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NOMENCLATURE

A Area
B Magnetic flux density
b Channel width
D Diameter
E Electric field intensity
Eo Open circult voltage
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M Momentum flux
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m Mass flow rate
P Pressure
AP Pressure drop from plenum chamber to exhaust
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u Radial gas velocilty
vV Tangential liquid velocity
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X Quality
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Z Axial position
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2 Kinematic viscosity
(& Density
o- Conductivity
Jij Asimuthal position
Subscripts
a Plenum chamber conditions
¢ Centrifugal
D Drag
E Exhaust conditions
¥ Flowmeter measurements
g Gas phase
L Liguid phase
n Nozzle exit conditions
0 Outer radius, zero void
P Probe measurements
p Pressure
r Radial
S Superficial
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Two=Phase
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CHAPTER I

INTRODUCTION

A. Motivation for the Investlgation

Confined vortex flow has typically been utilized for

1 and

such practlcal applications as viscosity measurements
pressure diffusion separation2s3 as well as being an area of
traditional academic 1lnterest. Research on confined forced
vortex flow was greatly intensified followlng the proposal
of the cavity reactor conceptq’5 for nuclear rocket propul=-
sion in 1957 and the vortex magnetohydrodynamic (MHD) power
generator6’7’8 in 1959. 1Interest has also been generated

in the vortex valve,9 vortex stabilization of arc dischargeslo’ll

12

and vortex flow heat exchangers as well as in the study of

vortices in natural phenomenao13
Although many types of vortex-like flow have been
consldered in conjunction with these diverse appllcations,
there has been, to the author's knowledge, no analytical or
experimental work reported on the characteristics of the gas-
driven liquid vortex although at least two other investi-
gatorslu’15 have considered some aspects of the problem.
This 1s surprising since this specific type of vortex flow
has been considered in connection with both the liquid=~core

16 17,18

nuclear rocke and the vortex MHD generator, Ana-

lytical models have been presented for the wheel-flow,



liquid-gas, Vortexsl9’20 driven by rotating the contailnment
vessel, in which gas 1s introduced at the periphery and allowed
to diffuse through the liquid under the influence of the
strong pressure gradlent; however, these models provide little
insight into the characteristics of the gas=driven liquid
vortex, Weber and Marstont!s18 considered the application
of the vapor-driven liquid vortex to MHD power generation,
but thelr analytical and experimental work did not consider
the two-phasge nature of the flow,

In view of the potential applications and importance of
the gas-driven liquid vortex, this investigation was under-
taken to determine the basilc characteristics of this type of

vortex flow.

B, Previous Investigation of Vortex Flow

This discussion will be concerned primarily with the
aspects of jet-driven confined vortices which are applicable
to the gag-=driven two-phase vortex, The vortex flow of
interest 1s characteriged by a cylindrical containment chamber
with injection ports in the cylindrical wall and a central
exhaust port in one or both end plates. Although the
characteristics of the gas-driven gas vortex and the liquid-
driven liquid vortex are not necessarily typical of the gas-
driven two-phase vortex, some of the results of the 1lnvesti-
gatlons of single-phase vortices serve to indicate the nature
of the problems which are expected to be encountered in the

two=phase vortex.



l., Secondary Flows: In vortex flow between flat plates,

the reduced tangential velocity in the boundary layers 1is
expected to result in increased radial flow in this region
due to the decreased centrifugal force, In analytical

21,22 found

investigations of a jet-driven vortex, Anderson
that mass flow through the end-wall boundary layers can be
appreciable for both compressible and incompressible flow,
For sufficiently high ratios of v, /u, (ratio of tangential
to radial velocity at the periphery), it was found that the
flow through the boundary layers can exceed the total mass
flow rate of the system, which implies that there can be
congiderable recirculation between the secondary and primary
flows. In a comprehensive experimental investigation of the
velocity dilistribution of a confined gas vortex, Savino and
Keshock?3 confirmed that the secondary flow can be substantial
and that considerable circulation between the secondary and
primary flows exists, These tests were carried out at only
one value of mass flow rate and vo/uO so that the dependence
of the boundary layer flow on these parameters was not con-
firmed, An increase of the mass flow through the boundary
layers with increasing total mass flow was shown analyti=
cally by Loper?4 and in an experimental investigation of a
water vortex, Ginsberg25 found that the boundary layer carriled
a large radial inflow of fluild,

In flow visuallzation studilies of a jet-driven water
vortex, Roschke?® found that L/D (vortex length/diameter)

ratlos had a strong influence on the secondary flows for low



values of L/D. The overgll effect appeared to be a decrease
in the influence of the end-wall boundary layers with in-
creasing L/D., Operation of the vortex with nonplanar end-
walls (conical, hemispherical, and canted) indicated an
increase 1in both axial and radial secondary flows as com=
pared to the plane end-walls.

From these results 1t 1s apparent that in those appli-
catlions of vortex flow in which a strong centrifugal force
field 1s desired, the decrease in vortex strength due to

secondary flowsg can be important,

2, Turbulence: As concluded by Donaldson,8 Jjet driven

vortices of an engineering scale are generally turbulent,
Since turbulence resgults In a dissipation of energy, the level
of turbulence and its dependence on flow parameters is of
interest., From the results of an investigation of the effects
of peripheral-wall injection techniques on the turbulence of

a water vortex, Traver327 reported that the turbulence level
resulting from multi-jet injection was considerably (40 to
50%) greater than for a single=slot and four=-slot injection.
In these tests, the multi-jet configuratlon operated with

2144 injection ports in the cylindrical wall and the slots

for the slot-injection configuration extended the length of
the cylindrical wall. The higher level of turbulence with

the multi-jet configuration was attributed to the much

thinner turbulent mixing region near the peripheral wall,



McFarland28 obtained similar results for an air vortex using
the same configurations as that 1lnvestigated by Travers.
In his flow visualization studies with a water vortex,

Roschke26

reported that the turbulence appeared to increase
with both L/D and mass flow rate., It is noteworthy that
Ragsdale29 has been successful in obtaining a correlation
for vortei turbulence., It was shown that a modified von

Karman expression for eddy viscosity provides good correlation

of the turbulent Reynolds numbers.

3. Jet Recovery Factor: As the result of an experi-
30

mental Study of gas vortices, Keyes reported that the viscous
retardation near the periphery of the vortex was "severe",.
This observation probably reflects the drag of the fluid on
the cylindrical wall and the losses due to turbulent mixing
of the driving jets. Defining v, as the effective tangential
velocity of the fluid at the cylindrical wall, or, more
accurately, the velocity at the free-stream edge of the
cylindrical wall boundary layer, a jet recovery factor which
reflects these losses has been defined by Roschke3l as Vo/Vn
where v, 1s the injection jet-velocity. Roschke determined
values of the jet recovery factor ranging from about 0.2 to
0.95 for radial Reynolds numbers (Re, = m/2M«L) from 60 to
103, The minimum value of Vo/vn occurred near Rep, = 2 X 102,

28

From the data reported by McFarland for the air vortex,

vo/vn varied from about 0.55 at Re, = 24 to 0.625 at Re,, = 157,



Travers' data on the water vortex?/ indicates a Jet recovery
factor 6f about 0.87 at Rer = 30 to 90 which agrees with
Roschke's results.

These results indicate that the jet recovery factor for
the gas=driven liquild vortex will be an important factor
gince the Jet mixing losses of a gas jet directed into a
liguid may well be substantial. It wlll be shown that the
Jet recovery factor for the two-phase vortex considered in
this investigation is on the order of 0.3 for a gas radial

Reynolds number on the order of 2 x loua

L, Two=Component Vortex Flow: The basic aspect of the

cavity nuclear reactor concept is the use of the strong radial
pressure gradient generated by vortex flow to mailntain a

high density annulus of a heavy fuel gas 1n the presence of
the flow=through of a lighter driving gas. Reshotko and
Monnin32 investigated the stability of a two=fluld wheelx=flow
(V=ar) vortex in which the inner fluid was heavier and
found that the growth rate of the dynamic (Taylor) instabillity
of this type of flow increases with increasing density of

the heavy inner fluid. In an experimental and analytical
investigation using argon and freon as heavy gases with
hydrogen and nitrogen as the light gases, Pivirotto33’34
demonstrated that in a jet-driven vortex an inner annulus of
heavy gas could be maintained in steady state operation.

These results were in qualitative agreement with hils analytical

model; however, the maximum density of the heavy gas was



found to be much lower than that required by the gaseous
vortex reactor concept. Data obtained with an optical probe
which did not disturb the flow indicated that the average
retention time of the heavy gas particles was on the order
of 1 to 4 seconds which was not significantly greater than
that which would resulﬁ if the mixture remained homogeneous
throughout the flow. The only encouraging result from these
investigations insofar as the gas-=driven liquid vortex is
concerned 1is that the heavier gas concentration increased

with increasing molecular welght.

C. Problem Statement

Because of the complete lack of information on the
characteristics of gas—driven two-phase vortex flow, 1t was
decided that this investigation should utilize gas and
1iguid media which would afford the greatest experimental
flexibility. Alr and water were therefore gelected as the
flulds most suitable., Since the cavity reactor and the vortex
MHD generator provide the most immediate applicétion of this
type of flow, the following objectives, which are of major
importance in these applications, were established:

1) Develop & suitable laboratory test facility which
would take advantage of existing laboratory
facilities and provide for visual observation
techniques as well as standard measuring in-

gtruments,

2) Develop the necessary instrumentation and
measuring technilques.,

3) Determine the radial and axial distributions



5)

of pressure and density and determine the
radial distributions of the velocity of both
gas and liquid over a range of operating
conditions,

Determine the effects of operating the two-
phase vortex in the presence of a radial
magnetic field.

Correlate the measured parameters to chare
acteristic system parameters,



CHAPTER II

DESCRIPTION OF EXPERIMENTAL APPARATUS

AND INSTRUMENTATION

A, The Vortex Assembly

The vortex was contained in a cylindrical chamber 1.0

inch long and 5.0 inches in diameter (inside dimensions).
The outer wall of the chamber contained a water injection
port as well as nozzles which directed air jets tangentially
into the chamber. As shown in the schematic view in Fig., 2.1,
a center tube, 1.62 inches in diameter, contained axial
slots through which the air was exhausted., A second ring,
8s0 inches in diameter and concentric with the nozzle ring,
formed a plenum chamber to facllitate the even distribution
of air to the nozzles., The exhaust line from the vortex
chamber was connected to a water trap to avoid having the
water pass through the back-pressure control valve.

