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The velocity of sound at a frequency much greater than resonance in
a bubbly air-water mixture has been measured for varying void fractions
in a "pool" system. The present investigation was an extension of
earlier work by Card. The cbject in the present work was to find the
effect of certain additives in the wafer (pérticularly those affecting
the surface ténsion) on the relation between a and B. As with Card,
the generating frequency was 500 kHz, the gas was air, but the liquids
tested included tap water, distilled water, deionizec distilled water,
tap water of increased surface tension due to the adéition of potassium
chloride (Kél), tap water of decreased surface tension due to detergent
addition and a soap solution.

Compressed air was forced into a coiumn ot water (or water plus
additive) at various velocities and the resulting void fractions determined
by measuring the change in static pressure betwgen two points in the
mixture column. The velocity of sound was determined by measuring the
time for a pulse of ultrasonic waves to travel between two diametvically'
opposed crystal transducers: A photographic technique wés employed to
obtain bubble-size distributions of the mixture of air and distilled water.

A very significant difference in the velocity of sound at the high
frequency of 500 kHz compared with existing low-frequency results was
found previously by Card; this difference was verified in the present
work. Further, the present investigation indicated that there was a

dramatic decrease in the curve of acoustic velocity versus void fraction

when transition and slug flow developed. There appeared to be andencs
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for lower acoustic velocities with increasing surface tension in curves

of acoustic velocity versus void fraction, although this cbnclusion is
somewhat tentative. A new method of categorizing flow regions was propose@
based only on measurements of superficial velocity in thé pool versus

void fraction.
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ABSTRACT

The velocity of sound at a frequency much greater than resonance in
a bubbly air-water mixture has been measured for varying void fractions
in a "pool" system. The present investigation was an extension of
earlier work by Card. The object in the present work was to find the
effect of certain additives in the water (particularly those affecting
the surface tension) on the rvelation between a and B. As with Card,
the generating frequency was 500 kHz, the gas was air, but the liquids
tested included tap water, distilled water, deionized distilled water,
tap water of increased surface tension due to the addition of potassium
chloride (KCl), tap water of decreased surface tension due to detergent
addition and a soap solution.

Compressed air was forced into a column of water (or water plus
additive) at various velocities and the resulting void Ffractions determined
by measuring the change in static pressure between two points in the
mixture column. The velocity of sound was determined by measuring the
time for a pulse of ultrasonic waves to travel between two diametrically
opposed crystal transducers. A photographic technique was employed to
obtain bubble-size distributions of the mixture of air and distilled water.

A very significant difference in the velocity of sound at the high
frequency of 500 kHz compared with existing low-frequency results was
found previously by Card; this difference was verified in the present
work. Further, the present investigation indicated that there was a
dramatic decrease in the curve of acoustic velocity versus void fraction

when transition and slug flow developed. There appeared to be a tendency
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for lower acoustic velocitles with increasing surface tension in curves

of acoustic velocity versus void fraction, although this conclusion is
somewhat tentative. A new method of categorizing flow regions was proposed
based only on measurements of superficial velocity in the pool versus

void fraction.
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WOMENCLATURE

a velocity of sound
B void fraction
c velocity of light in free space

d diameter of bubbles

K compressibility

v ratio of volume of gas to volume of liguid
¥ superficial gas velocity

1 frequency

Greek Letters

§ damping constant

o density

Subscripts

0 void fraction measured by column height

1 void fraction measured by pressure drop at tap position 1
2 void fraction measured by pressure drop at tap position 2
g gas

gr  group

1 liquid

m gas-liquid mixture

0 resonant

ph  phase

s signal



CHAPTER 1

INTRODUCTION

The acoustical properties of a liquid are affected by the existence
of even very small quantities of gas bubbles, due to the very large
difference between the compressibilities of the two phases. Indeed, the
velocity of sound through a gas-liquid mixture a_ is a function of the
void fraction B where the void fraction is defined as the ratio of the
volume of the gas phase to the total mixture volume. This is demonstrated
in references [2,15 and 16]. The relationship between a and B is
applicable in many fields, such as the determination of void fractions
in boiling water nuclear reactors [24], underwater tunnels [21], and
two-phase flow through nozzles [1].

Many investigators [1,7,12,18,21,23] have measured the acoustic
velocity in gas-liquid mixtures as a function of void fraction with sonic
frequencies (less than 20 kHz). Some investigators [8,15] have measured

the acoustic velocity as a function of frequency extending into the

4.

ultrasonic range, but for very low void fractions (of the order of 10~

Card [2] was the first to report experimental results for the acoustié

velocity of a gas-liquid mixture as a function of the void fraction over

a wide range of void fractions at an ultrasonic frequency (500 kHz).

His report [2,3] indicates that the high-frequency velocity of sound in

a bubbly gas mixture is much higher than that obtained at low frequencies.
The present investigation is an extension of Card's work. The

object in the present investigation is to find the effect of certain

additives in the water (particularly those affecting the surface tension)

i




on the relation between a and B. As with Card, the generating frequency
is 500 kHz and a 'pool' system is used; the gas is again air but liquids
tested include tap water, distilled water, delonized distilled water,

tap water of increased surface tension due to the addition of potassium
chloride (KCl), tap water of decreased surface tension due to detergent
addition and a soap solution. A photographic technique is eﬁployed to’
obtain bubble-size distributions of the mixture of air and distilled

water,




CHAPTER 2

EXISTING WORK

2.1 Existing theory

The existing theory dealing with the acoustic velocity in a gas-
liquid mixture has been developed in references [3,15,19 and 2u7.

The existence of gas bubbles in a liquid has an effect on the
acoustic velocity of the mixture. This is due mainly to the change
in the mean compressibility of the mixture caused by the gas bubbles.
These gas bubbles begin a damped volume pulsation due to an applied
sound field. Some of the applied energy is converted into heat by
thermal damping, some is attenuated by viscous effects, and some is
‘re-radiated as new sound waves. These new sound waves interact with the
applied sound waves to some extent which depends upon frequency.

The gas-liquid mixture has a resonant frequency W s which varies
inversely as the mean diameter of the bubles [14,18]. Attenuation is
a maximum at the frequency corresponding to the rescnant frequency [14,18]7.
The acoustic velocity and attenuation in a mixture depend upon the void
fraction B, the bubble size d, and the applied frequency w. The radial
movement of bubbles is nearly in phase with the imposed sound pressure
when the applied frequency is much lower than the resonant frequency. If,
however, the applied frequency is much greater than the resonant frequency
then the displacement of the bubbles lags the applied pressure by
approximately 180°.

The ratio of the velocity of sound in the mixture to that in the

free liquid(am/al),depends upon the ratio of density of compressibility



of the mixture to those of the free liquid. This may be expressed as:

K
‘o [Eu]“ 1/2 (1)
%1 Py ¥y
For small gas content in a mixture, the density of the mixture
is approximately equal to the density of the free liquid. Then
a K
m v - 1/2
2D (2)
1 1
Meyer and Skudrzyk [13] considered the effect of the change in
compressibility and obtained the following expression:
]3(il_]:_2 .F_)_]_‘.
a a D
- 1/2
?{IR = [1+ 8 g - (3)
1 W (2 . W
[l_B][l_(Vq—) + 3 9§81
o o

Equation (3) was derived on the assumption that the gas content is
low and the density of the mixture is about the same as that of liquid,
and that the effect of acoustic interactions® between bubbles has been
neglected. In the high—frequenCyvcase, where w/wo>>l9 and damping

constant § is less than one (the resonant damping constant given by

Devin [6] is less than 0.2, and the maximum value used in literature [15]

is 0.5), the real part of equation (3) gives the phase velocity of sound

in the mixture for the high frequency case as:

% The term “acoustical interactions' refers to scattering, reflection and

re-radiation of waves.
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By substituting equation (4) into equation (5), the group velocity of

sound at a very high frequency can therefore be obtained as:

a, , P
N 3(5502 55
L SN (6)
%1 (1-B) (=)
O

which is the inverse of the phase velocity. As will be seen later,
this equation is of special interest in the present research.

There are.four velocities in connection with the propagation of
waves; and they are phase velocity, signal velocity, group velocity and
velocity of energy transport. These velocities sometimes are difficult
to identify because of the distortion of the wave train in a highly
dispersive medium. When the applied frequency is well below resonance
these four velocities are virtually identical, being real and relatively
independent of frequency. In the. resonant region they all differ
markely. However, at frequencies high above resonance the group
velocity, signal velocity and energy velocity are approximately equal but

usually less than the phase velocity.




Brillouin [29] has mentioned that forerunners may travel ahead of
the main signal but become attentuated to a sufficient degree that
their magnitude is negligible compared with the magnitude of the main
signal... He defined the signal velocity as the propagation of the front
of the main signal. Towne [30] has defined the group velocity as the
velocity with which the approximate boundaries of the wave group
propagate. However, as mentioned above, at frequencies far from
resonance (both higher and lower) these velocities are nearly identical.

In the present work and in Card's work [2], the signal velocity is
the one which has been measured. In comparing experimental results
with existing theory, relations for theory (e.g. equation (6)) give
the group.velocity. But again it is stressed that for the frequencies
used in the present and in Card's investigation, the group and signal
velocities are virtuallyequal [3].

