;, for
three values of r, and three static pressure values; the
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1000 graph shows the general trends with changes in each
quantity. In Fig. VI-6, reversal of the influence of stagna-
¥y tion pressure on liquid velocity is obvious for velocities
S BEHIND }%332‘"/5“ below 200 ft/sec. Figures VI-7 through VI-9 show P; as a
5\ sHOCK}L/Tl~ 310 ftfked) function of V;_for a range of from 0.1 to 10.0; the static
E RELATIONSHIP ) pressure P; in each figure is fixed.
ALL CASES BELOW
400'5 vb P B PP P }l{e‘~266 fiisee For a wider range of static pressures, Figs. VI-10
through VI-12 show P, as a function of static pressures P,
for parameters of V, ; each figure has a fixed value of r,,
v V A }'ff 216 ftfsec equal to 0.1, 1.0 and 10.0, respectively. Figures VI-13
—THEORETICAL STAGNATION PRESSURE through VI-18 give P, as a function of r. for parameters
RECOVERY P3, BASED ON MEASURED of velocity, with each figure at a fixed value of static pres-
200— VALUES OF 4, 7,1, AND 7, sure P, from 4.0 to 500 psia. These graphs should be
08 used to determine quickly the general influence of each of
8 © g o & }V& ~150 fifsec the variables P,, r, , and V; on P,, and to generally corre-
late the measured stagnation probe pressure values.
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Fig. VI-9. Isentropic stagnation pressure as a function of mixture velocity for values of volume ratio (P, = 25.0 psia)
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Fig. Vi-14. Isentropic stagnation pressure as a function of volume ratio for values of mixture velocity (P, = 14.7 psia)
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Fig. VI-15. Isentropic stagnation pressure as a function of volume ratio for values of mixture velocity (P, = 25 psia)
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Fig. VI-16. Isentropic stagnation pressure as a function of volume ratio for values of mixture velocity (P, = 75.0 psia)
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Fig. VI-18. Isentropic stagnation pressure as a function of volume ratio for values of mixture velocity (P, = 500 psia)
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Nomenclature

P mixture pressure, static (Ib;/ft?) V  mixture velocity (ft/sec?)

P; isentropic stagnation pressure, mixture (Ib;/ft*) p mixture density (slugs/ft’)

. . . 3 3
P, normal shock plus isentropic stagnation pressure, pr density, liquid phase (slugs/ft’)

mixture (Ib;/ft?)

Subscripts
tn  gas-to-liquid mass ratio 1 upstream of shock
ry gas-to-liquid volume ratio 2 downstream of shock
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VIil. Determination of Wall Shear in Two-Phase Flow

A. Fundamentals

Wall shear (r,,), or coeflicient of friction (C;), can be
determined with minimum apparatus if accurate mea-
surements of thrust, static pressures, and nitrogen and
water flow rates can be made for different known lengths
of flow duct. Configurations for these tests follow, along
with their mathematical justification.

1. Test Configuration A

Consider a short length of duct (Fig. VII-1) through
which a two phase flow of known volume ratio is dis-
charged. The balance of forces on the duct is

MaVaos =F,— Py A (VII-1)

where r?LA, V4, F4 and A; are the mass flow rate, velocity,
pressure, and inner transverse duct area, respectively, at
the numerical stations listed in the subscripts and in Fig.
VII-1. The momentum balance between stations 1 and 2 is
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o
!

Fig. VII-1. Duct schematic

My (Var — Var) = (Paz — Par) Ag + 70 Aw (VII-2)

in which the subscript w refers to the interior wall area.

2. Test Configuration B

If the length of duct from station 1 to station 2 is re-
moved, Fig. VII-2 represents Test B.
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# DISCHARGE
2
Ay/2
Fig. ViI-2. Duct schematic with section removed

The balance of forces for Test B is

My Vi = Fp = Py Ag (VIL-3)
If flow conditions are adjusted to
Py, = Py, (VII-4)

the flow rates for supersonic flow (M, > 1) in both tests
should be equal:

o o
Mp = My

. (VIL-5)

Because the transverse area is constant, the continuity
equation gives equal velocities at station 1:

Ve, =V (VII-G)

Substituting Eqs. (VII4), (VII-5), and (VII-6) into
Eq. (VIL-3),

Mp Ve =my V= Fs— Py (VII-7)

Substituting Eqgs. (VII-1) and (VII-7) into Eq. (VII-2),

(FB _PAlAd) - (FA - PAzAd) = (PAz _Pm)Ad+ 7w Aw

or
(FB—FA) :TwAw
or

Fg—F
—T = 1w (VII-8)
Thus a determination of the wall shear stress can be made
from an accurate measurement of the difference in thrust
between the two test conditions (Fz — F,) and a measure-
ment of the internal wall area removed between tests.
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3. Coefficient of Friction