The end plates of the chamber were machined from 1,0
inch thick plexiglas which permitted visual observation of
the vortex. One of the end plates contained six static
pressure taps spaced at 0.1875 inch intervals radially and
30° azimuthally., The 0?062 inch diameter pressure tap holes
were also used as access holes for the impact pressure probe,
Subsequent to making the pressure measurements, these holes

were enlarged to 0,125 inch diameter to accept the voild



10

* IaquBYD
X®3Jd0A U3 JO uorjejussaadsy OT3BWSYDS — Iz *314

M 3\NL 1SNYHX3I
1 \.I.
dvl 3uNSS3¥d JIVLS
dvl JUNSSINd JILVLS \\l
HIGNVHD X3LUOA j *
- / w
H
..// RN % Azz../, Qs y X
f«//v) // 4..// a I
/r N : AN

N3
IR !/

NN

S31Vd ON3 N V\ \ /\
=

= i

/ //‘\
7

NN\

V'
01—t 01 01—

NN

.06

.29°6




11l

fraction probe. The relative location of the pressure taps
and the exhaust tube is shown in the photographs of the
assembled vortex chamber in Fig. 2.2, |

In the initial vortex assembly the nozzle ring formed
two 2=dimensional nozzles 180° apart. This simple nozzle
arrangement was obtained by machining the nozzle ring in
two sections with the mating ends of the sections forming
two converging nozzles with a throat section 0.125 inch wide,
This arrangement was used in the early operation of the
facillity to verify that a vortex of reasonable density
couldkbe maintained and to check the general operation and
response of the instrumentation. |

A second nozzle ring, with which all subsequent tests
were run, was made of plexiglas with twelve convergihg,nozzles
of circular cross section and a 0.125 inch diameter throat.
The nozzles were located at 45° intervals with double nozzles
at every other location, as shown in the photograph of Fig., 2,3,

The radial magnetic field required for the final phase
of the investigation was supplied by coils placed above and
below the vortex chamber, as illustrated in Fig. 2.4. The
radial fleld was obtained by connecting the coils such that
two opposed current loops were formed. With this arrangement,
the axlal components of the superposed fields tend to cancel
while the radial components reinforce each other. The coils,
made of No, 1l copper wire, were connected to a 120/240~-volt d.c.

rectifier and the current controlled by ten 500~watt incandescent



Fig. 2.2 - Photographs of the Vortex Chamber,
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Fig. 2.3 - Plexiglas Nozzle Ring (Twelve Nozzle
Configuration),
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lamps wired in parallel. The lamp circuit was operated
in series with the coils.,

For the tests in which the vortex was operated in the
presence of the magnetic field, stainless steel electrodes
in the form of annular discs were installed on the end
plates .of the vortex chamber. The electrodes were recessed
so that they were flush with the end plates and the chamber
dimensions were unchanged. The electrodes had an internal
dlameter of 3.00 inches and an outer diameter of 5.00 inches.,
In conjunction with this modification, the connectors to the
statlc pressure taps were removed and the holes closed off
$0 that the magnetic field coils could be mounted against
the end plates. Access to the static pressure taps was
then provided by drilling radially from the outer edge of
the end plate to intersect the pressure tap holes., The
photographs in Fig, 2.5 show the electrode plate installed

and the modified pressure taps.,

B, Instrumentation

L., Static Pressure: In making the pressure measurements,

an all-alr measuring system was used in preference to an
alternative ali-water system since 1t proved more convenlent
to keep the alr system free of water than to maintaln a water
system free of entrained air bubbles. In either system there
is a tendency for the air-water mixture to enter the pressure

measuring system from the two-phase flow. Since the pressure
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(a)

(b)

Fig. 2.5 = Modified Vourtex Chamber Showing a)
Assembled Unit with Relocated Static Pressure Tap
Connectors, and b) Location of Bottom Electrode and

Radially Inserted Pitot Tube.



17

gauge was about 1.5 feet above the vortex assembly, tap lines
filled with water would result in the pressure gauge sensing
pressures which were low by about 0.7 psi compared to that

at the point of measurement. The gauge could be adjusted to
compensate for this error; however, i1f an undetermined amount
of air entered the measuring system, the gauge would be over-
compensated and the resulting error in measurement could, in
many cases, make relative measurements meaningless, Hence,

in making measurements of this type, it is essential to
maintain the pressure measuring system free of eilther gas or
liquid, In the air system which was used, alr was maintained
at a slight positive pressure relative to the vortex, thus
preventing the water from entering the pressure tap lines,
When making a pressure measurement, the air bleed to the tap
line was cut off and the'pressure allowed to balance that

in the vortex. Although the pressure fluctuations in the
vortex resulted in the alr-water mixture eventually entering
the lines of the pressure measuring system, an equilibrium
conditlion existed long enough to obtain vallid and repeatable
measurements, As illustrated in the schematic of the pressure
measuring system in Fig. 2.6, the pressure taps were connected
via valves to a manifold which was, in turn, connected to

the pressure gauge. The pressure gauge, which could be read
accurately to within iOoOS_psi, could alternately be connected

to the pressure manifold and the plenum chamber,
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2, Total Pressure: The total pressure measurements

were made by inserting the impact pressure probe, connected
to the Helse gauge, through the static pressure-tap holes,
The impact pressure probe, shown in Fig. 2.7a, was a 0,062
inch diameter tube with a 0.0156 inch diameter hole drilled
normal to the tube axls through one wall only. This hole
was located 0,125 inch from the sealed end of the tube. The
impact probe response in an alr stream was compared to that
of a 0,125 inch diameter pitot tube of standard design and
found to give accurate readings.

Initilally, the use of water and mercury manometers was
consldered but 1t was found more convenient to make the
pressure measurements with the Helse gauge which, under the
influence of the vortex pressure fluctuations, could be
read with an accuracy comparable to that obtailned with the
mercury manometer., The use of the Helse gauge later proved
to be a virtual necessity since the upper range of pressures
investigated could have required a mercury column ten feet

in height to make the measurements.

3 Void Fraction: The voild fraction measurements were

obtained with a conductivity probe (Fig. 2.7b) which was
developed specifically for this investigation. The probe
consists of two closely spaced electrodes at the end of a
0,125 inch diameter tube., Since the insertion of thils probe
into the vortex required that the pressure tap holes be

enlarged to 1/8 inch diameter, the void fractlon measurements
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were made after completion of the pressure measurements.

The current conducted across the two-phase mixture between
the probe electrodes was read on a milliammeter and the void
fraction determined from the current magnitude relative

to that obtained in the water with no voids. The voltage
applied to the voild fraction probe was obtained from two

22 1l/2=volt dry cell batteries connected in parallel., The
development and calibration of this probe is described in

Chapter III.

4,  Miscellaneous Measurements: The air mass flow rate

was measured with a calibrated rotameter and the temperatures
of the air, wéter and the two=-phase vortex were measured
using copper-constantan thermocouples. The magnetic fileld
strength obtained with the coils was measured with a Hall
effect magnetometer and the open circult voltage of the
unit, when operated in the presence of the radial magnetic
field, was measured with a digital voltmeter with 11,0
megohms input impedance,

Fig., 2.8 1is a photograph of the assembled test facilililty,

showing the principal components of the instrumentation,



CHAPTER III

DEVELOPMENT OF THE VOID FRACTION PROBE

A, Introduction

The gas volume fractlon in two=phase flow investigations
has typically been measured by "trapping",methods35’36
and, more recently, by gamma ray attenuationo37 The trapping
method isolates a section of the flow and provides a vold
fraction measurement which is an average value over a length
of flow channel.

The gamma-ray attenuation method measures the‘Void fractlon
across a section of the flow channel and gives an average value
for this cross section. In those cases in which the vapor
-volume fraction is axially symmetric in a cylindrical duct
or the flow 1s in thin rectangular channels, traversing tech-
niques can be used to infer local Void,fractiono37’38
In flows in which these conditions do not exist, much more
elaborate techniques, in which the radioactive source or the
detector or both is inserted into the flow, would be required
to obtain local vold fractions,

. A third alternative, the use of the electrical con-
ductivity of a two-phase mixture to indicate the voild fraction
averaged over a cross section of the channel, has been recently
demonstrated by Petricko39 From the conductivity measurements

‘made across the channel the void fractions were obtained by

22
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the relation

o . 2t (3.1)
Orp 2 (1 =Y
where
Q" = the conductivity of the water with no voids
O7p = the conductivity of the two=phase mixture
A = void fraction = volume of voids/total volume

Equation (3.1) is obtained from a relation derived by
Maxwelluo in which he assumed a dispersion of small spheres
in a spherical medium and arrived at an expression for the
conductivity for large distanceé across the mixture. Equation
(3.1) is for the case in which the dispersed medium has zero
conductivity, e.g., dispersed voids, and 1s restricted to
small values of vold fraction. Petrick reported that voilad
fractions obtained by this method were in good agreement with
gamma-ray measurements for voild fractions up to 0.95.

The inability of any of these methods to provide a reliable
means of measuring local vold fractions, except 1n special
cases, has prompted the recent development of electrical

b1

probes for this purpose. Nassos has reported the development

of an a.c. impedance probe which gave very poor agreement with
gamma=ray attenuation measurements. Bencze and Q)rbeck,L12
however, have been able to obtain very good results with

the same type of probe by modification of the assoclated

circultry. Close agreement between the probe measurements
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and those obtained by the trapping method were reported
for voild fractions from 0.1 to 0.5,

Since the information concerning the a.c. impedance
probe was not available at the inception of this investi=
gation, a program was undertaken to develop a d.c. conduc=-

tivity probe to measure local vold fractions,

B, Basis of Calibration

If the conductivity of a two-=phase flow 1s measured
across an increment which is of the order of magnitude of
the slze of the volds, the observed value will obviously be
related to the void fraction at that polnt. However, 1t 1s
not clear that Equation (3.1) will apply in general since
this relation was derived assuming widely separated voilds with
the conductivity measured across a large distance. If a
conducting liquid flows past two closely spaced electrodes,
the current resulting from an applied potential would consilst
of two parts: (a) the current through the surface film of
ligquid covering the supporting structure connecting the
electrodes, and (b) that due to the ions in the flowing
liquld which are attracted to the electrodes.

Assuming that the current through the surface film can
be neglected compared to that due to the ions collected from
the flowing liquid (which would be the case for a properly
designed probe), the decrease in the time=averaged current

due to a uniform dispersion of voids in the liquid can, as
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a first approximation, be consldered to be due predomlnately
to either a decrease in the lon density of the two=phase
mixture or a decrease in the effective electrode area. Since
both of these parameters vary as the liquid fraction (1 =X),
elther viewpolint results in the conclusion_that the ratilo

of the average currents with and without voids will be

approximately
I/IO = (1 "'O()’ (302)
.where
IO = time averaged current with zero voild fraction
I = time averaged current with void fraction <X

By using a small conductivity probe to measure thé
~currents as described above, the vold distribution in a
two=phase flow can be obtained by the use of Equation (3.2),
The validity of these results can be examined by comparison

to a void fraction measurement made simulaneous with, and
independent of, the current measurements. In the absence of

a readlly available means by which a point=by=point comparison
can be made, an independent measurement of the total voild
fraction in a channel can be used for this purpose. In terms
of flow rate measurements and the slip ratio, the total void

fraction 'is, by application of its basic definition,

X _ 1
F 1+ (Qp/Qg) (vg/vp) (3:3)
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where
C*F = total void fraction determined from flow rate
measurements
QL = volume flow rate of the liquid phase
Qg = volume flow rate of the gas phase
vy = velocity of the liquid phase
vg = velocity of the gascphase
vg/vL = glip ratio

If the flow is 1n a cylindrical channel of radius R in
which the voild distribution 1s axially symmetric, the total

voild fraction can also be expressed as

R
4{/ r K(r) dr

X =
‘//éR r dr
0
(3.4)
R
=
= g2 r X(r) dr
0
and defining y = r/R, Equation (3.4) becomes
1
X = 2y () ay . (3.5)

By using the conductivity probe to obtaln a series of
current measurements along a radius of the channel, X(y) 1is

determined by employing Equation (3.2), and the total void
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fraction CXp (based on conductivity probe measurements) can then
be obtalned from Equation (3.5). Assuming that accurate values
for the flow rates and slip ratlos can be obtalned, agreement
between CXF and Cxp implies the validity of Equation (3.2). It
1ls recognized that agreement between CY% and CX; obtalned 1in
this manner 1s necessary but not sufficlent to verify Equatilon
(3.2); however, since the general variation of voild fraction
wlth radius for the proposed flow conditlons 1s known from other

investigations,36a”1;“2

1f,’as 1s shown to be the case, X(y)
agrees with these prevliocus measurements and also provides
agreement between C(F and C%p, Equation (3.2) is consildered to

be verified.

C. Probe Constructicn and Calibration

The electrodes of the conductivity probe were of No. 26
platinum wire passed through a 1/l6-inch diameter insulating
tube and soldered to the electrical leads., The leads and the
solder joints were then covered with a plastic 1/8-inch
dlameter tube and the ends sealed with epoxy. The construction
details of the probe are shown in Fig. 3.1 and 3.2.

To perform the callbration discussed in the precedlng section,
a cylindrical flow channel was constructed into which alr and
water could be simultaneously introduced at predetermined rates.

The test sectlon consisted of a vertical lucite tube with
a 3/b<inch internal diameter. The alr and water were mixed
12 pipe dlameters upstream of the probe 1lnsertion point.

A pump circulated the water from a 10,000 gallon reservoir
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and provided liquid velocities at zero voilid fraction up
fo+20 ft/sec 1in the test sectlon. The alr was taken

from the laboratory 100 psig supply line and fed into

the water stream through a 1/l6-inch dilameter orifice in

the end of a 1l/L-inch diameter tube. The arrangement of the
mixing sectlon 1s shown in the sketch of Flg. 3.3.