No theory is known to exist for high-frequency sound waves in a

bubbly mixture of high void-fraction.

2.2 Previous experimental work

In this section, the work of Card [2],[3], of which the present
work is an extension, will be treated in detail. Card's is the most
recent work known to the author. A very good review of work prior to
that of Card is given in reference [2].

Card's experimental work was with a "pool" system. Bubbles were
generated in the water by forcing compressed air through a sparger, the
sparger being fixed at the bottom of a perspex tube. The tube was 3.75 in.

in inside diameter, 4.25 in. in outside diameter and 44 in. in length.




The flow of the compressed air was controlled by a set of needle and
reducing valves. The flow rate of compressed air was measured by an
orifice plate assembly complete with manometers.

Void fractions were determined by measuring the change in hydrostatic
pressure between two fixed points in the mixture with an inverted U-tube
manometer. Air was contained in the top of U-tube manometer and the
manometer was inclined so as to give a sensitive reading of void fraction.

The 500 kHz ultrasonic signal was generated by a Krautkramer water
proof, barium titanate crystal transducer. The signal was received by
the same type transducer. The two transducers were mounted diametrically
opposite each other through the tube wall. The acoustic velocity of
the air-water mixture was determined by measuring the transit time
of the signal on a Tetronix storage oscilloscope.

Bubble-size distribution histograms were obtained using a
photographic technique.

The most important accomplishment of Card's work was the successful
measurement of the acoustic velocity in the two-phase mixture using an
ultrasonic technique; these results are shown in Fig. 2.1 for bubbly
flow. Also included on the figure is a curve representing the results
for the zero-frequency case. The figure shows dramatically the
differences in acoustic velocity using low- and high~ frequency signal
generation. In the low-void-fraction range (B<0.055) it is probably
valid [3] to compare the observed results with equation (6). Fig. 2.2
shows such a comparison, the experimental data falling within 2% of that

predicted by equation (8).
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Card's measurements of bubble sizes for various void fractions are
shown in Fig. 2.3 and will be used later in the present work. Card's
results of superficial air velocity versus void fraction are shown in
Fig. 2.4; the results of Wallis [25] for a similar system are also shown
in this figure for comparison purposes. It should be noted that Card's
results agree resonably well with Wallis' for B<0.35; that in the
tyansition region, B depends on whether the air flow rate is increasing
or decreasing; and that the variation of measured void fractions

becomes larger in the transition and slug flow regions.
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CHAPTER 3

APPARATUS

3.1 Test section

A perspex tube* (3.75 in. in inside diameter, 4.25 in. in outside
diameter, 44 in, in length) was used for purposes of:

(1) containing the test liquid,

(ii) measuring the height of the column of gas-liquid mixture, and
(iii) allowing pictures to be taken of the rising bubbles because
of its transparency.

The tube was fitted with a perspex plate at the bottom. In this
plate was fastened a sparger containing a porous stainless steel plate
(maximum diameter of pores was 20 microns), and a drain plug.®*

Compressed air tubing was connected to the bottom of the sparger
so that the air could enter the liquid in a fairly uniform distribution
of bubbles. (The area of the porous surface was 0.935 of the cross-
sectional area inside the tube.) The flow rate of compressed air was
controlled by a needle and a reducing valve, and was measured by two
rotameters. The pressure of air in the system was measured by a
manometer. The apparatus is shown in Fig. 3.1. Photographs of the

complete apparatus are shown in Figs. 3.2, 3.3, 3.u4,

* The same tube used by Card in his work except that more taps were
fixed on it.

*%* A more complete description is given in appendix D of Card's thesis [2].
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Fig. 3.2 Photograph of apparatus: 1 timer, 2 wet test flow meter, 3 Krautkamer ultrasonic

flaw detector, 4 Tektronix RM 56& storage oscilloscope with type 2B67 time base.
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Fig. 3.3 Photograph of apparatus: 1 perspex tube,

2 Brooks R-8M-25-4 potameter, 3 Brooks R-6-15-8
rotameter, U pressure manometer.

Fig. 3.3
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3.2 Void fraction measurement

3.2.1 Hydrostatic method

Seven pressure taps (1/4% in. inside diameter) were fastened into
the tube wall at 3 in., 6 in., 11 in., 16 in., 21 in., 26 in. and 32 in.
above the bottom of the tube. Connections from an inverted U-tube
manometer could be made to any two of these taps to determine the mean
void fraction in that section between the two taps. For comparing the
mean void fractions of any two sections under the same experimental
condtions and for obtaining a very sensitive reading of void fraction
by manometer, two 6 ft. long manometers were chosen, each assembled

with two glass tubes, three air-release vents and two rubber syringes

for purging the system of air. The top of the U-manometers was filled
with Marian oil. These two manometers were fixed on a plate and the

plate could be inclined at any angle 6 between 0 to 90 degrees; (8
measured from the horizontal) the angle of inclination 6 was selected

to be 30 degrees for all of the present experiments.. The details of
construction of the manometer are given in appendix H and the relationships
between mean void fraction and measurements taken on the inclined

manometers are .presented in appendix B.

3.2.2 Column height method

A scale graduated in tenths of inches was fixed against the face
of the tube, any level of gas-ligquid mixture could therefore be read
directly on the scale. The zero level was selected at 30 in. above the
sparger. The reading on the scale under test conditions varied from

negative 13 in. to positive 15 in.
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3.8 Acoustic velocity measurement

Two Krautkamer 500 kHz undamped, waterproof, barium titanate
crystal transducers for generating and receiving sound signals were
mounted diametrically opposite through the tube wall at a height of
16 in. from the bottom of the tube. These were connected by means of
double screened connecting cable to a Krautkdmer ultrasonic flaw
detector (type USIPIO) which consists of a pulse generator, an
amplifier and a cathode-ray tube screen. A Tetronix four beam storage
oscilloscope was also connected to this in parallel so that only one
sweep of the rapidly changing signal could be observed at any desired
time.

At high void fractions the velocity of sound varied with time,
due to the changing mixture conditions between the crystals in the
test section; it was therefore necessary to take a large number of
readings to obtain the mean and the standard deviation of the acoustic

velocity for each (nominal) setting of the void fraction.

3.4 Bubble measurement

For obtaining the bubble size distribution and mean bubble diameter,
a photographic technique was used. The camera used was a single-lens
reflex Ashail Pentax Spotﬁatic with a through-lens light meter and
Macro-Takumar 1l:4, 50 mm close-up lens. To achieve maximum enlargement
the camera was set up close to the tube, with two 500-watt flood lights
for back-lighting as shown in Fig. 3.5. For reducing the glare in the
picture, a diffusing screen was mounted behind the tube, between the

tube and the flood-lights. As a scale a piece of fine wire of 1 in.
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length and 0.038 in. diameter was attached to the tube just to the right
of the picture area of interest. Also a printed number on a strip of
tracing paper was attached to the tube near the scale mark in order to
identify each picture. The shutter speed used was 1/1000 second in
order to record moving bubbles,

Kodak Plux X(A.S.A. 120) was chosen because it has a finer grain
and would thus yield sharper images necessary to discern small bubbles
since the frame size of the film is only 24 mm by 36 mm. The film
developer was Kodak Microdcl X and the prints were made on Kodak
Kodabromide F3 double-weight paper. This is a fairly "hard" paper.

The images are well defined because of sharpness and contrast.

3.5 Liquids
The various types of water and water plus additives may be described
as follows:
1. Distilled water used only once; source was Soils Laboratory of the
Civil Engineering Department:; used in test no. 1401,
2. Distilled water used five times (all measurements being taken on
the fifth time of use); source was Soils Laboratory of the Civil Engineering
Department; used in test no. 160,
3. Deionized distilled water (used only once); source was the
Physical Chemistry Laboratory of the University of Manitoba:; used in
test no. 401,
4, Tap water (used only once); source was the mains in the Engineering

Building; used in test no. 601.
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5. Tap water plus KC1 additive; weight of solute was 18.77% giving a
surface tension of 76.95 dynes/cm (by calculation); used in test no. 1101.
6. Tap water plus soap solution; used in test no. 1220.

7. Tap water plus detergent (Sunglight); used in test no. 1301.

8. Tap water through which air had been blown for 30 hours; used in

test no. 1601; measurements were taken after the 30 hours of blowing.
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CHAPTER 4

PROCEDURE

4,1 Preparations

The following preparations were made prior to actual test rums:
1. The trace alignment and linearity of the time base of the Tetronix
storage oscilloscope was checked.
2. The perspex tube was kept clean, and before the test liquid was
poured into the perspex tube, all the parts which would contact the
test liquid were flushed two or three times with the test liquid.
3. The temperature of the test liquid was the same as room temperature
before the test liquid was poured into the perspex tube,
4, All instruments were set to operating condition:
(i) the Krautkrimer detector and Tetronix storage oscilloscope

were turned on one half hour before use;

(ii) all settings on the Krautkr@mer and Tetronix were checked;

(iii) the perspex tube, two rotameters and gas pressure manometer
were checked to ensure vertical alignment;

(iv) all settings dn the camera and the position of camera and
flood-lights were checked before the picture was taken.
5, The mean distance between the faces of the two crystal transducers
were measured as shown in Fig. 4.1.
6. The prepared test liquid was filled to the required level.
7. The trapped air was driven out of the manometer system by three
air-release vents and two rubber syringes.