The coeflicient of friction can be determined from

VG 1
TwT g 1+,

where 1/(1 + r,) is the volume fraction occupied by the
liquid. Solving for C;,

(VIL-9)

214
C,= -
/ o1 Ve

(1 +1y)

Substituting for 7, from Eq. (VII-8),

_ Fs —Fa) _ gy e — Fa)
C;=2(1+m,) VA, =2(1+ 1) 5V
(VIL-10)

B. Equipment

The two-phase injector described in Section II was
attached to a duct 15 in. in length, and 0.75 X 1.95 in. in
cross section (Figs. VII-3 and VII-4). The assembly was
mounted on a thrust stand capable of determining thrust
to 0.1 Ib in the thrust range predicted (Fig. III-7). The
injector provided homogenous two-phase flow at veloci-
ties from 146 to 330 ft/sec at atmospheric pressure. Sec-
tions of duct approximately 2 in. long were removed
between thrust measurements for determination of wall
shear (r,;) in accordance with Eq. (VII-8).

Fig. VII-3. Duct assembly used for coefficient
of friction tests
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Fig. VII-4. End view of duct assembly

C. Friction Factor vs Reynolds Number

From a previous but less accurate experiment of this
type, wall shear results corresponding to a liquid volume
fraction of 0.35 were available.

By computing 7,,, to correspond with a completely
water-filled duct at the same velocity as the two-phase
flow, the ratio of shear stresses r,,/r,,, was determined for
each velocity and plotted as a function of liquid volume
fraction for the two groups of data. The results are shown
in Fig. VII-5. Comparison with a straight line between
zero (wall shear with pure gas would be 0.0013 r,,, or
negligible) and 1.0 shows that the simple relationship

7 = 74, X (liquid volume fraction) (VII-11)

can be conservatively used for predicting wall shear in
‘high velocity homogeneous two-phase flows of this type.

Equation (VII-11) is equivalent to using the mixture
density (p = liquid density X liquid volume fraction,
ignoring gas density) of the two-phase flow and calculat-
ing the shear stress as though the mixture were a single-
phase medium. If friction factors for the experiments are
computed as a function of mixture density and plotted
against the Reynolds number also as a function of mixture
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density and liquid velocity, then the results for the 0.5
volume fraction case (Fig. VII-6) fall within 10% of the
Prandtl-von Kdrman resistance law.
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Ap

"y

N Be

cross-sectional duct area, internal (ft2)
duct wall area (ft?)

coeflicient of friction

thrust (Ib;)

mass flow rate, mixture (slugs/sec)

static pressure (Ib;/ft?)

Nomenclature

V  velocity, mixture (ft/sec)
o wall shear stress, mixture (1b, /ft?)

0, wall shear stress, liquid (Ib, /ft*)

Subscripts
A testA
B testB
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VIIl. Summary and Conclusions

Results from the operation of the supersonic two-phase
tunnel indicate that all of the shock phenomena, including
normal, oblique, and conical shocks, that are typical of
single-phase supersonic gas flows can be generated in
supersonic two-phase gas-liquid continuum-type flows.
Shock angles, pressure ratios, volume ratios, velocity
ratios, and Mach numbers can be accurately predicted by
the relatively simple isothermal theory for a two-phase
continuum (the two phases were selected to preclude
significant condensation or dissolution of the gas phase
into the liquid phase). Such inherent complexities of the
interphase relationships as surface tension, dynamic
bubble behavior, heat conduction, and dissolution of the
gas phase into the liquid phase can be neglected for a
wide range of volume ratios and shock strengths as long
as the flow characteristics are determined outside of the
region in which the various relaxation processes are
taking place.

The supersonic two-phase tunnel is capable of pro-
viding uniform, well-defined supersonic flows at Mach
numbers from 1 to nearly 100, giving it the most extended
Mach number range of any such device in existence.
Such uniformity results from the multitube water and
gas injector that operated at a fixed area ratio for a wide
range of mass-flow rates.
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The boundary layer has been successfully removed
with negligible influence on the core flow, allowing
accurate observation of core characteristics in the tunnel
test section. Unusual stability of operation without such
transient flow characteristics as the water hammer effect
has allowed long and continuous use of the tunnel over
most of its potential range. At the highest Mach numbers,
however, cavitation downstream of the shock phenom-
enon damaged the transparent side walls of the test
section, limiting the allowable operation time under these
conditions to a few minutes.