The flow rates of the alr and water were measured with
float-type meters and the static pressures in the test
section and the ailr supply line were measured with standard
bourdon-tube gauges. The temperatures of the water and
alr were measured with gauges l1nserted into the supply
lines, . It was assumed that the temperature of the alr in
the test sectién was the same as that of the feed water,

The potential to the probe electrodes was supplied by
two 22.5 volt dry cell batteries in parallel and the probe
current measured by a milllammeter.

With the ailr and water flow rates set at the desired
levels, the test section was traversed radially by the prabe
which was inserted into the flow 8.19 inches above the entrance
to the test section. The probe was positioned radially by a
micrometer head and current readings obtained every 0.05
inches across the tube, . The portion of the traverse from the
center of the tube to the far wall was designated as radius
number 1, and from the center to the near wall as radius
number 2, In each run two complete traverses were made with

measurements every 0.10 inches; the second series of
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Fig. 3.4 - Representative Flow Conditions with a Void
“Fraction of Approximately 0,40
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measurements staggered 0.05 inches from the first. This
procedure provided a check of the consistency and repro= -
dueibility of the data,

The water flow rates were varied from 37.7 to 53.4
1b/min and the air flow ranged from 0,018 to 0.252 1lb/min
giving a range of total void fractions from 0,264 to 0;585,
and local void fractions from 0.19 to 0.77. Fig. 3.4
gives a visual indication of the void distribution and flow
conditions representative of the tests,

The upper limit of the total void fraction was determined
by the maximum air flow rate attainable through the 1/l6=inch
orifice, For veilid fractions less than those indicated above,
the axial asymmetry was great enough that the evaluation of
Equation (3,5) could not be accomplished with a reasonable
level of confidence so that no data were taken outside vhiS‘
vold fraction range.

With zero void fraction and the probe positioned at
the center of the channel, the probe current Io was recorded
for water velocities from about 0.7 ft/sec to 20 ft/sec. |
The results of these tests are shown in Fig. 3.5, where
the probe current is seen to decrease by about one milllamp
over thils velocity range.  The probe current IOO at zero
velocity was recbrded as approximately 15.5 milliampsj.
however, the fluctuations of the current due to bubble
formation on the electrodes makes this value uncertain.

Since the probe current 1s more sensgitive to velocity
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Fig. 3.5 = Variation of Probe Current with Water
Velocity with no Voids.
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variatlons at the lower water velocities, the tests to measure
void fraction were made at water velocities above 3 ft/sec,

The value of IO used in the computation of local vold fractions
was that measured for the water velocity corresponding to

the specified flow rate with zero voids, i.e., the "super=-
filcial" water velocity. Some slight error may have been
introduced by using this value of IO since the water vew=

locity in the test section is increased when air flow 1s

added,

D, Results and Analysis

In calculating the total void fraction CXF based on

flow rates, the slip ratio used in Egquation (3.3). was
b3

obtained from the empirical relation due to Richardson

ve/Vy = 37(x)L/2 (3.6)

where

. _ Mass flow rate of the gas = Quality

Total mass flow rate

Equation (3.6) was obtained for flow in horizontal
tubes at atmospheric pressure and was later verified by

Fohl"maml‘lu

Petrick3! obtained slip ratios for two=phase
vertical up=flow which agree reasonably well with Equation(3.6),
There was sufficient dispersion in Petrick's data, however,

to introduce some uncertainty in the values obtained from
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this relation. Nevertheless, it 1s felt that Richardson's
equation gives sufficilently reasonable estimates of the slip
ratios to test the validity of the proposed relationshilp
between the conductivity and vold fraction of a two=-phase flow.
Experimental verification of Equation (3.6) is limited to a
minimum value of quality of Oy00078 where the slip ratio
is approximately unity. In calculating CKF for Run No. 8,
in which the quality was 0,0004, the slip ratio was there=
fore taken to be unity since there 1s no physical argument
to justify a slip ratio of less than unity in this type
of flow.

The values of the local void fractions obtalned with
the probe, using Equation (3.2), are listed in Table 3.1, and
representative radial distributions are plotted as a function
of the non=dimensional radius y in Fig, 3.6.  The two data

points (one for R, and one for R2) for a given value of y

1
were made on different traverses as were adjacent points on
the same radiﬁso Thus, the smooth variation of the data
for the two radil indicate the consistency and reproduci=-
bllity of the probe measurements. The divergence of the

data for R, and R, with increasing radius, which 1s observed

1
in some cases, probably reflects the probe disturbance of

the flow, the magnitude of which depends on probe extension,
since the probe was always inserted from the same side of the
test sectilon,

Using Equation (3.5), the total void fraction Q{p

was computed from these data by numerically integrating under
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TABLE 3.1

VALUES OF LOCAL VOID FRACTIONS

OBTAINED USING = 1 - /1,

Run No. 1

I = 8.6 ma
o

C(F - .415

r/R R, R2
.0187 .678
.115 .678
.152 .660
.248 672
.286 .638
.382 .614
.418 .562
.515 .555
.552 .474
.648 .439
.685 .368
.780 .322
.820 .278
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the distribution curves. The results of the calculations
are listed in Table 3.2, where they are compared to the
results of the flow meter determinations. The per cent
error listed in Table 3.2 was computed assuming the flow

meter data to be accurate.

TABLE 3.2

COMPARISON OF TOTAL VOID FRACTION DETERMINATIONS

USING A =1 = I/Io

Run No. W (1b/min)2 Wg(lb/min)b X o X, % Error
1 53 L0615 ,00116 415 ,389 = 6,26
2 53 ,1010 .0019 470 476 1,28
3 42 L0814 .00194 JAT76 .418 -12.2
4 37.75 . 0800 00212 498  ,A4L4h4 10,8
5 42 1220 00289 .52  ,520 = 0.76
6 53 .1810 .0034 .53 .578 8.86
7 53,14 ,2520 .0047 585  ,646 10,4
8 44,1 L0175 ,0004 243,176 =27.6

a. Mass flow rate of water
b. Mass flow rate of ailr
The comparison of the two determinations i1s displayed
graphically in Fig. 3.7, where 1t 1s seen that the probe measure=-

ments tend to be too high for { greater than 0.5, and too low
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for ¢ less than 0.5. Although the accuracy of these measure=
ments (maximum error of about 27%) 1s within the nominal range
of accuracy of gamma~ray attenuation methods, the trend of the
variation noted in Fig. 3.7 1ndicates that an alteration of
the relationship between probe current and the veid fraction
would achileve better agreement between the two sets of

measurements. An empirical relation in the form
A= 1/2 = 1/6 tan [5/2 (I/I = 1/2)] (3.7

was found to reduce the difference between the flow meter
and probe measurements to a maximum of 8% over the entire
range of voild fractions considered,

A plot of this empirical relation is shown in Fig. 3.8,
where 1t 1s compared to the linear relation predicted by
Equation (3.2) and Maxwell's relation (Eg. 3.1). This com=
parison indicates that Equation (3.1) will give reasonable
results for I/Io less than 3.5 but will predict very low values
of voild fractions for higher values of the current ratio,

The radial distribution of voids in the pipe bbtained
by use of Equation (3.7) is shown in Fig. 3.9 for four repre=
sentative runs., A comparison of the total voild fractions
obtained from the empirical relation (Eq. 3.7) and those
obtained from the flow meter measurements are shown graphically
in Fig. 3,10, This comparison, with the corresponding errors,

is shown in tabular form in Table 3.3.
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TABLE 3.3

COMPARISON OF TOTAL VOID FRACTION DETERMINATIONS
USING O{ = 1/2 - 1/6 tan [:5/2 (1/1, = 1/2)]

Run No. Xp Ap % Error
1 U415 a8 8.0
2 470 <495 5.32
3 . JHTE - 467 -2,0
4 498 465 -6,62
5 .52k .502 -4,2
6 .530 .540 1.9
7 .585 .588 0.05
8 243 262 7.8




CHAPTER IV

OPERATION OF THE TEST FACILITY

A, Start-Up and Operating Conditions

The vortex flow was normally started by the simultaneous
injection of ailr and water into the chamber. With the back
pressure control valve fully open, air from the 100 psig
laboratory supply line was admitted to the plenum chamber
at a low flow rate (AulOS;lbm/min) sufficlent to provide
a pressure drop across the unit of 2 to 5 psil (plenum pressure
to exhaust pressure). Water from the laboratory supply line
was injected at the outer periphery of the vortex at a rate
of approximately 1.0 lbm/min. Under these conditions a vortex
was rapldly formed that was stable in the sense that a nominal
decrease in the water flow rate did not change the apparent
characteristics of the voftex except to decrease the flow of
water out of the system through the end=plate boundary layers,
After start-up of the vortex, the water flow was reduced to
about 0.4 lbm/min for the test runs, although long periods of
stable operation were observed for water flow rates as low as
0,1 lbm/min.,

When the stable vortex was attained, the air supply valve
and back pressure valve were adjusted to give plenum pressures
Pa ranging from 5 to 50 psig. For each setting of Pa’ the
exhaust pressure Pp was varied over as wide a range as possible,

The minimum value of AP = (p, = PE) was about 2 psi for all

b3



4y

Pa and the maximum was 30 psi at Pa = 50 psig. The values

of Pa and the corresponding values of AP which were selected

for the tests are listed in Table 4.1
TABLE 4,1

SELECTED OPERATING PRESSURES

"Wi£h5ﬁt'ﬁiec£¥baés Installed "With Eleqﬁfddés Installed

Y2 B o P P AP
(Plenum (Exhaust (P = P.) a B
Pressure) Pressure) a E :

(psig) (psig) (psi) (psig)  (psig)  (psi)
10 8 2 25 20 5
10 6 4 25 15 10
10 4 6 25 9 16
20 16 I 35 30 5
20 14 6 35 25 10
20 12 8 35 19 16
20 10 10 35 15 20
20 8 12 50 45 5
25 21 4 50 40 10
25 17 8 50 34 16
25 13 12 50 30 20
25 9 16 50 20 30
30 28 2
30 24 6
30 20 10
30 18 12
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B, Operation Without Electrodes Installed

The facility was first operated with the nozzle ring
containing the twe 2=-dimensional nozzles to verlfy that the
two=phase vortex could be maintained and to develop technlques
for visual observatiens. For the latter purpose, small
tracers in .the form of colored piastic beads were placed in
the flow and the vortex photographed, using a strobe light,
in an attempt to determine the velocity of the water,

On the basis of the observations from these initilal
tests, the second nozzle ring containihg 12 nozzles was
designed and installed prior to making the detailed measure=
~ments of pressure and void fraction distributions. This
modification was made to provide a more stable and symmetric
flow. The second>nozzle ring design was successful in that
it provided much greater axial symmetry and permitted the mass
flow rate to be adjusted by closing somé of the nozzles,
_While the vortex operated quite well with all twelve nozzles
open, it was found that the high air mass flow rate severely
limited the operating range of pressurés due to limited air
aupply available. Four of the nozzles were therefore closed
and the final tesfs made with eight nozzles. The eight=
nozzle configuration, showing the relative locatilon of
the nozzles to the azimuthal position @, 1s illustrated
in Pig. 4.1,

With the plenum and exhaust pressures set at the desired

levels, the static pressure measurements were made at three
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(Location of End Plates) 2360

Fig. 4.1 - Sketch of Nozzle Ring showing Nozzle
Locations Relative to 4.
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azimuthal positions (fq, gg, and ﬂ3,'as shown in Fig. 4.1) and
six radial positions., The total pressures and void fractlons
were measured at five axial posltions for each radial and
azimuthal combination. The radial and axial positions at
which the measurements were made are tabulated in Table 4,2,
Prior to making the detailed pressure and void fractlon
measurements the alr flow rates were measured as a functilon
of Pa and AP, and the‘corresponding static pressure in the
throat of one of the nozzles was recorded, = These measure=
- .ments were taken at the beginning of the tests to avold the
necessity of repeating the flow rate measurement for each

data point.