8. The test liquid was filled to the required level again.
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4.2 Test runs
The procedure for performing a test run was as follows:
1. The acoustic velocity of the test liquid was measured on the
oscilloscope. The time data could be read directly from the screen of
the scope because there was no variation in the transit time when the
void fraction was zero.
2. The air pressure was set to 30 psi on the reducing valve gauge.
3. The air to the sparger was controlled with a needle valve for a
series of settings, each flow rate being shown on roctameter.
4. The following readings were then taken:

(i) -air pressure of the system at each air flow rate from pressure
manometer,

(11) air-liquid mixture level from the scale on the Perspex tube
for each air flow rate; the mean value was taken when, for one air flow
rate, there were fluetuations in the level.

(iii) void Ffractions from both manometers for each air blowing rate;
the mean value was taken when the manometer showed variations for one
air flow rate,

(iv) a series of time data were taken from the storage oscilloscope
for each air flow rate.

The number of series time reading taken depended on the difference
from reading to reading. In the very low void fraction range where
changes in time were not discernible only few were taken, while in the
high void fraction region, where time readings changed markely from

reading to reading, thirty to forty readings were taken.
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5, TFor the case of distilled water as the test liquid, a picture of
air bubbles was taken at each air flow rate in the void fraction range
from 0.0 te 0.053. FRach state was assigned a number on the picture.
6. After a test with various alr flow rates had been completed and
the above steps performed, the flew of compressed air was stopped and
the system allowed to reach steady state. The acoustic velocity of
liquid was then checked again for the zero void fracticn case.

7. After the above sfep had been done, the liquid was then allowed to
drain from perspex tube and aa acoustic velocity reading for air was
taken for the case of void fraction equal to one.

8. A computer program was then used to calculate:

(i) The acoustic velocity of the test liquid for each test run.

(ii) The acoustic velocity of air-liquid mixture and its standard
deviation from two different bases, one based on the mean of time readings,
then calculating the velocity with this mean, the other based on velocities,
the series of velocities was calculated from the time readings for this
void fraction, and then the mean of the velocities was taken. The
analcgous procedure was used for calculating standard deviations.

(iii) Superficial gas velocity® based on the total inside cross-sectional
area of the Perspex tube.

(iv) VYoid fractions. Three void fractions were obtained and these

* The superficial gas velocity is defined as the air volumetric flow
rate divided by the cross-sectional area of the test sectionm.
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BO, calculated from the air-liquid mixture height in the
Perspex tube,
Bl, calculated from the readings of No. 1 manometer, and
B2, calculated from the readings of No. 2 manometer.
The out-put of these programs, related calculations and rotameter
calibration curves are given in appendix C and appendix A.
9., To determine the mean diameter of bubbles for each void fraction in
the range of B from 0.0 to 0.053, pictures were taken of the bubbly
mixture between the crystals. These pictures were then enlarged to
exactly three times of the actual size (Figs. 4.2,4.3,4.4,4.5 and 4.6).
Those bubbles with the same sharp image on a picture were considered on
a sampling plane (or a focussing plane), and it was assumed that each
bubble was an ellipsoid. The number of those bubbles in the sampling
area (4.5 in. x 4.5 in.) was counted and the length of semiaxes of each
bubble was measured. Then an equivalent diameter of an equivolume sphere
was calculated for each ellipsoid using a computer program (appendix D).
The data of the equivalent diameter of the bubbles were used as an
input to calculate the following using a statistics computer program
for each void fraction in the range 0.0 to 0.053:
(i) arithmetic mean of the diameters of bubbles,
(ii) wvariance,
(iii) standard deviation,
(iv) standard error,
(v) coefficient of variance,
(vi) geometric mean,
(vii) frequency distribution table, and

(viii) histogram plot.
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The output of this statistics computer program is given in appendix
B. Only items (i), (iii), (vii) and (viii) of the above list (i.e. the
most important items) are given in appendix E, but information on the other
items is availlable.
10. The test conditions for the various runs are summarized in Teble 1
together with the figure number on which the results appear., Tor

interest and information purposes, the work of Card is included as well.
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Liquid used T.W. D.W. D.D.W. T.W. T.W. T.W. T.W. D.W. T.W.

Chemical (5) Deter-

additive None None None None KCl Soap gent None None
a

m

calculated with

different bases v v v \Y

Bubble dias.
determined with

photographic

technique \Y N
Statistics

calculation v \

Histogram of
distribution
of bubble

diameters v A%

Table 1. Summary of Test Runs (continued on next page)




Card's Test No.,
Data 160 Lol 601 1101 1220 1301 iu0lL "1601

Data inec, A \' \ \ i v
taken dec. \ v \ v \
ff?,r ine.| v v v v v v v v
versus dec. \ v \ \ v \Y

inc. \' v ' v \ \Y

dec. v \ \ v v
Data taken
& plotted v v v v
for a /al
versus A \
Type of tap
arrangement  (6) C A A A B C D B B
Liquid level (in.)
for v = 0 21.75 21.75 | 21.65 21.65 21.65 7.0 21.65 21.65
Room temperature
(°F) 72° 72° 75° 74 76° 73° 76° 72° 72°
ay (m/sec) 1425 1419 1419 1419 1419 1419 1419 419 1419
aéir (m/sec) 345 332 332 332 332 332 332 332 332

Table 1 (cont.) Summary of Test Results (continued on next page)

e



Card's Test No.
Data 160 Lol 601 1101 1220 1301 1401 1601
Mean bubble dia.
versus B and
histogram v v
Fig. No. 2.1, 5.3, 5.8 5.9, 5.12, 5.13 5.14 5.15, 5.19
2.2, 5.4, 5.10, | 5.16, 5.16,
2.3, 5.5, 5.11 5,17 5.18
2.4 5.6,
5.7
Remarks

(1) T.W.: tap water

(2) D.W.: distilled water and used for 5 times

(3) D.D.W.: deionized distilled water

(4) The manometer system was cleaned and filled with new Marian oil

(5) Weight % of solute = 18.77; the surface tension = 76.95 dynes/cm

(6) The sketch of tap arrangement of type A,B,C, and D is given in Fig, 5.1
(7) T.W. blown with air for 30 hours

Table 1 (cont.) Summary of Test Results
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CHAPTER b

PRESENTATION AND DISCUSSION OF RESULTS

5.1 Reliability of measurements

The estimated ervor in the superficial velocity V' was 3.2% for
&" > 0.025 ft/s in bubbly flow and approximately one-half of the
transition flow range (measurements on the smaller rotameter) while in
slug flow and the upper range of transition flow the error was 4%
(measurements on the larger rotameter). The estimated error in the
void fraction B was 3% for B > 0.043. TFor B < 0.043, the acoustic
velocity was relatively insensitivé to void fraction; therefore the
error in measuring B, which was >3%, could be tolerated. Frror
analyses for superficial velocity and void fraction appear in appendices
A and B respectively.

The error in the acoustic velocity was estimated at 3.2% for
single phase and low void fraction conditions and 4.1% for high wvoid
fractions. The error analysis is given in appendix F. As a check on the
reliability of the acoustic velocity measureménts, a comparison was made
between the present measured single phase values and corresponding values from
the literaturs [2,20,27], The data are given in Tables 2 and 3. The
maximum deviation from literature values was 3.6%. The difference between
Card's water data and present measurements was only 0.4% while the difference
in the present and Card's air data was 3.6%. These comparisons would

suggest that the present measurements are reliable.
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Table 2

Reference Acoustic Velocities

Author Temperature fwater (m/s) faip (m/s)
Present Work 1u19
Test No. 601 23°C (city water) 332
D. C. Card 22°C 1425 345

(city water)

Calculated® 220C 1430 34

Stewart and

Lindsay 20°C 34
Colladon and 1435
Sturm®® goe (fresh water

Lake Geneva)

Angerer and 15°C 331 (air in open)
Ladenberg®#® 22°C 339%%E
Esclangon®® 15°C 340 (dry air)
Present Work 1419
Test No. 1401 22°C (distilled) 332
Maptini®® 19°cC 1461
(distilled)
Present Work 1419
Test No. 1101 2n0¢C (city water + KC1) 332
Present Work 1u1s
Test No. 1220 23°C (city water + 332
soap solution)
Present Work inisg
Test No. 1301 2u°cC (city water + 332
detergent)

*a = !lxz- where Y is the ratio of specific heats and P and p are
the pressure and density at that temperature.



Table 2 (cont.)

%% As reported by Wood.

et . . al T'
#%%  With the adjustment — S0 T

Where: a is the velocity of sound,
T is absolute temperature,

w
[{e]

a' is the velocity of sound when the temperature is T'.




Comparison of Present Acoustic Velocities With Others

Table 3

40.