The propagation velocity of a shock wave in a two-
phase liquid-gas continuum corresponds closely to the
velocity predicted by the isothermal theory. Such waves
have a finite structure that depends upon the gas-liquid
volume ratio, isotropy of phase distribution, and wave
strength.

The first visible evidence of shock structure occurs at
a volume ratio of approximately 0.77 for all mixture
velocities. For strong shocks, this evidence is a rapid
disorientation of the chain-like bubble structure into a
random pattern. Disorientation was less pronounced in
the progressively weaker shocks, such as the weak oblique
shocks, where their presence was evidenced primarily
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by the change in direction of the bubble chains upon
passing through the shock front.

Superimposed upon the oblique shock patterns were
bubble migrations in the directions of negative pressure
gradients. This was most evidént along the leading edge
of the oblique shock wave where a portion of the gas
phase appeared to flow outward at significant velocities.
Such migrations were noted also behind the oblique
shock where negative pressure gradients existed in a
direction toward the wake void at the center line behind
the test wedge. These deviations of a portion of the gas
phase in directions that were not parallel with the local
mixture velocity obviously lead to nonuniform void frac-
tion distributions.

The gas-phase migration in oblique shock waves is
but a part of the overall consideration of wave dimension
and proximity to a deflection surface. It was found from
theoretical consideration of the relaxation processes that
shock-wave thickness in two-phase liquid-gas mixtures is
sufficiently large to encompass a portion of any deflection
geometry. Therefore, in contrast to the normal shock in
which upstream and downstream conditions can be sep-
arated from the shock relaxation processes, the oblique
shock relaxation processes are being carried out over a
portion of the initial deflection surface. This results in
some curvature of the leading edge of the oblique shock
as the local gas-to-liquid volume ratio is increased from
the deflection point outward along the shock. Conse-
quently, the presence of oblique shock structure can lead
to variations in void fraction distribution downstream of
the shock from an originally uniform upstream flow.

There was no evidence of Prandtl-Meyer-type flow
around expansion corners in the supersonic two-phase
flow. Although no diffuser work was done in the investi-
gation, it is obvious that expansion without separation
can occur only at very limited diffuser angles.

With a reasonably uniform two-phase liquid-gas flow
possessing no time-dependent transverse stratifications
other than a boundary layer, such core flow character-
istics as gas velocity, liquid velocity, and volume ratio
or void ratio can be determined on a thrust stand by
removal of the boundary layer. The overall average
characteristics for fully developed two-phase duct fows
can likewise be determined on a thrust stand for a wide
range of gas-to-liquid mass ratios.
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Near the gas-liquid volume ratio of one-to-one, there
are no simple geometric distributions of one or the
other phase. The flow model changes from a typically
gas-connected model at volume ratios greater than unity,
to a liquid-connected model by a very minimum value
of volume ratio equal to approximately 0.77. The typ-
ical interphase drag will be incredsed approximately a
thousandfold with such a model change. Injectors such
as the water-tube type used in the supersonic tunnel
can create nonisotropic drag models, as was evident in
the chain-like bubble formations downstream of the one-
to-one area ratio injector.

Overall volume ratio and void fraction distribution for
an initially uniform two-phase liquid-gas flow will con-
tinuously change in duct flow because of wall shear
stress. The reduced water velocity in the developing
boundary layers tends to decrease the core volume ratio
and create changing void distributions within the bound-
ary layer. A positive pressure gradient concurrent with
the change in volume ratio will cause a deceleration of
the gaseous phase in accordance with the interphase drag
model. For a gaseous-connected model of relatively low
interphase drag, relative velocities can reach a substantial
fraction of the flow velocity.

The isentropic stagnation pressure recovery theory for
two-phase continuum flows gives a close approximation
to the stagnation pressure recovery measured by a total
head probe for mixture velocities approaching 270 ft/sec.
Above this velocity, the measured pressure drops below
the isentropic predicted value and becomes more closely
approximated by the normal shock pressure rise, which
is followed by an isentropic stagnation recovery of the
downstream flow. Here again, the shock thickness in
which the relaxation processes are taking place is sub-
stantially greater than the distance to the probe open-
ing. Consequently, the relaxation processes have not been
completed at the stagnation position.

Results of the investigation into the coefficient of
friction indicate that the wall shear stress for two-phase
supersonic flow can be conservatively approximated by
multiplying the liquid volume fraction of the mixture by
the wall shear stress of a liquid component that flows
at the same velocity as the two-phase flow. This relation-
ship is equivalent to using the mixture density (p) of the
two-phase flow for calculation of shear stress as though
the mixture were a single-phase media.
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