TABLE 4.2

RADIAL AND AXTIAL MEASUREMENT LOCATIONS

Tap No. (ro = 2,5 in,) Position No, Zz (in.)
1 0,975 1 0,125
2 0,900 2 0,250
3 0,825 3 0,500
L 0,750 4 0,750
5 0,675 5 0,875
6 0,600
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By rotating the top plate (containing the pressure taps)
of" the vortex chamber in increments of 30° relative to the
nozzle ring, complete radial traverses (six radial positions)
could be obtained in 360° (twelve azimuthal positions).
However, considering the axial symmetry provided by the nozzle
arrangement, this can be accomplishéd in 180° (six azimuthal
positions) rotation of the top plate, and this latter pProw=
cedure was used for all pressure and veid fraction measurements.

When making total pressure measﬁrements, the probe was
oriented so as to measure the tangential component only.

Since this type of probe is not highly sensitive to small
changes in flow direction, the probe was not used to determine
the direction assoclated with the maximum value of the total
pressure at a point in the flow.,

After developing the pressﬁre measuring techniqgues
(using the air-bleed system)and the conductivity probe, the
only major operating difficulty arose from pressure fluctu=-
ations in the air supply line due to the duty cycle of the
laboratory combressorso Even with a pressure regulator in
the line, the plenum pressure varied on the order of 4,0 psi
if the control valve was not adjusted to regulate the pressure
in the’ﬁlénum during operation; thus a measurement often
had to be made several times to assure thét the data were

obtained under the specified operating conditions,
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C. Operation With the Electrodes Installed

In the tests conducted without the electrodes installed,
the maximum values of P, and AP, as listed in Table Mol,»were
controlled primarily by the pressure drop in the air supply
line due to the pressure regulator and flow meter. During
the modification of the assembly to install the electrodes and
magnetic field coils, the regulator and flow meter were
removed from the air supply line and larger pipe was installed.
This modification permitted P, and AP to be increased to the
values shown in Table 4.1,

IWith the connectors to the static pressure taps removed
from the end plates to permit installation of the magnetic
fleld coils, it was no longer possible to insert probes
through.the tap holes. An alternate arrangement was made
(Fig. 2.5) to ihsert the probes radially through the plenum
ring and nozzle ring walls at the axial mid=point (Z = 0.5
inch) and at the £, azimuthal position. Since the radial
inseftion of the probes at any other axial or azimuthal
position would require the probes td pass through one of the
nozzles, the total pressure and veold fraction measurements were
restricted to ﬁl at Z = 0,5 inch in this series of tests,
Static pressures were measured at five radial positions and
three azimuthal positions as in the previous seriles of tests
except that the No. 6 pressure tap was eliminated in the
modification of the unit. 'This tap was eliminated because

the inner edge of the electrode plate coincided with the
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centerline of the No. 6 tap hole,

After completion of the pressure and void fraction
measurements at the pressure settings listed in Table 4.2,
the magnetic field colls were installed and the vortex operated
in the presence of radial magnetic fields ranging frbm 200
to 800 gauss. In these tests the variation of the vortex
pressures and the conductivity probe current were observed
under the influence of both steady and suddenly applied
magnetic fields. These tests were performed under both
open=circuit and short-circuit conditions of the vortex
electrodes.

The open=circuit voltages generated by the vortex in
the presence of the magnetic fields was measured as a function
of the field strength B, P, and AP. The initial attempts
to make these measurements were compiicéted by the build-up
of electrostatic charge on the electrode plates in the vortex,
This charge was often 2 to 3 times greater than the open=
circuit voltage produced by the vortex. The difficulty
arose from making the initial measurements with an oscilloscope
which was electrically grounded. When the oscilloscope
leads were attached to the vortex electrodes, one electrode
was grounded and the oscilloscope then indicated a voltage
difference equal to the static charge on the ungrounded
electrode., While the voltage produced due to the magnetic
field could be measured above this electrostatic bias, the

measurements thus obtained were not repeatable within the
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desired range of accuracy. It was found that the use of a
digital millivolt meter with an electrically flecating measuring
circuit gave much better reproducibillity of the data., When
making measurements with this meter, the potential difference
across the electrodes due to the unequal electrostatic charge
build=up was recorded before and after the magnetic fileld

was applied° If this bias changedlmbre than 1.0 millivolt
during the test, the data was discarded and the test re=-run.
It was found that the minimum variatibn in the electrostatic
blas was obtained when théléieotrodes were shorted just

prior to the tests. The data obtained in this manner was

found to be highly reproducible,
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CHAPTER V

EXPERIMENTAL RESULTS

A. Visual Observations

Over the range of operating pressures indicated in
Table 4.1 and Table 4.2, the two-phase portion of the vortex
was observed to terminate at r/r, = 0.55 to 0,60, depending
on the rate at which water was injected., If the water
injection rate was low enough that the apparent inner
diameter of the two=phase vortex increased much beyond
r/r, = 0.60, the vortex became unstable in the sense that
the water carry-over in the exhaust exceeded the water
injection at an increasing rate. If, after_this type of
instability was initiated, the water make-up flow rate was
not increased, the liquid fraction in the vortex decreased
untll the vortex stabilized at a condition resembling the
typical gaseous forced vortex. In this region of operation
no liquid was apparent in the flow except for a film on
the nozzle ring and on the end piates.

In normal operation, the two~phase flow appeared to be
a frothy mixture which is commonly referred to as the mist-flow,

45,46,47 1

spray-flow, fog=flow or dispersed=flow regime.
attempting to use photographic techniques to determine flow
patterns and velocities, it was found, for either front or
back lighting, that the light reflection from the surface and

the dispersion within the flow made it impossible to obtain
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photographs which would yield any information about the
internal flow characteristics, An indicatlon of the genheral
type of flow which was observed aﬁd the degree of azimuthal
symmetry obtained 1s shown in Fig. 5.1.

When the total-pressure probe (0.062 inch diameter)
was inserted into the voftex there was nokvisual indication
of(substantial disturbance of the flow except in the region
immediately down stream of the probe., This disturbance
appeared to quickly damp out in the high turbulence. The
void fraction probe (0,125 inch diameter) produced a similar
eficct at the higher values of r/rO; however, at the two
inner tap positions (r/ro = 0,60 and 0.675) where the probe
was near the inner'diameter of the two-phase region, some
of the water sﬁriking-the probe was'deflected inward and
the flow did not recover before the disturbance propagated
back on itself. This disturbance increased over a perlod of
10 to 15 seconds at which time the flow again reached a
steady=-state condition. During this transient period, the
current of the conductivity probe decreased to about 20% of
the maximum observed value after a rapid insertion,

During the second series of tests (with electrode plate
installed), a ﬁuft, about 0.25 inches long on the end of a
0,062 inch diameter tube, wasbinserted radially into the
flow. This was done in an attempt to observe the direction
of the air flow exiting from the two-phase region. These
observations were made at P, = 50 psig and AP = 16 ehd 20 psi.

The air at these conditions was observed to exlt from the
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two=-phase region (at r/r_ = 0.55) at an angle of 20° to

25° with the tangent at that point.

B, Air Flow Rates and Injection Velocities

The mass flow rate m of the air was measured directly
by usé of the flow meter and was also calculated, assuming
an lsentropic expansion, using the plenum pressure Pa and
the static pressure measured in the throat of the nozzles,
These results are given in Table 5,1, With one exceptilon,
the calculated flow rates are higher than those measured
with the flowmeter as would be expected since the calculation
is based on the isentropic ideal case. The measured values
have an average deviation from the calculated values of
4,9% implying a nozzle efficlency of approximately 90%
which is common in this type of nozzle. The magnitude of
the mass flow rates indicates that the mass ratio of the
input air flow to water loss is on the order of 10 and the
corresponding volume separation ratio is about 10“. These
quantities are important in conjunction with the cavity
reactor concept.

Assuming that the air flow through the nozzles 1s
adlabatic, the mass continuity equation and the ideal gas
law predict that the ratio Pa/& is a unique function of the
pressure ratio Pa/Pa Taking P as the nozzle throat pressure
and assuming that 1t 1s approximately the same as the nozzle

exhaust pressure Po (the static pressure at r/rO = 1),
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these ratios are plotted in Fig. 5.2, where it is seen that
they are uniquely related as expected, Although this cor-
relation gives no new information concerning the air mass
flow rates, it gives an indication of the accuracy of the
measurements, since all three variables were experimentally
determined; The success of the correlation also provides
Justification for using the continuity rélétion and the
perfect gas law and assuming an adiabatic process in the
calculation of the air velocity in the nozzle throat. The
result of the velocity calculations 1s shown in Fig. 5.3
where the velocity is plotted as a function of the pressure

ratio Pa/Poo

C. Static Pressure Distributions

During the tests without the electrodes installed in the
vortex chamber (test series No, 1), the radial distributilons
of the static pressure were measured at the three azimuthal
positions indicated in Fig. 4.1. Representative results
of these measurements are shown in Fig. 5.4 to indicate the
variation of P with £ as a function of r/ro, P, and AP,

From these data it is seen that the maximum variation of P
with @ is about *10% near the outer radius. This dispersion
near r  was expected due to the discontinuitlies in the flow
resulting from discrete nozzle locations., With decreasing

R the data dispersion with @ decreases indicating that the air

from the nozzles becomes more uniformly dispersed in the flow.
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The radial distributions of P averaged over @ are shown in

Fig, 5.5 through 5.8 for all of the selected operating con-
ditions. The distributioné are seen to vary smoothly from
maximum values of magnitude and slope at the outer radlus

to minimum values at the innermost position at r/ro = 0,60,

In each case the magnitude of the static pressure at r/rj = 0,60
1ls less than 0.2 psi above the exhaust pressure which implies
that the air has lost most of its angular momentum at this
point. For P, = 10 psig (Fig. 5.5) the pressure at r/r, = 0.60
was measured to be below the exhaust pressure PE. This seems
impossible since no diffuser action can be expected in this
portion of the vortex and it may be due to error 1in reading

the pressure gauge used to monitor the back pressure., The
value of the static pressure Po at r/ro = 1 was determined

by extrapolating the curves to the outer radius,

For the tests with the electrode plates installed (test
gseries No. 2), the static pressure traverses could be taken
only from r/rqy = 0.675 to the outer radius since the innermost
pressure=-tap at r/ro = 0.60 was eliminated in the modification
of the unit. The resultihg distributions are displayed
graphically in Fig. 5.9, 5.10 and 5.11. The pufpose of the
second series of tests was to obtain data at the higher values
of Pa which could be attained due to modification of the air
supply system. The pressure distributions at the lower
pressures were not expected to change from the previous tests.

Measurements at Pa = 25 psig were included, however, to compare
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the results with those of the earlier tests. Comparison of
the results of the two sets of measurements at this Pa show
very good agreement.as seen in Fig. 5.9 where the results of
the first series of tests at # and AP = 16 psi are repeated
for comparison,

Examination of the static pressure distributions
suggests that a function of (P = PE) normalized by the
maximum pressure drop (PO - PE) would provide a correlation
of the pressure with the radius. A plot of the ratio
(P = PE)/(PO - Pp) was found to be a unique function of
r/ro, as shown in Fig. 5.12, for all P, and AP for both
series of tests, The close correlation obtained by the
use of this ratio is rather impressive when 1t is consildered
that the pressure differences used in the ratio are often
quite small, and obtained as the difference of two relatively
large experimentally determined values. This effect 1s most
prominent at the lower values of r/ro where the values of

(P = PE) are on the order of 1% of P,

D. Total Pressure Distributions

The radial distributions of the total pressures for
two representative values of P, and AP showing the results
for all five axial positions is displayed in Fig., 5.13, 5.14
and 5.15 for the azimuthal positions ﬂl, £, and ﬂ3 respectively,
The effect of the nozzle proximity is quite evident in the

plots. In Fig. 5.13 the data points for 7 = 0,75 are much
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higher than the average at the outer radius, reflecting the
fact that the radial traverse at this Z and g terminates at
& nozzle outlet. The traverses for @, in Fig. 5.14 show the
same effect, to a lesser degree, for Z = 0,50 due to the
nozzle 15° upstream at that Z position. The traverses for
ﬂ3 show a great deal of scatter at intermediate values of
r/r, for the low Z positions. This dispersion is due to the
air from the nozzle 30° upstream of ﬂ3:moving radially inward
(as observed visually) so that when it reaches ﬁ3 the prin-
¢lpal effect is most prdminent at r/ro values from 0,8 to 0.9,
The axlal distribution of the total pressure at the
outer radius at the #; position is shown in Fig. 5.16 to
demonstrate the effect of the nozzle at that location for
three values of AP, The variation of the axial distri-
butions with radius at this same @ is presented in Fig. 5.17
for six radial positions (including that used in Fig. 5.16)
at a constant AP. It is evident from these results that
at r/r, = 0.90 the principal effect of the nozzle at f, has
moved downstream toward ﬂz. The radial distributions of thé
total pressure averaged over @ and Z for all the tests in
the first series are plotted in Fig. 5.18 and 5.19. These
distributions.displéy more dispersion of the data than do
the static pressure distributions due to the discontinuiﬁies
resulting from the nazzles and disturbances resulting from
inserting a probe into the flow. It is noted that the total

pressure for P, = 10 psig (Fig. 5.19) and a AP of 4 psi at
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r/ro = 0,6 is very nearly equal to the exhaust pressure of
6 psig which indicates that a small error in measurement or
the setting of PE could aécount for the invalid result ob=
tained for the static pressure at this point (Fig. 5.5).