Comparing

for

Difference
m/sec

Difference

[
°

Present Work
Test No. 601
with D.C. Card

a
water

(city water)

5.6

Present Work
Test No. 601
with Calculated

a
water

10.6

Present Work
Test No, 601
with D.C. Card

air

12.5

Present Work
Test No. 601
with Calculated

air

Present Work
Test No. 1401
with Angerer &
Ladenberg

Present Work
Test No. 1401
with Martini

a
water

hl1.6

2.75%
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5.2 Summary of test runs

Table 1 summarizes the previous (Card) and present experimental

results of acoustic velocity as a function of frequency.

5.3 Flow regimes

Three flow regimes are shown on the graphs for eight tests, in Figs.
5.3,8,9,12,13,14,15 and 19; the flow regimes were observed directly in
the test. The three regimes have been defined by Wallis [25] as follows:
1. Bubbly flow region: the gas is in the form of discrete small bubbles
dispersed uniformly in the liquid.

2. Slug flow region: the gas is in large slugs which occupy most of the
flow section,

3. Transition region: in between the bubbly and slug regions there is
an area of flow transition.

It is difficult to separate exactly the regions from each other
even in a transparent apparatus. Of course these definitions can hardly
be applied to testing in a non-transparent apparatus. A new description
for flow regimes was also used in present work; it.can be applied
conveniently to any experiments using transparent or non-transparent
apparatus. First Bmax is defined as the maximum void fraction point and
BS as the point where the decreasing flow trace separated from the
increasing flow trace; these can be detected by the present manometer.
Therefore, it is convenient to use the B ax® Bg and a point B = 0 (see

"Fig. 5.2) to describe four flow regimes as follows:

1. Region l: the flow increased from B = 0 to Bs’
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2. Region 2: the flow decreased from.B_ to B
s - “max
3. Region 3: the flow decreased from Bmax to B = O.
4, Region 4: +the flow increase from or decreased tQ'Bs,

The sketch of the four flow regimes is given in Fig. 5.2,

The lengths of region 1, 2 and 3, and other characters related to
the four flow regimes are listed in Table 4 for each test run. The
discussion about the flow regimes will be included in the following

section.

5.4 Superficial gas velocity versus void fraction

Results of present work of superficial gas velocity V" are plotted
against void fraction B, in Figs. 5.3,8,9,12,13,14,15 and 19.

Superficial gas (air) velocity, can be defined as gas (air) flow
volume through the area of flow cross section, that is the gross—sectional
area of the inside of the tube.

Wallis [25] has derived a theoretical relationship for ideal bubbly
flow (his equation (7)) in which the void fraetion depends on the

superfical velocity, surface tension, liquid and gas densities and

gravitational acceleration. It is implicit in this equation (based on
empirical evidence) that the system properties such as Reynolds number
and viscosity ratio (at least for low-viscosity liquids) are relatively

unimportant. Wallis concluded that it is possible only to conduct

repeatable measurements of void fraction in ideal bubbly flow (no
bubble agglomeration) and ideal slug flow (complete agglomeration);
partial agglomeration gives rise to a transition flow pattern which is

virtually intractable analytically.
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The relationship between V" and B gives different traces for

increasing and for decreasing air flow rates over part of the range of
6". This phenomenon was observed by Card [2] in the transition region,
but in the present work, it extended into the bubbly and slug flow
regions, possibly due to the more sensitive.void—fraction measuring
apparatus employed. Differences in B between increasing and decreasing
air flow rates are described quantitatively in Table 4 which in turn
refers to Fig. 5.2. The largest differences (.12) occur in test 1601
for tap water into which air was blown for 30 hours; the results are
shown in Fig. 5.19.  For other tests the differences in B ranged between
0.02 and 0.085,

Different tap arrangements, as shown in Fig. 5.1, were used to
determine the effect of tap arrangement on void fraction measurements.
There are small differences (maximum 0.020) between By and B, (arrangement
types A and B), the difference being especidlly small in arrangement
type B (maximum 0.015). The differences depend on air flow rate; there
is no discernible difference, for instance, in the range B<.053, which
would correspond closely to ideal bubbly flow. Any differences in
measured B using Bl and B2 would no doubt be due to slight density
variations of the mixture with height. Results appear in Figs. 5.3,8,9,
12,15 and 19.

The void fraction BO measured with column height represents the
mean void fraction for the whole column plus the foaming effect.. The
difference between Bl and Bo represents the foaming effect; it varied

with the flow rate of air and became a constant in region 4. The

results appear on Figs. 5.3,8,9,12,15 and 19, and in Table 4. The
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biggest foaming effect existed in the tap water into which air had been
blown for 30 hours, (maximum difference between Bo and Bl of .18) while

for all other tests this effect was approximately the same (approximately
0.06 in void fraction). It is stressed that Bo is not as good a measurement
of void fraction as Bl or B2 and is presented here mainly for interest.

For later plots of acoustic velocity versus void fraction, the most

meaningful void fraction measurement is probably B, of arrangement

2
type A.

The chemical additive KCl was used in test run no. 1101, the weight
percentage of solute being 18.77. The surface tension force increased
3.59 dynes/cm from 72.36 dynes/em for tap water at 23°C to 76.95 dynes/cm
for the test liquid against air [31]. The effect of KCl on tap water
can be found by comparing test run no. 1101 (Fig. 5.12) for tap water plus
additive with 601 (Fig. 5.9) for tap water, the following observations
being relevant:

1. The maximum void fraction of Bl increased 0.06, or 21,8%.

2. The maximum difference of void fraction between<:>and<:>formed by
B, increased 0.043, or 102.1%.

3. The forming effect reduced from 0.075 to 0.05,

L, The length of region 1, 2 and 3 all reduced from 0.90, 0,57, 0.33
to 0.80, 0.55, 0.25 ft/s respectively.

Other chemical additives of soap solution and detergent were used
in tap water. The effect of soap solution reduced the maximum void
fraction of tap water 0.095 or 30.9%, reduced the length of region 1 and

3, also gave the lowest "maximum void fraction'" in the present work (see

Fig. 5.9 for tap water results and Fig. 5.13 for soap solution results.)
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The effect of detergent was to increase the maximum void fraction of
tap water 0.035 or 12.7% and the maximum difference of B between(:>and<:>
was reduced 0.022 or 52.3% to a value of 0.020, the smallest in the
present work.

Three different distilled water conditions were used in the present
work: the distilled water used in test run no. 160 was repeatly used
five times (measurements being taken on the fifth time), the distilled
water in test run no. 1401 was used only once, and the distilled water
in test run no. 40l was deionized distilled water (used only once).

The repeatly-used distilled water and the deionized distilled water

gave a slightly higher "maximum void fraction" of Bl than the distilled
water used only once. Also the maximum difference of void fraction between
(:>and(:>formed by loop Bl of deionized distilled water was larger than

the distilled water used only once. These data are given in Table 4

and in Figs. 5.3,8 and 15.

The difference in maximum void fraction of Bl between test run
no. 1401 for distilled water used only once and 601 for tap water is
smaller than in Wallis' work. This probably means that the distilled
water and tap water used in present work are closer in physical
properties than those used by Wallis. These data can be seen in Table
4 and Figs. 5.15 and 9.

Two tests performed here may be compared with Card's results [2].
These are tests no. 601 (tap water) and no. 1601 (tap water through
which air was blown for 30 hours); the comparisons are shown in
Figs. 5.9 and 5.19 respectively. In both tests at low B (<0.10 for

%

test no. 601 and <0.18 for test no. 1601, at least part of which region
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would include ideal bubbly flow) and in slug flow there is good
correspondence with Card's results; the best agreement with Card's
results is with decreasing air flow rates in test no. 1601 (Fig. 5.19).
The longer air is blown through the water the more impurities are likely
to be introduced into the water. It would therefore appear that the tap
water used by Card probably had more impurities in it than test no. 601
here. However, as will be seen shortly, this does not at all affect

the acoustic velocity versus void fraction relationship, the most

important measurements performed in the present work.

5.5 Bubble size measurement

The photographs taken of the air-distilled water mixture between
the two crystals, as mentioned in chapter 4, were enlarged to triple
size, and four of them were illustrated in Figs. 4.2,3,4% and 5. The
enlarged photographs showed that there appeared to be no bubble
agglomeration within the range of B from 0 to 0.053. Therefore, it
could be considered that this region is an ideal bubbly flow region.

The histogram of bubble size distribution and other statistical
results are shown in appendix E,

The relationship of mean bubble diameter and frequency ratio
versus void fraction is shown in Fig. 5.%. The curve of mean bubble
diameter or frequency ratio of the present work is a little higher than
that of tap water of the previous work when the void fraction is

greater than 0.015. One might expect larger bubbles in distilled water
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due to surface tension effects on the bubble break-off diameter from the
porous plate and the ease with which bubbles can agglomerate should they

touch.

5.6 Acoustic velocity versus void fraction

The ratio of the acoustic velocity in the mixture to that in the
bubble free liquid (am/al) is plotted against void fraction B for each
test run as shown in Figs. 5.5,6,7,10,11,16,17 and 18.

Figs. 5.5,6 and 7 show the am/al versus B relationship of test run
no. 160. The test liquid was distilled water which had been used for
five times. Fig. 5.5 shows the results for the low B region (<.053).

On the figure also is shown equation (6); measured bubble sizes were

used to determine the corresponding values of W which were then used in
the equation to find the ratio of the group velocity to the bubble-free
liquid. It is pointed out [3] that at these high frequencies the signal
velocity (measured in these experiments) is virtually identical to the
group velocity. It is in this low B region that one would expect the
constant-density equation (6) to apply; it is seen that the correspondence
between the measurements and the theoretical equation is very good.

The results of test run no. 160 for the whole B range are shown in
Fig. 5.6 for both bases of Bl and B2. Virtually no difference can be
detected in the relationship using these two bases and a single solid
line has been drawn in by eye to represent the results. On Fig. 5.7 a
comparison is made between the present test run no. 160 results and the

tap water results of Card [2]. The solid line in the figure represents

Card's results (as well as the circles); it is seen that the solid line
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can equally well represent the present results. A glance at Fig. 5.3
shows that the %" versus B trace for Card's tap water and the present
distilled water used five times are not unlike each other, perhaps
suggesting that, particularly after using five times, the distilled
water had had impurities introduced into it.’

Figures 5,10 and 5.11 show a comparison between Card's tap water

results and the present tap water results (Fig. 5.10 uses B. as the base,

1
Fig., 5.11 uses B2). First it is noted there is virtually no difference
between the two plots. The agreement with Card's results is excellent.
This is especially significant since some differences in G” versus B
between Card's and the present results are apparent in Fig. 5.9. One
of the most important features on Figs. 5.10 and 5.11 is the dramatic

decrease in am/a once transition and slug flow develops. This decrease

1
is alsc evident in Tigs. 5.16,17 and 18,

Figure 5.17 shows results of am/a versus B for tap water plus KCl

1
(test run no. 1101). The surface tension is higher with the additive.
The results tend to lie below Card's tap water results (solid line),

and hence below the present tap water results.

Figure 5.18 shows results for distilled water used once. There
appears to be a slight tendency of the data to be above the tap water
data. Comparisons among the tap water, tap water plus KCl and distilled
water (used only once) are shown in Fig. 5.16. There appears to be a
tendency for lower am/al with increasing surface tension, although the
fair amount of scatter evident makes this observation somewhat tentative.

For a given void fraction, the mean acoustic velocity may be

calculated in two ways; one using the mean of the transit time readings,
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the other calculating the acoustic velocity for each time reading and
then taking the mean of these acoustic velocities. This latter method
would appear to be slightly preferable, although the quantitative
differences between the two methods are extremely small. In the bubbly
flow region the largest difference between the two methods was 0.52%
(the tabulated results for the two methqu is shown in appendix C,
Tables C-9, C-10, C-11 and C-12). As Card used the first-mentioned
method (mean of times) and as the present work involves extensive
comparison with Card's work, mean acoustic velocities based on the mean

of times are generally reported in the present work.

5.7 Suggestion for further study

No theory is known to exist for predicting the high frequency
velocity in high void fraction mixtures. For these conditions it is
necessary to take into account the acoustical interactions between
closely spaced bubbles, change of shape of larger bubbles, as well as
the decrease in mixture density.

Considerable further work can be done to establish the effect of
fluid properties of both liquid and gas phases such as density,
acoustic velocity and surface tension (the present work was really just
a beginning, as regards the effect of surface tension, compared with
what could be done in an extensive study). Possibly the effect of the
method of generating the bubbles could be tested using different plates
and spargers.

If the work is extended into the forced convection fileld, additional

variables are added, e.g., velocities of each phase, and geometry and
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orientation of the channel.
The frequency has a pronounced effect on the mixture acoustic
velocity; it would prove interesting to use fixed void fraction and

variable applied frequency.



Sl.

e

Type A Type B

3" B

Type Cc Type D

g e . TY .
I 1g’ 5' l :



52,

o 4

(£t/5) @ vogion 2

region 3

B
Fig. 5.2 sSketch of four flow regions Fig. 5.2



S T TP

Tlow

I region
: ~
' bubbly
flow
! ! )
e UU R o 10U 6 2 U ,3\) i .T.’-U - .‘;‘)U s
. g o . . B

Fig. 5.3 Superficial air velocity versus void fraction(No.160)

Remarks: s D,W,(Wallis) =———=a== 1, ¥,(vallis)
m—pme T, W . (Card) O B._A B, o B, D,W.*(present work)
*¥The distilled water used 5 times Pig ‘5 3



4G °81d

) w
d W
(cm) o
40
- - 300
% ; mean
4 I standard deviati
« 30
T
i 2001
R ¢&¢%¢&¢
’ 4
: Lo
.20 ]- IWZ,AW
! /‘%
i it D W, (present work) 100~
(used 5 times)
R A
010 y | L
g - > T.W.{Card’s work)
T‘ w =27x 500,000 rad/sec ,
| W =2Tx 65O/do rai/sec,for air-water system,see reference
‘ . (2
0.00 j ! (2) | i
0.00 .01 .02 .03 .OL .05

Fig. 5.% Mean bubble

diameter and frequency ratio versus void fraction(No.160)

“hs




55.
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Fige. 5.5 Ultrasonic measurement of acoustic velocity versus
‘void fraction for air-water mixture in the low

void fraction range (No.160)

- Remark: *The distilled water used 5 times,

Fige 5.5
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Fig, 5.6Ultrasonic measurement of acoustic velocity versus void
"fracions(B1 and BZ) for air-distilled water mixture(io.160)

Remark:* .The distilled water used 5 times .
Fig.5.6
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T, W. (Card's work)bubbly flow

A T, W. (present work)bubbly flow
S A T. W. (present work)transition

and slug flow
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0 .05 .10 .15 ,20 .25 ,30 .35 .40 A5 T U507
. B -
Fig. 5.10 Ultrasonic measurement of acoustic vélocity

versus void fraction(By) for air-water mixture

(No.601) .
Fig. 5,10
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Flg. 5.11 Ultrasonic measurement of acoustic velocity

versus void iractlon(Bz) for air-water mixture
(No,601)

Fig. 5.11
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¢ (bubbly flow) distilled watef*@ (slug & trans.flow)
A (bubbly flow) tap water¥# a (slug & trans,flow)
o (bubbly flow) tap water + KCl e (slug & transiflow)
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02

.11 * D,W. Test no, 1401(used once)
o ¥* T,W, Test no, 601
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Fig. 5.16 Ultrasonic measurement of acoustic velocity
versus void fraction for air-T.W.,D.W. and
T .I‘XY ° pluS I{Cl ° '
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T.W.+KCl(present work),slug and transition
4 flow

| ] ! { ! ! | . ) H !

Figo

.05 .10 .15 .20 .25 .30 .35 ,40 45 .50

B
1

5.17 Ultrasonic méasurement of acoustic velocity
versus void fraction for air-T.¥W. and air-
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o= T,W, (Card's work),bubbly flow
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Fige. 5.18 Ultrasonic measurement of acoustic velocity

versus void fraction for air-1.W, and air-
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Test No.
160 401 601 1101 1220 1301 1401 - 1601
Fig. No. 5.3 5.8 5.9 5.12 | 5.13 5.14 5.15 5.19
(2) (3) () T.W. T.W. T.W. (7)
Liquid used D.W. D.D.W. T.W. +KC1 +soap +detgt. D.W. T.W.
Max. difference'of Bl .07 L ou2 .085 .ouo . .020 .050 . 120
B bet.(Pand(D* |35, .07 . 042 .080 .050 .120
formed by loop: BO .07 045 .060 .050 .120
Max. dlffizence between 06 075 050 050 18
B and B, #*
o) 1
fRd .90 .90 .80 .70 .53 43 .83
Length of region: 2 .60 .57 .55 .585 .00 . 245 .63
(£t/s) 3 .30 .33 .25 .115 .53 .185 .20
Max. B of Bl .30 .29 275 .335 .180 .310 272 .34
ax. =0 B . 345 .35 .395 .340 .292 .55
Remarks:

)
w

The maximum difference of void fraction between the traces of increasing flow rate and the decreas-
ing air flow rate is the distance from B to B of(Z)(Fig. 5.2).

* The distance between B_ from loop BO to E:Xfrom loop Bl was measured as maximum difference in void
fraction from B_ to B..

The length of rggions were measured on B

b
ar,
"
a2,
“

l.
The numbers (2), (3), (4) and (7) refer to notes of those same numbers on Table 1.

Table 4 Summary of present work on relationship of superficial gas velocity and void fraction.

TOL
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CHAPTER 6

CONCLUSIONS

The conclusions drawn from the present work may be summarized as
follows:
1. The previous work of Card [2], one of the most important results of

which was the reporting of the am/a versus B relationship for high

1
frequency sound waves in tap water, has been verified (see Figs. 5.10

and 5.11).

2. There is a dramatic decrease in the curve of am/al versus B when
transition and slug flow develops:; this was true for tap water, tap water
and KC1 additive and distilled water (see Figs. 5.10,11,16,17 and 18).

3. As with the previous work of Card et al [3], for the low B region,
the theoretical equation for the group velocity for the constant-

density case and the measured signal velocity agree closely (see

Fig. 5.5); it is understood that for the present high frequencies the
signal velocity and the group velocity are virtually identical.

L4, There appears to be a tendency for lower am/al with increasing
surface tension in curves of am/al versus B, although this conclusion

is somewhat tentative (see Fig. 5.16).