The radial distributions of total pressure for the
second series of tests are displayed in Fig. 5.20, 5.21 and
5.22. These traverses were restricted to #, and Z = 0,50
since axlal access to the vortex was not possible bécause
of the electrode plates (only one radial access port could
be attained withouﬁ disrupting one or more of the nozzles),
As is evident in these plots, advantage was taken of the
abllity to make measurements at several more radial positions
than was possible in the first series of tests.

In Fig. 5.20 the results of the first serles of tests
for AP = 16 psi at £, is superimposed on the results of‘
the second test series to show the agreement between the
two sets of data. Near the outer radius atvr/ro = 0,975
the radial probe gave slightly (~5%) higher values which
probably results from the difference in the drag exerted on
the vortex in the two cases. In the axial insertion, the
probe extends 0,62 inches into the flow to measﬁre Py at
r/ro = 0,95 while the radial probe was inserted only 0,12
inches to make a measurement at the same point,

The data for each radial distribution of the total
pressure in the second series of tests was obtalned during

the same test run in contrast to the first series of tests
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in which each data point in a radial distribution was obtained
during a different run. The agreement between these two sets
of data indicates the degree to which operating conditilons

and measurements could be repeated.

E, Void Fraction Measurements

In the first series of tests the void fraction distribution
throughout the two-phase region did not change, within the
accuracy of the measurements, as a function of Py and AP,
This 1s illustrated in Fig. 5.23 for Z = 0.75 at ﬂl over g
wide range of P, and AP. This distribution, which exhibits
the greatest variation with radius, would be expected to show
the greatest data dispersion. The close grouping of the data
points observed in this plot is typical of all the void frac~
tion measurements in this test series. The data displayed
in Fig. 5.23 is also encouraging in that the void fraction
approaches a value of 1.0 at r/ro = 1,0 where the traverse
intersects a nozzle outlet.

Since the void fraction appears not to be a fﬁnction of
the pressures over this range of operating conditions, the
results were averaged over P, and AP for each axial, radial
and azimuthal combination. Due to the disturbance of the flow
caused by the voild fraction probe at the two innermost tap
locations (r/ro = 0,60 and 0.675) the data for these radial
location were discarded and, after the first few tests, no at-
tempt was made to obtain void fraction measurements at these

locations,
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The radial distributions of vold fraction (averaged over
P, and AP) are shown in Fig, 5.24, 5.25 and 5.26 as functions
of # and Z, In Fig. 5.27, 5.28 and 5.29 the axial distribu-
tlons are displayed as functions of r/r, and #. In these axilal
profiles the effect of the nozzle locations 1s quilte evident (as
in the case of the axial profiles of the total pressures) and
shows an increasing aximuthal displacement with decreasing
radius. Since the probe was free to move to any axial positilon
at a given radial location, the approximate axial location of
the maximum void fractlon value was recorded during each
traverse and 1s 1indicated on the plots by a cross.

In the second seriles of tests the measurements were
resbricted to ﬂl and Z = 0.50 as in the case of the total
pressure measurements, The resulting radial distributions
for representative values of Pa and AP are shown in Fig. 5.30,
5.31 and 5,32, Although the variation of the void fraction
appears to be falrly insensltive to changes 1n bothPa and
AP as before, these data do show some tendency for the void

fraction to increase with increasing AP for r/r_ greater than

0
0.85, In Fig. 5.33, where the distributions are presented for
a constant value of AP with various values of Pgy 1t 1s seen
that for r/ro greater than 0.85 the vold fraction tends to
decrease with increasing P,+ Although these trends are quite
definite and uniform, the maximum variations are less than
$10% which is within the range of error of the probe and any

conclusions based on these observations would be only specu-

lative without a knowledge of the vold variation with # and
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Z at these pressures.

Since the static pressure measurements were limited to
a minimum radial position of r/ro = 0,675 in this series of
tests, the bulk of the void fraction measurements were made
over this same range. For Pa = 50 psig, however, the voild
fraction probe was inserted to its maximum depth which per=
mitted measurements to be made atnvalﬁes of r/ro as low as
0.45, as indicated in the plots of Fig. 5.32 and 5.33. The

validity of the data for r/ro less than 0,55 1s in doubt

since the probe tip was in a relatively clear region and the

visability was sufficient to observe liquild droplets trailing

from its tip. It 1s possible that much of this liquld origi-

nated in the regions of higher liquid concentration and trav=-

eled along the probe to the tip due to thé radial alr flow.
If this were.the case, the observed void fractions in this
region are too low. |

The raddial distribution of the veoid fractlon averaged
over g and Z for the first series of tests is shown in Fig.
superimposed upon the average values obtained in the second
serles of tests., To obtain a representative radial distri-
bution, the results of the two series of tests were not
averaged since the second set of data 1s restricted to one
value of @ and Z. For r/r, less than 0.75 the flow appears

to have little variation with @ judging from the results of

5.34

the total pressure measurements. An examination of the axial

void fraction profiles suggest that the Z dependence of the

flow 1s also insensitive to Pg=variations at the small values
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of r/ros Assuming this to be the case, a fairly representative
distribution of the void fraction over the entire two=phase
region is obtained by joining the distribution for low r/ro
obtained in the second series of tests (radial probe) to the
average distribution obtained in the first serles (axlal probe)
at the higher values of r/ro. The resulting estimate of the
radial distribution is shoWn by the solid curve in Fig._5°3u
where 1t is seen that the twé distributions join quite smoothly

at r/ro:= 0.7

. Operation with the Magnetic Fileld

Since the magnetic field could not be measured when the

coils were installed on the vortex chamber due to the imprac-
ticality of placing a magnetometer within the chamber, the
measurements of the magnetic flux density were made beforé
installation. The colls were arranged in the orientatién
in which fhey would be assembled with the Vortéx éhamber and
the magnetic field was measured as a function of‘Z, r/ro and
‘the current., The calibration of the flux density as a function
of the coil current was made so that the magnitude:of the field
could be determined by recording the current during a test.
The variation of the magnetic flux density B with the coil
current was found to be linear over the range of current
attainable (4 to U5 amperes) as shown in Fig. 5.35,

The arrangement of the magnetic field coils provided a

radial magnetic field which was very nearly constant over the
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region of the two=phase vortex as illustrated in Fig. 5.36

and 5,37. In these plots of the normalized flux density it
is seen that, over the region of the vortex, the field has
a maximum variation of about 10% in both the radial and
axial directions,

With the electrodes shorted, the vortex was operated
with the maximum magnetic field of about 800 gauss to
determine the effect of the field on the flow character-
istics. There was no measurable effect on either the pressure
or void fraction., This result was as expected due to the
low conductilvity of the water and the resulting low current
induced. The open circuit voltage produced by the vortex
operated in the presence of the magnetic field was then
determined as a function of the flux density. Fig. 5.38 shows
a typical result for a AP of 10 psi and Pa = 50 and 15 psig.
These results show the open circult voltage Eo to vary
linearly with the magnetic field, which indicates that the
difference in the electrical losses for low and high flux
densities is negligible or that the losses are proportional
to B. If, for a given value of B, E  1s proportional to the
tangential water velocity, the results also indicate that
there 1is little difference in the water velocities over the
range of P_ investigated at AP = 10 psi. Fig. 5.39 illus-
trates the variation of Eo with B and AP at Pa = 50 psig.
Here, agaln, the linear variation of E, with B at a constant

AP is evident.
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G. General Characteristics of the Vortex

The two=phase annulus resulting from the confined vortex
configuration is characterized by the following approximate

values:

1., Mass of water in the two=phase

annulus: 0.21 1bm
2, Through=-flow rate of water: 0.1 to 0.4 1lbm/min
3. Air mass flow rate: | 1.3 to 7.3 lbm/min
4, Average vold fraction 0,53
5+ Outer radius of two=phase
annulus: 2.5 in (r/r0'= l)_
6. Inner radius of two=phase v
annulus: 1.5 in (r/ry = 0.6)
7. Height of annulus: 1.0 in
8, Temperature of feed water | Shom
9, Temperature of plenum air . 63°F
10, Temperature of two-phase ‘
mixture ’ : 55°F
11. Water ret.en_tion' time (m/m). 0.5 to 2.0 min

H, Accuracy of the Measurements

The gauge used to measure the pressures could be read
accurately to t0.05 psi, The crit;cal factor in making the
pressure measurements was the setting and control of the
exhaust pressure, since this back pressure acted as a bias
for both fhe static and total pressures. Control of the back

pressure was sometimes difficult due to the fluctuatlons of
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of the air supply pressure which varied as much as 8 psi with
a frequency of about 2 minutes (the duty cycle of the com=
pressors). Once the desired balance between plenum air

pressure P, and the back pressure P was achleved, it could

E
be maintained by adjusting the air supply valve to maintain

P, at the desired level., Although continuous manual control

a
was applied to maintain the desired settings of Pa and PE’

it was difficult to restrict the fluctuations of PE to a
range less than to,10 psi.

At the higher values of AP the turbulence of the vortex
flow often caused fluctuations in Pp as high as 0,10 psi at
a frequency of 4 or 5 cycles per second. Although an effort
was made to read the mean of these fluctuations, they were
sufficiently irregular that a potential error of the order
of magnitude of the fluctuations must be assumed. The com=
bination of the errors restricts the precision of the pres=
sure measurement to about 10.25 psi which corresponds to
about 6% error at the low pressures and 1.0% at the high
pressures. In repeating measurements from time to time it
was found that the agreement was usually better than implied
by these values; however, an occasional measurement was ob=

served to exhibit a variation of the magnitude indicated.

J. Probe Effects on the Vortex Flow

The insertion of a probe into a confined vortex creates

a greater disturbance than it would for flow in a channel
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since the diéturbance may propagate back on 1ltself as was
observed with the void fraction probe in this investigation,
In addition, the drag which a probe exerts on the flow has
been found to cause significant changes in the mass flow.
rates and pressure profiles in a vortex. In the investi-

23 estlimate

gatlons of an air vortex, Savino and Keshock
that the presence of a probe in the high velocity regilon.
of the vortex resulted in a maximum shift of the statlc
pressure of about 16%. Roschke3! investigated the effect
of probe insertion into a single-phase water vortex by
placing wires of varylng dlameters across a dliameter of
the vortex. For a wire diameter of 1.0% of the vortex
diameter it was found necessary to lncrease the mass flow
of the water by about 10% to maintain a flxed pressure at
the outer dilameter. It was also noted that the insertion
of a probe resulted in a significant rise in the static
pressure at the center of the vortex (measured at the end
wall)vand that the insertion of a second probe did not
produce a further change of comparable magnitude,

In the investigation of a confined gas vortex, Pivirotto33
found that a probe with a diameter of 0.025r, placed across
a diameter of the vortex resulted in a 20% decrease in the
maximum Mach number at constant plenum pressure. He also
found that the pressure drop across the vortex decreased
substantially with increasing probe dlameter.