5., In many tests at least two measurements of B (B, and BQ) were taken

1

simultaneously (BO is not considered because of the large errors due
to foaming). The differences between Bl and B2 were extremely small
(see Figs. 5.3,8,9,12,15 and 19) and make no difference at all to

curves of am/al versus B (see Fig. 5.6, 5.10 and 5.11),




72.

6. A new method of categorizing flow regions has been proposed based
only on measurements of V' versus B; it has the advantage of being
based on quantitative measurements and not on the somewhat subjective

visual observation of flow in the transparent tube.
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APPENDIX A

ESTIMATING THE ERROR IN THE MEASURED SUPERFICIAL GAS VELOCITY

Two rotameters were used in this investigation. Consider first the
smaller of the two. This rotameter, R-6-15-B, was checked by a wet gas flow
meter which had been checked by the Greater Winnipeg Gas Company with a
20 ft3 measuring tank. The maximum deviation of flow rates calculated
from the tank and from the wet flow meter was 3%. This would suggest
an error in the wet flow meter of certainly not more than 3%, and probably
more like 2 1/2%. The calibration curve for the smaller rotameter is
shown in Fig. A.l; the difference between the manufacturer's curve
and the present calibration curve is shown for interest. Considering
the accuracy of the wet meter, a reasonable estimate of the error in
using the rotameter readings corrected by the present calibration appears
to be approximately 3%. This would give an error of 3.2% in the super-
ficial velocity &" when the error in measuring the perspex tube cross-
sectional area is estimated at 1% and the errors are negligibly small
in correcting the flow rate for slightly different temperature and
pressure conditions on the top of the porous sparger. The above
estimates would not apply below a superficial velocity of 0.025 ft/s
(7 SCFH) where the discrimination error (0.5 mm in the reading on the
rotameter tube) becomes very significant (2%) compared with the accuracy
of the calibrating device. For interest, this error in scale reading is
shown in Fig. A.2. The small rotameter generally covered bubbly flow
and approximately one-half of the transition flow regime.

There was no device available for conveniently calibrating the
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large rotameter. However, there was a range of flow rates where the
two rotameters did overlap; in this overlap range the small rotameter
was used to check the manufacturer's curve of the large rotameter.
Indications were that the relative position of the calibration curve
and the manufacturer's curve would look very similar to that shown for
the smaller rotameter (Fig. A.l) except, of course, that the values
marked on the abscissa would be greater. This curve was then used to
obtain corrected flow rates. An error of 4% is suggested for the range
of flow rates where the large rotameter was used (in the overlap range
the small rotameter was used). The large rotameter covered flow rates
corresponding to slug flow and approximately one-half of the transition
flow regime.

The use of the word "error" above would correspond to "uncertainty
interval™ in Kline and McClintock (Mechanical Engineering, vol. 37, p.6,

1953) with "odds" of approximately 20 to 1.




78.

- ‘ . | 2 yhd % - .
N ) P 65 @¥ 0% 02 01 Q. : .

© SEPSLIE BOSRU. oy S , e
IR S U SO SR S Deerky i X
. R R T s )
= I e m
c p : .- 8 : :
LR SN ) L SN SR
T : D L
[P T o VPR PO 4 |m Sl e .l
! 2o R 3
w L AN MAER SEENE B
SN
T
) .._x e .. .....rl...
: . SR T K
.v u [&M; MMIW;WV\. St M-
Lo 15 &_ . N\
3 i : . M N t,
R it I T : _\ N\ H . 43
iy : 3 74 .\ rC o)
= (o)
; H
: o]
i g
- o
! i - >
! 3 -+ -
s P a
.l\-‘.
H i &
! XN . 4
il . m..mw ok [T R S o
b : .mw ﬂ H ~i
i . L2 -4 Y Tl R SO o
i 7 0 ' ' &)
Bt ‘..m--wwﬁm : ot JR e
i gt o IS R TR .
*.zl..!::“.l .w =S P SV SR SHUUH ENSUUUNE SO JUpS <
I (" TS aw ) PR ERRE o
~ 44. T nllmm’.ﬁmn..s TR ’ m s ~ H opd
_ % A M S M\w Sk MW R o
- 7824
Fig. A,1
. Picatons : o



g A

J93swWelox U0 JIOXID JFUTPROI-OTeOS Z°V °STd

MLLLEPETEFS

!

@)

5
L5

TIOSE
§
!

»
H
1

seescemisnven

ONTIVINES < -

Tt
i H

b
Y-l

:
ANV RCGY ANBWNALLENL ¢

seieesa
e .

oAl

ARGOTNOI LV IV -
3

ANOT -
Agn.l..
!
<%
|

B R R Saeaem o
ot P

%

>

2

DLL | 7,

KRR NIy

VD

¥
i
H

v
Yq?“-é;

PR CE (oR RAI S B S

!
T
'
i
i
'
H

T LT L [ TR e S SR
T I H .

o A n ¢ e

TS 2

"oy

X

"Xy

H

'mh .

O e _
EST\mMaTING ERROR N

3

&~ § 6 7

i 9 i

resdbive (%)



80.

APPENDIX B

VOID FRACTION MEASUREMENT ANALYSIS

B.1l ©Nomenclature

B = void fraction
p = density (lbm/fts)
h = height (ft)
H = height (ft)
V = volume (£t°)
W = mass (lbm)
Subscripts

a = level at position a

b = level at position b

R = marian oil®

W = water

m = air-liquid mixture
air = air bubbles

0 = sloping at angle 6

liquid = liquid

B.2 Derivation of Basic Equations

For following the presentation below, reference should be made to

Fig. B.l.

%* Specific gravity of marian oil is 0.827
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Therefore

s
n

Pa - h2pw

Further
P

a Pl + hlpw - AhpR

which may be rearranged as

Pl = Pa - hlpw + AhpR

subtracting (B2) from (Bl) yields

P, - Py = (hy -hyo - bAhoy
Also
Pptohy = B
or
P2 - Pl = pmh3 = (hl - h2)pw - AhpR

From Fig. B.l it may be seen that

hl = h2 + h3 + Ah or
If Ah = 0, then
hy -hy = By

and from (B3)

pm W

il
©

h3 + Ah

82.

(B1)

(B2)

(B3)

(B4)

(B5)

This means there are no bubbles in the perspex tube, i.e. with

water only in perspex tube. This is the principle used for checking

the manometer; that is,the level should be even in manometer when there

are no bubbles in perspex tube.
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Using (BY4), then (B3) can be written as

p hy = (h3 + Ah)pW - hpR
or
Ah Ah
P (1 + Eg-)pw - Eg-pR (B6)

From the void fraction relationship

. V..
B air _ air
v V. +V
m air W
and
W W . + W
. .m _ air W
Pn © ¥ v
m m
. W_. vV W
. ailr air | w W
v V. . \Y Y
m aipr moow
one can obtain
Pp = Bpair (- B)pw

= pw - B(pw - pair)

Since Posp is very small compared with Py it can be neglected in the

above formula, which then can be written as

o, = 0,(1-B) (B7)

From (B6) and (B7)

_ Ah Ah
pw(l -B) = (1+ E—Jpw -5 Pr
3 3
o
-B = __é_l:l_(___}}__l)
3 pw
p
B = éE-(—5 - 1)
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For an inclined manometer

Ah = Ahe sin 6

Ah, sin 6 o
o (2 1)

then B e e
h3 pw

H

In this investigation 6 was 30° and sin 6 = 0.5.

The Ahe was measured on a scale with 10 major divisions per foot; then

1 division = 1.2 inches.

p
When h3 = 10 inches and R 0.827,
W
l.2Ahe 0.5
B = ——— gy (0.827 - 1)
(B = —0.12*0.173*Ahe*0.5 was used in computer program.)
When h3 = 5 inches,
then l.2Ahe 0.5
B = — (0.827 - 1)
(B = -0.24%0,173%Ah,%0.5 was used in the computer program.)

0

B.3 Error estimate

1. Estimating the error in measuréd manometer angle as 0.5 degree, this

gives a percentage error of 0'5080—586500 = 1.6%.
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2, Estimating the error in reading the scale on the manometer for Ahe

as half of the smallest scale division (= 0.5 x %E-X 1.2 inch = 0.06 inch),

then the percentage error in Ahe is a function of Ahe itself and can

be estimated as:

Ahe - 1 in. 5 in. 10 in. 15 in. 20 in. 28 in.

error 6

o

1.2% 0.6% 0.6% 0.3 0.2u%

oP

3. Estimating the error in measuring h3 as 2/100 in., then the percentage
error in measured h3 for measuring B can be estimated as 0.05% based on
h3 = 5 in. and 0.02% based on h3 = 10 in,; these are very small and

can be neglected.

4, The error in the density ratio pR/pw is negligibly small. Therefore
the estimat error (or "uncertainty interval” in Kline and McClintock at

odds" of approximately 20 to 1) can be obtained using equation 7 of

Kline and McClintock (Mechanical Engineering vol. 37, 1953) as shown

below:
Ahe 1 in. 5 in. 10 in. 15 in, 20 in. 25 in.
B(h3 = 10") 0.009 0.043 0.09 0.13 0.17 0.22
B(h3 = 5') 0.018 0.086 0.18 0.26 0.34 o.uu
Error (%) in B 6.2 2.0 1.7 1.6 1.6 1.6

5. Conclusion

When B based on h3 = 10 inches is greater than 0.043*or when B
based on h3 = 5 inches is greater than 0.086, then the estimated error
is within 2.0%. For other conditions, see above but note that for the
low void fractions where the errors would be >2%, these errors can be

tolerated as the acoustic velocity is insensitive to the void fraction.

% (by far the most common situation)
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The foregoing estimate of errors was based on static conditions (i.e.
no movement of the interface in the manometer). However, at high void
fractions in transition and slug flow, considerable fluctuations in the
void fraction may occur, these fluctuations often being much greater
than the error discussed above. In the majority of cases, though, in
bubbly flow, one would not need to allow more than about 1% to account
for errors due to the movement of the manometer level. One can therefore
estimate about a 3% error in bubbly flow for void fractions greater than

0.043,

B.4 Calculation of void fraction B using column height measurements

The void fraction may be calculated using column heights as

follows:
B = air _ air
Vm Vair * Vliquid
- AH
BH + By uid
where Hliquid is the height of the liquid column with no air bubbles

present and AH is the increase in height of the column when air is
present in the column,
Because under many conditions there is a foam at the top of the
column, erroneous readings of the height of the air-liquid mixture
ensue, which leads to erroneous readings of the vold fraction. The
magnitude of this foam effect is difficult to assess, but can be large,
and is most certainly much larger than errcrs in void fraction measurement
using a manometer. For this reason void fractions obtained using a manometer
are of prime interest and were used in the body of this thesis for graphs of

acoustic velocity versus void fraction.
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APPENDIX C

SAMPLE OF COMPUTER PROGRAM AND TABULATED DATA

This appendix gives a sample of the computer program and the
tabulated data for superficial velocity, void fraction and acoustic
velocity.

The tables Ffor the various test runs are arranged as follows:

Test Run No., Table
160 C.1l
uol C.2
601 C.3

1101 C.u4
1220 C.5
1301 C.6
1401 C.7
1601 C.8
160 C.9
601 C.10
1101 C.11
1401 C.12

The inclﬁsion of table C.9,10,11 and 12 is to illustrate quantitatively
the extremely small differences which arise when using "time-mean"
or "velocity-mean" acoustic velocity means (see body of thesis 4.2).
In the tables the various symbols have meanings described below.
AL = acoustic velocity of the bubble-free liquid (m/s)
AM = mean acoustic velocity of gas-liquid mixture based on mean of
time measurements (m/s)
AMN = mean acoustic velocity of gas-liquid mixture based on mean of
velocities (each individual time measurement gives a corresponding

individual velocity)(m/s)
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BO,B1,B2 = void fractions given the symbols BO’B and B2 and described

1
in the body of the thesis

N = number of readings of transit time for one nominal void fraction
setting
RD = difference of acoustic velocity ratio between the two different

methods of calculating the mean acoustic velocity

SDT = corresponding standard deviation of acoustic velocity based on
standard deviation of measured times
SDTV = standard deviation of acoustic velocity based on standard

deviation of velocity (see description of AMN above)(m/s)

V = superficial velocity (ft/s)
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$J0B

C

C

C

g Sample of Computer Program

C

C of Test Run No, 160

C ) :

¢ (out-put print shown on Table C.1)

C .

C X =DISTANCE BT, TWOD CRYSTALS(M)

C H3 =HEISHY DISTANCE BT. TWO TAPS ON THE TUBE(IN)

C WL =LIQUIN LEVEL IN TUBE WHEN THERE ARF NO BURBLES FLOW(IN)

C TL =TIME OF SOUNMD THROUGH THE LIQUID BT. TWO CRYSTALS(SEC)

C AL =VEL. OF SOUND IN LIQUID WHEN THERE ARE ND BUBBLES FLOW(M/S)

C M = TESTING NO

C WL1 =LIQUID LEVEL WHEN THERE ARF BUBBLES FLOW ( IN )

C pL1 =READING ON MANNMETER FOR TAP NO. 1 ON TUBE(FT/10)

C L2 =FEADING ON MANIMETER FOR TAP NO. 2 ON TUBE(FT/10)

C HGL =PEADTIMNG ON HG. PRESSURE GAGE (LH)FOR GAS FLOW VOLUME METER(IN)

C HGL?2 =READING OM HG. PRFSSUREZ GAGE (RHIFNR GAS FLOW VOLUME METER{IN)

C ROVD =GAS FLOW RATE ( CU FT/MIN ) BY ROTAMETER

C N = NO. J3F READING IN TIME DATA . - .
C BATATS =VOID FRACTION COUMTED WITH COLUNM HE IGHT { IN. J—————— 80

C RATAN =VQID FRACTICN COUMTED WITH MANOMETER /N POSITION 1 ~---B1 .
C BATAZ  =VOID FRACTION COUNTED WITH MANNMETER /M PGSITICN 2 ——=B2

C VOLPS  =SUPERFICIAL GAS VEL{FT/S)  —mmmccemmeeee e v

C VOLFM  =GAS FLOW RATE MEASURED BY WET FLOW METER (CU FT / MIN ) :

C.. AM = ACQUSTIC VELOCITY MEAN OF GAS LIQUID MIXTURE BASED ON TIME MEAN-
C {(M/ S}

C AMN = ACOUSTIC VELOCITY MEAN OF GAS LIQUID MIXTURE BASED ON VEL. MEAN
[ {14/75)

C 307 =STANUARD DEVIATION BASE ON TIME BASE OF ACOUSTIC VELOCITY OF MIX.
¢ {S)

C SDTY =STANDARD DEVIATICN BASFE ON VLOCITY OF-ACOUSTIC VELOCITY OF MIX.

C {M/s)

C RD=DIFFERENCE OF ACNUSTIC VELQCITY RATIO BT. DIFFERENT BASE

C

C

1 DIMENSION T(20),A(90),C{90)
2 . X=3.241%2.54/100,
3 H32=10.
4 =.000063
5 WLnN=21,75
5 AL=X/TL
7 WRITE{(6,88)
8 38 FORMAT('17')
e WRITE(£,2200)
10 2200 FORMAT(////7)
It WRITE(&,1000)
12 1000 FORMAT(////7TXYTEST NOv&X'V 'QX'BJ'4X?BZ'SX'AM'5X'AM/AL'4X'SDTV'8
1X1SOT NY)
13 1 READ{5,100)#, WLl'DLIyDL27DL31DL49HGL19HGL2:VOLFMyDFDMyN,CC
14 1IN0 FORPMATI(IS,7F% 2F10.24154F7.4)
15 IF(M.EQ.0) ,ﬂ Tﬂ 30
14 WLI=WLT +30.,-WLD
7 BATATS=ABS( WL} /LWL +HLD)
18 BATAL=,12%,173%A8S(DL1~DL2)*.5

19 BATAZ=412%,173%ABS(CL3~DL&4)*,.5



T
w N

14

15

16

7

20
500
72
20

$ENTRY

HG=ABS{HGLI-HGL?2)
V=(1.+4G/29,021 ) xVOLFM
VOLPS=V*T44, /160,51 ,00%,7T854%2, 75%%2)
REAN(5,200)(D(1),1=1,N)
FORMAT (1OF7.2) :
$T=0.0

DN 11 I=1,N
T{1)1=N(1)*0.00001
ST=ST+T(1)

SN=N

TM=ST/SN

AM=X/TM

SNTY=0.0

DN 14 I=1,N

SOTM=SNTM4 (T(T)=TMY %2
SDT=SQRT(SDTM/SN)

AMU=X/ (TM=SDT)
AML=X/(TM+SDT)

PO 15 1=1,N

A{T)=X/T(1) P
SAMN=0.0

nNo 16 I=1,N
SAMN=SAMN+A(T)

AMN= SAMN /SN

NN L7 I=1,N

SDTVM=0,0

SNTYM=SDTVM+ (A{T)~AMN)*%2
SDTV=SQFT(SDTVM/SN)
AMNU=AMNESOTV :
AMNL = AMN-SDTV
AMALR=AM/ AL

ARU=AMU/AL

ARL=AML /AL

ADN: Y= AMNU/M_
ARNL=AMNL/AL

WRITF(6,5C0)M, VOLPS,BATAL,,BATAZ y AMN, AMALR,SCTV,SDT,N
FORMAT( S5X91843F7e392X9FT7a19FT744+2F12:.4,13)

GO TN 1
CALL EXIT
END
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Data of Test Run No,

TEST NIO
160
151
162
1543
164
i6%
1656
167
168
169
170
172
172
173
174
175
17¢
177
178
177
120
181
182
1832
134
195
134
137
1ae
149
1930
131
132
iaz
194
198
194
197
19R
19a
20C
201
202
207
204
208

206

\
NL.001
0,001
0s 004
0,007
C.012
0.0113
0.015
0.015
0042
0,053
0,027
0.0728%
0,031
Ge 071
N.035
0,040
0.047
C.0585
0.040
Ce D510
0,034
N.033
0,022
0.100
N, 112
D127
0.137
0.147
D162
0. 174
0,123
0.192
0,200
0,219
0.213
0,232
0.241
0.293
0,373
0,252
0.325
0,325
0471
N.H1E
G045