These conslderations indlcate that, although the pres-

sures may be measured with reasonable precision, the results
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obtained by the use of probes may deviate significantly from
| free stream values. In the two=phase vortex the effect.of
the probe insertion ié expected to bg even greater due to
the additional consideration of the disruption of the phase

volume distributions.
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TABLE 5,1

AIR MASS FLOW RATES

Pa AP m (calculated) m (measured) Deviation
(psig) (psi) (1lbm/min) (1lbm/min) (%)
5 2 1.42 1.32 7.0
5 3 1.65 1.57 4,8
5 3.5 1.76 1.70 3.4
10 2 1.54 1.35 12.3
10 4 2.12 2,00 5.7
10 6 2.45 2435 4,1
10 8 2,68 2.52 6.0
15 2 1.68 1.58 6.0
15 4 2.24 2.10 6.2
15 6 2.66 2.58 3.0
15 8 2.98 2.77 7.0
15 10 3.30 3.15 4,5
15 12 3,44 3.34 2.9
20 2 1.87 1.75 6.4
20 4 2.44 2.30 5.7
20 6 2.95 2.81 h,7
20 8 3.29 3.15 4,2
20 10 3.57 3.40 4,8
20 12 3.80 3.65 6.6
20 14 4,02 3.96 1.5
20 16 4,15 3.97 4,3
25 2 1.83 1.72 6.0
25 4 2.64 2,50 5.3
25 6 3.17 3.00 5.4
25 8 3.58 3.42 4,5
25 10 3.92 3.77 3.9
25 12 4,25 4,00 5.9
25 14 4,38 4,38 0.0
25 16 4,55 4,45 2.2
25 18 b,72 4,67 1.1
30 2 2.03 1.87 7.9
30 Yy 2,80 2.53 9.6
30 6 3.30 3.07 7.0
30 8 3.77 3.62 4,0
30 10 4,10 4,04 1.5
30 12 4,38 4,38 0.0
30 14 4,67 b, 48 bh,1
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TABLE 5.1 (Continued)

Pa AP m (calculated) m (measured) Deviation
(psig) (psi) (lbom/min) (lbm/min) (%)
35 2 2.07 1.90 8.2
35 i 2.83 2.70 4,6
35 6 3.46 3.22 6.9
35 8 3.90 3.75 3.8
35 10 4,30 4,22 1.9
35 12 4,67 4,55 2.6
4o 2 2,14 1.95 8.9
40 Y 2.98 3.00 -0.7
Lo 6 3.59 3.40 543
4o 8 4,08 3.95 3.2
40 10 4,56 4,52 0.9
L5 2 2.19 2,00 8.7
45 4 3.19 3.00 6.0
45 6 3.79 3.57 5.8
45 8 4,29 4,24 1.2
50 2 232 2,17 6.5
50 Y 3.32 3.12 6.0
50 6 4,10 3.75 8.5
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Fig., 5.1 - Typical Appearance of the Two-Phase Vortex.
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CHAPTER VI

THEORY

A, Analysis of the Two-Phase Vortex

1. Model and assumptions: 'In the twoephase vortex flow

considered in this investigatiom, visual opservation (of an
airédriven water vortex) indicated that a stable flow con=-
dition exists in which the net radial flow of the liquid
phase is zero except for a small radial inflow through the
end wall boundary layers. If the region near the axis of
rotation 1s excluded from the analysis, then it 1s also
reasonable to consider the net axial velocity components to
be zero, Under these considerations a relatively simple
physlcal model of the flow can be formulated. The analysis
considers a geometry as shown in Fig. 6.1 where the radial
and tangential velocity components of the vapor (or gas)¥
phase are designated by the lower case symbols u and v res=-
pectively, and the corresponding liquid velocilty components
are represented by U and V. The analysis 1s based on the

following assumptions:

a,. v >uatr

It
=

b U =20

¢, d/d@g = d/dz 0 everywhere

¥In thils discussion "vapor" is used to designate
all gaseous components.
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Fig. 6.1 - Schematic Representation of the Vortex.
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d. The axilal components of velocity are everywhere zero

e. The temperature is everywhere constant within
the vortex

f, Condensation and evaporation are negligible

g, GOravity effects are negligible

h, The viscous shear forces within the mixture are
negligible compared to the drag forces on the end

plates for any annular element taken as a free body

1, The flow is in the "mist" flow regime,

The model based on these assumptions contains the five
dependent variables v, V, X, u, and p (see definition of
symbols on page x).. If the radial pressure distribution
p(r) and the void fraction distribution A (r) are specified
or measured experimentally for a given wvalue of the air mass
flow rate m, three equations are necessary to determine the
radial profiles of v, u and V. Three independent equations
can be formulated within the restrictions of the listed
assumptions of the model by considering the balance of the
radial and angular momentum fluxes and the conservation of

mass.

2, Angular momentum flux balance: Consildering an

annular element of the two-phase mixture of thickness dr and
height h, the change in the angular momentum flux 1is,
according to assumption b, due to the vapor only and can be

expressed as

Q
=
|

g = m —E(rv) dr . (6.1)
dr
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This change in the momentum flux is balanced by the
torque exerted on the element by the drag forces. If the
net viscous shear forces due to the adjacent elements of
the mixture are ignored, as indicated by assumption h, the
retarding force on the element is due only to the tangential
componenf of the drag of the element on the end plates.

In order to express the two;phasé drag force it 1s necessary
to resort to empirical resuits,

In the investigation of two=phase drag coefficients
and friction factors, it has become customary in the liter=-
ature35’“6?”8 to express the phase velocities in terms of

"superficial" velocities defined as

Superficial liquid velocity = V (L - )v  (6.2)

]

Superficial gas velocity = v, = v (6.3)

In two=phase pipe flow a superficial friction factor fS
is defined in terms of the twoephaSe pressure drop and the

superficial gas velocity by

AE__EE__.L_QV% (6.4)
AL 2 D t

where D 1s the pipe diameter and AP is the pressure drop
in the distance AL.

In order to express Equatilon (6.4) in terms of a drag
force and a corresponding arag area, bbth sides are multi=-
plied by A AL, the total flow area of the pipe times the

length of the flow element. The left hand side of the
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equation 1s then seen to be the pressure force on the flow
element and, in terms of the pipe cross sectional area
17132/14,

2 2
oo Ts %VS'/TDAL
2 D I

f
_ S 2
- -2 @g(ow) A (6.5)

where AD is the wall drag area.
Chien and Ibele48 have found, for the mist flow regime

in pipes, that the relationship

_ 0,517
£ o= 0,272 (Re/L>S (6.6)

; (Reg>g°u68

provides a very good correlation of fs with an extensive

amount of experimental data over the range of superficial

liquid Reynolds numbers

103 < <ReL>S <3 x 10%

and gas Reynolds numbers between 1.199 x 106(ReL);O'3Ol, the

experimentally determined point of transition from annular
to annular mist flow, and 4 x 102,

Assuming that fs for two=phase flow between flat plates
has the same parametric dependence as that expressed by
Equation (6.6), the friction factor assoclated with the drag

on the end plates of the two=phase vortex is .approximated by

0,51
(2hvg/ )é)o°u68

(6.7)

where k 1s a constant corresponding to the factor 0.272 in
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Eq. (6.6) and the hydraulic diameter for the vortex chamber
with small L/D is approximated by 2h. Replacing the super-
ficial velocities by the actual phase velocities by use of

Eq. (6.2) and (6.3), the superficial friction factor becomes

0.468 y0¢ 51T

P (RT M,/2h) (1 =)
0.468

-0, 468
: (6.8)
° (Ypren) @2t ()

P

where the density term in the gas Reynolds number has been
replaced by P/RT.
Applying equation (6.5) to the annular element of the

two=phase vortex, A_ = 2(27r dr), and the tangential drag

D
force on the element is

£ 2
- S
ng = - 77 @(O(v) r dr (6.9)

and using fs for the vortex from Equation (6.8),

dpﬁ = g pQ+232 (cxv)l'532 [(1 —<N)V]O'517 r dr (6,10)

where

o (BT A om) 0+ 468

5 o (6.11)
(])L/zh)

0.517 R

and the vapor density term has been replaced by p/RT from
the 1deal gas law.
Then, equating the change in the momentum flux dMﬂ

(Equation 6.1) to the torque F_r, expressed by the use of

g
Equation (6.10), there results
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. 517

2 0.532 0
P
£ r [(1 =X)V] - (6.12)

g i
E;(rV) = - T (Xv)

1,532

It 1s emphasized that the validity of this result 1s
restricted to the mist flow regime which excludes very low
values of the void fraction. Examination of Equation (6.10)
shows that the use of the empirical friction factor cor=-
relation does not result in the correct asymptotic behavior
as the void fraction approaches‘unity since the drag force
approaches zero rather than the single phase gas drag force.
Hence, Equation (6.12) is not valid for either extreme of

voild fraction values.

3. Radial Momentum Flux Balance: The change in the

radial momentum flux across the annular element is given by

am,, = m (du/dr) dr (6,13)

and, neglectlng the radial drag force of the radial vapor
flow on the end plates, this is balanced by the centrifugal

force Fc~and the net radial pressure force F The centri-

Pl
fugal force on the element 1s given by the sum of the
centrifugal forces on the two phases as

2 2
m_v m, V
r

c r

= 27mh [04?2+(1—oo Qﬁ] dr (6.,14)

and the pressure force is
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Fp = =27 h r(dp/dr) dr . (6.15)

Then equating the summation of FC and F from Equations
p

(6.14) and (6.15) to Equation (6.13) gives

m_du - _, 9P 4 I:Q(vag + (1 =) QLVEJ (6.16)

27rh dr dr

L, Conservation of Mass: Using the basic mass con-

servation equation for the radial air flow, the mass flow

rate is expressed in terms of the velocity by

m Qg Au (6,17)

and noting that the area available for radial air flow at

r is 2Mrh X, the radial air velocity 1s seen to be

- m___ - __MRT (6.18)
27 h o(Q%r 2TrhXp r

where the ldeal gas law has again been employed to express

the vapor density in terms of the pressure and temperature,
With a reasonable estimate of K and the measurement of

A(r), P(r) and m, the radial distributions of v(r), u(r)

and V(r) are defined by Equations (6.12), (6.16) and (6.18).

B, Velocity Estimates by Impact Pressure

If a pitot tube is inserted into a fluid stream with

the opening facing into the flow, the impact pressure (total
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pressure - static pressure) for a single phase, incompressible,

flow 1s given by Bernoulli's equation as
1
(P, = P) = 5 sz (6.19)

This assumes, in addition to incompressible flow, that the
viscous losses from free stream to stagnation at the probe

are negligible, and that the flow 1s steady and sub=~sonic, For
air at STP it has been shown49 that if compressibility is
neglected and the remaining assumptilons are valid, the
correction factor for the velocity determined by Equation
(6.,19) is on the order of 1.05 for V = 500 ft/sec. For an

air velocity of 1000 ft/sec the correction factor has in-
creased to about 1.21.

For the case of two-phase flow, assuming a homogeneous
mixture of the two phases, the impact pressure sensed by the
pitot tube would be expressed as the sum of the impact
pressures of the two phases as

(P = P) = }_q()ng + 1 (1 =9 ng (6.20)

2 2
which i1s subject to the same restrictions as Equation (6.19).
In terms of the slip ratio S = v/V, the two phase impact
pressure 1s

(P, =P) = L (1 .o 2 |1 X egsﬂ. (6.21)

For a pressure of 1 atmosphere, a void fraction of 0,90 and

S = 2, the second term in the brackets of Equation (6,21) is
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about 0,044, The liquid velocity can then be predicted under
these conditions with an error ofv2.2% bj’neglecting the
entire term in the brackets provided the basic assumptions
are valid, With a voild fraction of 0.50 and a pressure of

b atmospheres, V can be determined with the same degree of
accuracy with slip ratios as high‘as 3. It would then

appear that use of the relatilionship

' > (p p) 1/2
= t — 6.
! [;1-d>§h] 6.22)

should give reasonable estimates of the liquid velocitiles

in two=phase flow, Shires and Riley,36 however, performed
an extensive series of tests, using ailr and water, in which
impact pressﬁres were measured in conjunction with an in=-
dependent determination of the phase velocities by iso=-
kinetic sampling techniquesoﬁ Although they did not investi=-
gate the validity of Equation (6.22) insofar as the prediction
of liquid velocities is concerned, their data, limited to
1iquid velocities below 9 ft/sec with slip ratios as high
as 3 and vold fractions ranging fromlo,l to 0,73, show

that the liquid velocities predicted by Equation (6.22) were
uniformly low by about 30%. It is then evident that with
the use of impact pressure measurements, the Bernoulli
equation will give only a rough estimate of the free stream
liquid velocities at low values of V. In consldering the
validity of Equation (6.22), 1t should be noted that the

sonic velocity in a two-phase mixture can be an order of
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magnitude less than that for elther phase consldered separately,50
and hence on the order of the velocities conslidered here. It is
thus possible for Mach number effects to be appreciable, and in

fact, "condensatilon shocks" have been observed in similar cases.5l

C. Electromagnetic Effects

When a conducting fluild 1s flowing with a uniform velocity
V in the presence of a magnetic fleld of flus density B
normal to V, there results &n electric field intensity,

normal to V and B, of magnitude

5l = lvxsl = 8Yv (6.23)

52 has shown that, for a

for open circult operation. Koliln
channel of circular cross section and diameter D, the potential

E, produced across the channel is

E = DBV (6.24)

o av

provided B 1s constant across the channel and the velocity
distribution is axisymmetric. Arnold53 analyzed the case of
a channel of rectangular cross section and was able to show

that

Eo = b B Vg, (6.25)

where b 1s the width of the channel 1in the direction of E. This
result 1s valid for the case in whilch the electrodes span the

breadth of the channel and for an arbltrary velocity distribution.
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Unfortunately, the difference in geometry between the
stralght channel flow and vortex flow prohibits a simple
result analogous to Egq. (6.25) in the vortex case except
in special cases. For the vortex flow of an annulus of
conducting fluid, as shown in Fig. 6.2, a radial magnhetic
field B which is constant with r and # will result in an
induced electric field intensity E(r) which is equal to
BV(r) for open circuit operation if V is a function of
r only.

If annular electrodes are installed at Z = 0 and
Z = h such that they bound fluld annulus, the net potential
Eg between the plates will be independent of r (assuming
the electrodes to be perfect conductors)., For a small
annular element of the flow of thickness dr and helght h,

the current through the element in the Z-direction is
dI = g (E =- Eo/h) dA (6.26)

where

g conductivity of the fluid at r

dA

27 r dr

Since the net current flow through the region bounded by
the electrodes must be zero for open circult conditilons
for the unit as a whole,
Ry
dI = 0 = 27| g (E = Eo/h) r dr , (6.27)
A Rq
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Fig. 6.2 = Schematlc Representation of the Vortex
in the Presence of a Magnetic Field.
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It was shown in Chapter III that the local conductivity of

a two=phise air-water flow can be approximated by

g ... . (6.28)
Jo

Using this result and replacing E by BV, Eguation (6.27)

becomes

Ro

(L -o)(BhV - E ) rdr = 0 (6.29)
Ry

and solving for EO

R

2
//F (1L =)V r dr
R:

E0=Bh_,‘l;,,,,,_ (6.30)
Ro

//’ (1 =o)r dr
R

1
In this result it is seen that the varlable void fraction

and the r=term resulting from the geometry prevent the
integral in the numerator from being interpreted as simply
the average fluid velocity. The simple (but not necessarily.
practical) case, in which Q{(r) is constant and the liquid

velocity is a linear function of radius, can be solved

analytically, i.e., taking V a r (wheel flow),

-3 3

2 2

E, = (2/3)Bha (6.31)

and introducing the average fluid velocity VaV as
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R2 S
r
ar 5 a
VaV = = a (6.32)
Ry - Ry 2(Ry = Ry)

EO can be expressed as

4 3 3 4
Ry - RoRY = RqR3 + R
B o= (b/3)En [Pt == 1y (6.33)
and if R2/R:L is less than about 2,
B~ (4/3)BhVav (6.34)

from which a rough estimate of the fluid veloclty can be
obtained from measurements of the open circult voltage
with a known magnetic fileld. Since the variation of void
fraction with radius is known from experimental measure-
ments, a realistic solution of Eq. (6,30) will be possible
when V(r) 1s determined. The values of EO thus obtained
can then be compared to those values obtained from direct
measurements of the open circult voltage, providing an

independent verification of V(r).



CHAPTER VII

APPLICATION OF THE THEORY AND COMPARISON OF RESULTS

A, The Analytical Model

In the investigation of single=phase forced vortices
it has generally been found that the term in the radial
momentum flux balance (Eq. 6.18) involving du/dr 1s negli=-

25,54 In the case of the two=

gible compared to r(dP/dr).
phase vortex, neglect of the du/dr term should be even more
Justifiable since the void fraction has been found to
increase with decreasing radius. This variation of o] tends
to off=set the geometric effect of decreasing flow area
with decreasing r which would otherwise tend to increase
the radial air veloclity as r decreases. Using the measured
values of P, X, and m it is found that the du/dr term is
indeed three to four orders of magnitude less than r(dp/dr).

Then neglecting the du/dr term in Eq. (6;18), the tangential

water velocilty is

1
_ 1 dp AP 2\ |°
' [eLu-oo <1“a'; - E’rf‘vﬂ (7.1)

Using this result to replace V in the tangential momentum

equation (Eq. 6.14), an equation involving only v, r and

measured parameters is obtained as

0.2585
d K 2 50,532 1.532 ‘ (1 =X) dp P 2
—————n —] - P d . o -
dr(rv) - T (X v) —_—?E_- I T v

125 (7.2)
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Equation (7.2) can be evaluated, using the measured radial
distributions of A and P, by the Runge~Kutta integration
procedure when a sultable boundary value of v = vo at ro
1s introduced. The initial value of the tangential ailr
velocity to be used in Eq. (7.2)‘is (vn - AvV) where vy
is the nozzle exit air velocity and Av 1s the decrease
in the tangential air velocity incurred due to the drag on
the outer cylindrical wall plus the drag of that annular
flow element on the end plates. Equation (7.2) cannot
account for the nozzle ring drag since it was formulated 1n
terms of the momentum flux balance across annular elements
which were assumed to experience a drag force due only to
the end plates.

Taking an angular momentum flux balance across the

peripheral annular element of thickness ro - (ro - Ar),

-m A(rv) = r°r1[rovn - (ry = Ar)vy] = Fy oo (7.3)
)
The drag force FQ is evaluated from Eq. (6.8) using the
' 0
drag area
Ay = 27roh + AT [r5 = (rg = Ar)7] (7.4)

which approaches the value of 2Z7roh as Ar becomes very

small. Then the torque Fg ro due to the drag on the nozzle
o
ring is obtained simply by evaluating Eq. (6.10) at r = r,

and multiplying by the ratio of drag areas
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2Trgh . _h
HW%dr 2 dr

Then for Ar very small, Eq. (7.3) becomes

-K hr 0 16532
Vo = Vn =<.,.._.._...9. Pg 232X ov,) >

21
b v 0.2585
<l-0()r<g__P_>_O(OO Vg (705>
<JL o\dr /o RT

From this result an effective value of v, can be obtained
by successive approximations for each set of conditions.
The vy thus determined i1s then used as the initial value of
v in the solutions of Eg. (7.2).

Since both P and dP/dr appear in the equations for
v and V, it is convenient for computer programming to
express P as an analytical function of the radius. Using
the pressure difference ratio (P = PE)/(Po - PE),which
was found to be a unique function of r-.as was shown in

Fig. 5.12, it was found that the empirical relationship

P - P
F_'E = 0.00345 exp(5.76 &) (7.6)
o - PE l"o

provides a good correlation between P and r (Fig. T7.1).
The set of equations (6.18), (7.1), (7.2), (7.5) and

(7.6) were programed on a digital computer and solutions

obtained for u, v and V using the measured values of m,

\s P PE’ QX, T and a suitable value of K. The input

n’® "o’
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data used 1n the solutions of these equations are listed

in the Appendix.

B, Radlal Air Velocity

The radial air velocity 1s calculated by Eq., (6,18)
and (7.6) in a straight-forward manner using the experi=
mentally determined values of X and m. The resulting
distributions are presented in Fig. 7.2 for representative
values of P_ and AP, These radial distributions show very
little varilation with r as was predicted in the discussion
of the magnitude of the du/dr term in the radial momentum

equation,

C, Tangential Air Velocity

An initial estimate of the constant K for calculation
of the tangential air velocities was obtalned by evaluating
Eq. (6.11) for air and water at room temperature, using
k = 0.272 as found by Chilen and Ibeleu8 for two=phase pilpe
flow. These conditions give a value of K of approximately
lO'u,' Starting with this value, the applicable value for
the vortéx flow equations was determined by varying K until

the exit angle of the alr leaving the two=phase region agreed

with that observed, i.e., an angle of 20° to 24° with the

tangent at r/ro = 0,55 for Pa = 50 psig and P = 16 and 20 psi.

The radial air velocity u (which is independent of K) was
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used to determine the value of v necessary at r/ro = 0,55
to provide agreement with the observed exit angle., With u
calculated to be from 8.2 to 9.5 ft/sec at these conditions,
a téngential ailr velocity of about 20 ft/sec at the speci=
fied conditions is required,

Representative results of the solutlons for v, as
a function of K and r, obtained for Pa = 50 psig and
AP = 16 psi are shown in Fig. 7.3. Here it is seen
that K = 4 x 10~% gives the desired value of v of approxi-
mately éO ft/sec at r/ro = 0.55. The fact that this value
of K differs from that estimated from the pipe flow cor=
relations by only a factor of 4 is considered to be very
good agreement since the flow geometry is radically dif«
ferent and the velocity values determined by these calw
cﬁlations result in superficial Reynolds numbers an order
of magnitude higher than those for which Chien and Ibele
made thelr pipe flow correlations. In obtaining solutions
for the fangential air velocities, it was assumed that K
remalned constant over the range of air velocltles in=-
vestigated.,

The radial variations of the tangential air velocity
calculated using K = 4 x 10-Y are shown in Fig. 7.4, 7.5
and 7.6 for Py = 25, 35 and 50 psig, respectively, for
several values of AP. These results show that the air
velocity decreases rapidly with decreasing r near the outer

radius, and approaches a relatively constant value near the
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Fig. 7.5 = Radial Distribution of the Tangential Air
Velocity as a Function of AP. P, = 35 psig.
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inner radius of the two=phase region. The radial average*¥

of the tangential air velocity increases with AP for a

given P_ but decreases with increasing P, at constant AP

due to the reduction in v, as Pa/PO decreases., This latter

characteristic is illustrated in Fig. 7.7 where, for AP

= 16 psi, v, is seen to decrease with increasing Py

while the average water velocity,* shown by the broken

curve, remains nearly constant. The tangential air velocity

decreases by a factor of about 20 from the nozzle exits

to the exit from the two-phase region. An out-standing

characteristic dempnstrated here is that most of this

decrease, about 70% of (v, = vg), occurs at the nozzle ring.
The variation of these quantities with Pa show that

the greatest decrease in air velocity within the vortex

occurs at the lower values of Pa; however, the decrease in

angular momentum flux across the vortex is very nearly

constant with P_ and AP at 10 lbm = ftg/sec2o Although

v, decreases with increasing P (at constant AP) by

30% from P, = 20 to 50 psig, the air mass flow rate increases,

due to increased density, by 50% (Fig. 7.8) resulting in

a nearly constant momentum input at all P_ for a given A

The slight rise in the mean water velocity at higher Pa

indicates a more efficient momentum exchange at high P
Considering the decrease in the tangential ailr velocity

due to the drag on the nozzle ring, it was found that the

r
2
¥*Average velocity =/// V(r)drAr, - rl)

1
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jet recovery factor vo/vn in these calculations 1s about
0,31 for all cases, as compared to average values ranging
from 0.4 to 0,7 reported for jet=driven single=phase
vorticiesag8’3l Since the air velocitiles calculated from
the analytical model are dependent on the value of K (which
was determined by an estimate of the exit angle of the air
from the two=-phase region), the extent to which the cal=-
culated values of the jet recovery factor agree with the
measurements from single-phase vortices provides some
confidence as to the validity of the simple analytical model
developed in this investigation. It should be emphasized
that comparisons such as the one above are the only means
avallable by which the validity of the calculated air
velocitles can be evaluated, since there is no feasible
means by which the local air velocitles can be measured,

It was shown, for example, in Chapter VI, that in the
equations relating phase velocitiles and impact pressures
(Eq, 6.21 and 6.22), the air velocity term is negligible

compared to the term involving the water velocity.

D, Tangential Water Velocity

With the values of v determined from Eq. (7.2), V
was calculated from the radial momentum equation (EqQ. 7.1).
It was found that, due to the strong radial pressure
gradient, V is very insensitive to v, e.g., for a given

pressure gradient, a 100% increase in v corresponds to a
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decrease in V of less than 3%. This implies that the
normalized water velocity V/VO is essentially a unique
function of radius. The VO used here 1s the effective
value of the water velocity at r = r,  obtalned by extra-
polating the radial distribution of V to the nozzle ring
wall, If the term in v° is neglected in Eq. (7.1),

it 1s seen that with the use of the pressure correlation

(Eq. 7.6),
1

exp(5.76 L >} 2 (7.7)
To

o)

vV/V_ o= E),oo345£
Yo

which expresses the velocity ratio as a function of r
only, as it should.

The distribution of V/VO is shown in Fig. 7.9 where
it is compared to the normalized water velocities obtailned
from the impact mressure measurements and Eq. (6.22),
The velocity distributions obtained by the measured
impact pressures <Pt - P) are flatter than those calculated
from the pressure gradient using Equation (7.1) or (7.7).
This result is reasonable in view of the probe effects
on the static pressure, i.e., according to Roschke31 and
Pivirotto,33 the presence of the probe increases the static
pressure near the center and decreases P near the periphery.
Hence, since the static pressures were measured without
the probe inserted into the vortex, the measured impact
pressures are too high at the smaller values of r and too

low near the periphery, resulting in the deviations apparent
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in Fig. 7.9. The lower values of the effective wall
velocity Vo obtained from the impact pressure measurements
are shown in Fig. 7.10 where they are compared to those
obtained from Eq. (7.1).

Although close agreement between the two calculatibns
of the water velocity is not expected dﬁe to the above
conslderations as well as the inaccuracy of pitot tube
measurements in two-phase flow,36 the general agreement
in magnitude and radial distribution of V exhibited

between the two sets of calculations is encouraglng insofar

as the applicability of the analytical model is concerned.

E., Open Circuit Voltage from Electromagnetic Effects

With the radial distributions of the water veloclty
obtained from the pressure gradient and void fraction
measurements, the integrals in the equation relating the
open circuit voltage E_ to the water velocity (Eq. 6.30)
can be evaluated numerically. The expression thus obtained

for E is
Q
EO = 0,635 B h VO = 1,084 BhVa.v (7.8)

This result is compared to the measured values of Eo
in Filg. 7.1l where EO/VO is plotted against B. The

relationship

E, = BhV__ (7.9)
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1s also presented for comparison. The measured values of
E_ fall slightly below those obtained from both Eq. (7.8)
and (7.9), probably because of the electrical losses
within the vortex. It must also be considered that the
velocity distribution used, as well as the void fractions,
are based on average values. In the actual vortex
investigated there are extreme variation in X and P

which are not considered in the simple analytical model
from which V was obtained. Under these considerations,
the extent of the agreement betwegen the predicted and
measured values of EO gives strong evidence of the validity
of the analytical model for the vortex used in this

investigation,



CHAPTER VIII

SUMMARY AND CONCLUSIONS

A. Analytical Model

An analytical model has been developed to describe
the jet=driven two-phase vortex and to aid in the under-
standing of such flows. Utilizing experimental data and
adapting a two-phase friction factor obtained from cor=
relations for pipe flow, this model 1s used to calculate
the veloclity distributions of the two phases within the aire
water vortex. These calculations utilized the measured
values of driving-jet velocity, mass flow rate, void fraction
and static pressure.

The computed velocities are in very good agreement
with independent measurements and with trends predicted from

other investigations of single=phase vortex flow.

B. Pressure Measurements

The ailr=balance system developed to measure the pres=
sures in the two-phase flow was found to give consistent
and repeatable results. From the static pressure measure=
ments, it was found that the ratio (P = PE)/(Po - PE)
provided a correlation of P as a unique function of radius.
The radial dependence of the pressure difference ratio was

approximated quite well by the empirical relationship

146
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P - P
—E = (0,00345) exp(5.76 L) ,
Py = Pg s

The variations in total pressure measured within the
vortex showed trends which were consistent with the local
perturbations of the flow caused by the nozzles and with the
magnltude of the pressure drop across the vortex. However,
due to the disturbance of the flow by the pressure probe
and the inherent inaccuracies associated with pitot tube
measurements 1n two-phase flow, the exact degree to which
the measured total pressures represent the free stream

conditions is not known.

C. Voild Fraction Measurements

The void fraction probe (conductivity probe) developed
in thls 1nvestigation provided a simple and rellable means
for measuring local void fractions in two-phase flow. A
complete theoretical analysis to explain the response of
the probe, as a function of both veloclty and voild fraction,
over the entire range of vold fraction 1s not yet avallable.
Over the range of pressures ilnvestigated, the void
fraction distribution within the two-phase vortex was found
to be relatively insensitive to pressure level and pressure
drop across the vortex. The average vold fraction (average
of axlal and azimuthal varlations) was found to be essentially
constant at about 0.5 for 0.825<r/r ,<1.0, and increased with

decreasing radius to a value of approximately 0.725 at r/rO = 0,60,
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D. Radlal Air Velocitiles

The radial component of the air veloclty (calculated
from the conservation of mass relationship) showed very little
variation with radius. This result was expected since 1t is
typlcal of jet=driven vortices with high ratios of tangential
Jet=velocitles to radial jet-=velocities and since the nature
of the variation of voild fraction in this case very nearly
cancelled the geometric effect of decreasing radial flow

area with decreasing radius.

E. Tangentilal Air Velocity

By establishing a buundary condition at the inner radius
of the two=phase region, l.e., the exit angle of the alr
from the two=phase region, the radial distribution of the
tangential air velocity was calculated from the analytical
model, These calculations were based on measured values
of pressure, vold fraction, mass flow rate and air=jet
velocity. The detailed agreement between these results and
the actual air velocities could not be assessed due to the
lack of a method for measuring the local air velocity in
two=phase flow. An indication of the validity of the cal=-
culated air velocities was obtained by computing the jet=-
recovery factor vo/vno This parameter was found to be
about 0.31 for all cases as compared to average values
ranging from 0.4 to 0.7 reported for jet-driven single=phase

Vorticeso38’31 Since the ratio of the jet air denslty to the
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vortex density is very large for a two=phase vortex as
compared to the single phase case, a relatively low jet=
recovery factor would be expected.

A further indication of the validity of the calculated
alr velocities was the value of the constant K, assoclated
with the two=-phase drag force, which was necessary to
satisfy the boundary condition at the inner radius of the
two=phase annulus. This value of K was found to be within
a factor of four of the value determined from the empirical
correlations for two=phase pipe flow.48 Considering the
difference in the flow geometry between pipe flow and
confined vortex flow, this degree of agreement in the value
of K 1s encouraging.

For a constant pressure drop across the vortex, 1t
was found that the angular momentum input of the air and
the loss of angular momentum across the two=phase region
were essentlally constant for all plenum pressures. Since
the average water velocity increased slightly at the higher
values of plenum pressure at constant momentum input, it
is concluded that the effective momentum exchange between
the air and water is greater at the higher pressures. This
might be expected since the density ratio of driving to
driven fluid increases somewhat and the air velocity

decreases.
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F. Tangential Water Velocity

For corresponding values of void fraction and radial
pressure gradient, the tangential water velocity was found to
be quite insensitive to the magnitude and variations of the
alr velocity. Thus, as predicted by the analytical model,
the water velocity was, as a very good approximation,

expressed as

1
2

= r ap
v [QL(l - X) dr‘]

The magnitude of the water velocities calculated from this
relationship agreed well with estimates obtained from the
open circuit voltages produced when the vortex operated in
the presence of a magnetic field., The radial variation of

V obtained from the analytical model deviated from that
estimated from the pitot tube (impact pressure) measurements
in a predictable manner. The pitot tube estimates were low
near r_ and high at small r/ro compared to those calculated
from the analytical model, as expected, since probe disturbance
in vortex flow has been found to decrease the static pressure
near the periphery and increase P at the inner radii relative

31,33

to free stream conditions.

G. Applications

1. Vortex MHD Power Generator: The results of this

investigation show that a vortex MHD generator is a feasible
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concept. It has been demonstrated that a stable two=phase
flow of annular configuration can be maintained with a void
fraction which results in a reasonable electrical conductivity.
Because of the low conductivity of water, only open=circuit
tests were meaningful in the present work with an air=water
vortex. Hence, the MHD aspects of the unit could not be
evaluated. The practicality of the MHD application depends
upon the characteristics of a Jet-driven vortex utilizing a
liquid with a much higher conductivity, such as a liquid metal.
The velocities required to maintain an annulus of fluid in
the vortex in the presence of gravity forces are independent
of density, i.e., it 1s only necessary that (V2/r)/gj>)>l,0.
Hence, the difference in flow characterlstics between a
vortex using water and one using liquid metal (without MHD
effects) will result. from differences in viscosity and perhaps
a different void fraction distribution resulting from the
difference in the centrifugal force term (Qv?/r).

The operation of the vortex as a MHD power generator would
be enhanced by an increased momentum transfer per unit volume
of liquid. This could be accomplished by increased momentum
input by the gas Jets (by increased gas velocity and/or mass),
reduction in the liquid mass within the vortex, and an increase
in the jet=recovery factor which might conceivable be accom=
plished by suitable changes in flow geometry.

Research on these aspects, in addition to investigation of
the MHD characteristics of the flow, would be an obvious and

important extension of this investigation.
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2. Liquid Core Nuclear Rocket: 1In the application of the

two=-phase vortex to the liquid core nuclear rocket concept,
two major problems are a) the carry-over of the‘fuel into
the rocket exhaust and b) the necessity to isolate the liquid
mass from the walls of the containment vessel in order to
permit maximum temperature operation.
Although the volume rate of carry=over of liguid in the
exhaust of the air=water vortex was small, the mass of
liquid lost per minute was of the order of the total liquid
mass in the vortex. However, the retention time of the liquid
(mL/ﬁL) varied between 0.5 and 2.0 minutes as compared to 1
to 4 seconds retention time for a heavy gas (freon or argon)
in a mixture with a lighter gas (hydrogen or nitrogen) in a
Jjet=driven gaseous vortex03u
Isolation of the liquid from the container walls, as well
as an increase in the jet-recovery factor, might be accomplished
by providing a boundary layer of gas at the walls by the use
of porous material for the containment vessel. The effect
of this modification on liquid carry=-over would also have to
be considered. The increased total mass flow of gas, if
unaccompanied by an increase in its driving angular momentum
input, might result in increased carry-over, while a reduction
in liquid carry=-over would be expected to result from a
substantilal gain in the jet-recovery factor.
It will be necessary to examine these problems and the
possible solutions in detail before the practicality of the liquid

core nuclear rocket (utilizing jet=driven vortex flow) can be

established.,



APPENDIX

OPERATING CONDITIONS AND CORRESPONDING EXPERIMENTAL DATA
SELECTED FOR CALCULATION OF THE VELOCITY DISTRIBUTIONS
FROM THE ANALYTICAL MODEL

(psig) (psi) (slug/sec) (lb/ft2) (lb/ft2) (ft/sec)

20 16 -0,00208 h69.4 26614 682
25 4 -0.00129 115.2 5112 320
25 8 -0.00177 273.6 4536 456
25 12 -0,00208 417.6 3960 565
25 16 -0,00230 504,.0 3384 652
30 16 ~0,00249 535.7 4104 595
35 5 -0.00158 168.5 6408 310
35 10 -0,00222 354,0 5688 455
35 16 -0.00265 569.0 482k 557
35 20 -0,00283 858.0 4248 613
40 16 -0.00282 602.0 5544 537
45 16 -0,00296 633.6 6264 510
50 10 -0.00256 374.4 7848 389
50 16 -0.00306 668.0 6984 483
50 20 -0.00336 835.2 6408 543
50 30 -0.00382 1238.4 4968 660
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