~
CO\F.‘\,‘TI\

0,651

31
0,003
0,006
0,008
0,011
C.018
0.018
0.021
1.07232
0,027
0,031
0.03¢
0,042
0,044
(. o \., 7
0.052
C.CaC
0,071
Q.85

G,

SERAS B wn ke s BRVARNF S SV

IRCo R e ABNS SN s RN I B AP I Gy ]

Y P ) 8 ed s el g

<
%

N
o
I

0,276
N.282
0,224
0.236

]
[
[
0
1

-

9
[AS ISV IREUIRYS ISV NG SNV EEYS IS I AN |
D OO ON = OO

2
Jd =~ 0 o
AR AN I N e AT EEN T, IS I

oD
¢ o
AP EEAN]
ol

Table

32
0.002
D005
0,007
G172
9.019
0.01¢9
0.021
0.0273
0,027
0,031
D036
D.029
0,042
CL.0068
Na.0)5R
0,034
D7

N.N079
D.093
e 30
2 L16
21?9
P
.07
2183
a 203
<24
25

. 2539

0
T4

OcacwDC)o<D:)o:3c)o.J\,o
o

£ 3
RHU(V:JNquJw;Qru~“O

.
s 274
. 278
22730
o235

C.202

0,229
D.301

0.7307
0,201

0,211

Q.27
D.284
D278
Ne?276
D74
0,270

C.1

AM
13C6.7
12306.7
1306,.7
1206.7
12067
1306.7
1306, 7
1206.7

120607

1306.7
128R,.%
1290.7
1289.1
L2R8,132
1288,3
1278.5
1275,5
1265, 6
12674

Mt o s
..C.’!o‘)

12329.4
1221 .5
1214.0
1204.5
ITR6 .9
1154,0
1137. q
'!'iOQ £
xQQZGS
1078.,3
1089,

[;

10850, 1

1065.54
1055,9
1088 ¢
1025.5
10237
1128,.79
1038,4

1050.3
1056.4

1042.2
1049.4
"

1052,7
1075.0
TGe2,.7

1082.0

AM/ZAL
k-] \)OOO
2000
PRALOLALY;
3080
30”0
« 000

. 00007

- 0000 |

Q000
. F85BQ
< OBTH
N0.538¢65
0.9859
s GRS
0.5783
0.3760
0. 93485
0.C7C0

-~

Ca3S026
0.2483
0,76272
0.9287
0.2218%

1
1.
1
7.
1.
1
1
1.9000
1
1
Q
0

0..3078.

Do &824
0e.86%6
DeHLES
0.8344
0.32728
0,337 4
0.79¢7
0.8132
0.305¢
0.8300
07812
0.720%
Q07577
07920
03000
0.802%
0.7952
00,7067
0.801¢
0o 815¢4
Dea%iw

0.3227

160 and rigs.5.3,4,5,6 and 7.

SDTY
0.1544E-02
Q0.1544E-123
0o1544E-03
(e 1544E-03

T 0.1544F-C3

Ov 1 54,(;5;*-(}3 *

0.1544F~(3
(0a1544F-03
0.,1544E-03
Cal%44E-02
2.6381E 00
0-,1154%E 01

D

00,3822 €O
0.6365E 00
0. 6365E Q0

0.2632F 01
0.2025E 01
0.1851F 00
0.2541E 00

A A~ - ~

\JuL()““'C il

1963F 1
1E 00
N.2473F 01
0.1110F 01
0.4232E6 01
) = 00
0.8725E 01
0.1047F 07
0.14758 Q1
D.3773F Ci

W

t

0.91558 GG
0,8313F QC
0.12238 Q2

0.62658 01
0.1120F
D.4T1DE O
0. 1395F (2
D.6521F 0}
0.1412¢
0.9R8R1E (]
D 43256F 01
0.56479E 01
0.1R02¢ 07
DelBABE O
D.1248F 072
DabB12F 1

0.2017€ 02

Table

C.1(cont.,
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SOT
0.1601E-09
0.1601E£-09
0.,16G112-09
0:,16015~09
0,16016~09
0.1601E-09
0.15601E-09
0.316015-09
0.1601%-09
CalhQ15-09
0.10005~-06
0-1400E-06
0.12312-06
0.16125~06
DL.16125-06
0.7913E-05
0.36461:-06
0058?55—06

2 7399E=06
U-0045T~06
C.9894E-06
0.,1087E~05
0,12675-05
0.12785~05
D.168255-05
0.22008-05
0.2819F-05
0.23535~05
$.24285-05
0.38795-05
0.36945-05
0.5579%~05
0.4225£-05
0.41952~05
0.47325-05
0.5677%-05
045367 —05
0.1385E-04
047317%-05
0.5356E-05

i

T

-0,6738E-05

043335E-05
0.512A5-05
Na5182C-05
0.7650E2~-05
J.574647-05
0.46953£~-05

on
next page)

N

Sk gnd Leed tud ey e e
oNeoNoReNasNoRe

ok e s
joReRe]

-

10
10
10
10
20
20
20
20
20
30
20
30
20
30
40
&0

|

40

40
40
40
40
40
&0
40
40
4Q
40
40
40
40
40
40
40
240
20
40
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207 0,722 00268 0,259 1112.8 0o8316 (.7286F C0 0,4876E-05% 40
208 0,804 0,262 0,259 110455 0, 8453 0, 1508E 02  0,4103E-05 30
209 0,876 0,259 0,264 _1042,0 06,7975 0. 9037E£-05 30
210 0,958 0,257 0.264% 989,00 0.7569 0. 1132E-04 30
211 1,030 0,259 0,259 1018,0 0. 7791 Co1128E-04% 30
212 1.113. 0,270 0.274 101850 €, 7791 0, 1128E-04 30

Table ¢.1(Cont. )
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Table (.2
Data of Test Run No. 401 and Fig., 5.8,

v . ®1 . g2 B0

3.002
0.011%

0.002 0,002
0
7. 0,025
7

0,010 9,
0.017 0 0,0
0.031 0. 0.029
0,035 0,03 0,042
203 . 0,048 Na.042 0.054
0.027 L 0.056 7 p.080 0.0&T
0.044 0,066 . 0.058 0.074
0,052 . 0.091 o 0.0732 0,086
0,067 0,087 0.085 0,098
0.071 . 0.108 0.102 0.119
0,079 0.118 0,112 0.130
0.025 0,125 o 0.120 0,140
0.100 D.145 N,141 0,163
0.114 . 0.162 0,156 0,179
0.1321 0.174 0,170 0,200

©

DO
i~

Pl Do~

©

DO DD

®

DD DD DO
*

EN I QECRI

0.149 0.187 0.183 0.209

1,478 0,197 0.191 0.223

(.18 0.10@ n.1e2 n.22s

0.200 0.206 0,199 §.245

N,z21¢ v 0,203 Dae 135 , 0,245 .

)
o}
0

(9N

0.179
0,237
N,245
6,250
QL2813
0.270
0.275
.280
0.297

0,287

0,141 0.170 Nl
n.228 0.208 N,
0.2469 0,209 0,
0.286 O 0.216 0,
0,252 0,216 0.
0.294 0.220 0.
0,634 0.228 0.
0420 0.228 0,
0.504 27 0.
N.526 O :

(S IETS]

[

[
°
[\
5
~

N3
~d
>

i) 5 3 ;o
("o‘é.}.l Oo BC ’ I)n {.‘}0287

0.298

D
™

87

]
s

P
&

S IR I S B R e T R W

M- D™D D oo O

2

} e 2432 0
0.726 0.2467 0. 0.2¢8
C.R17 0,281 n. 0.210
0.RO7 0,258 S 0,210
0,984 0,25% D245 0.310
063 0.259 0,252 0.214
.15 0.262 0,262 D.3216
$C41 0270 0.27C 0.320
237 0.270 0.270 0.322
0.270 0.27¢ 0.320

Ff

O
o
RS IEAVIIAVIE LS IRAV B S I ER SIS BN I S N S I TS TS IR S IR S G IO N

T e it et b [ b ek
°
\O fj Jed N) N D et

43
154 270 Do PED 0,316
L0563 G.0n58 N, 262 0.214
984 o262 0,249 0,203

TableC.2(Cont. on next
page)
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44 8
440
450
4517
451
457
45 4
455
456
457
45 8
461
4672
LA
bylz-a‘.\l.?
LE S

hb A

4467
L6 R
L7

L7n

477
472

R

DO ODIND oo 0N

md:égﬁwm”kww

0,217
6.732
0,642

(?c ('::){)

L0680
Ga:’:(,:f[!-

D284
D764
oo;‘i)\n

X &

o

o @ ]
s Ny Pt L

°

L

=

0.0

S GL 070

B.057
D030

e

>%
S

—
[
°

262
w282
257
2566

N
-
LI Y

L3

282
279

P74

°

DO O D DD
o

<

0,257

G.199

'62.56;, :

C
0.237
N.220
0.224

S
I

G.220
0.701

0.187

0,168
0,143

0.120

0,100
C’u 01*2

262

DD D OO
S

266,

224

OOV OODIIODO D
L

<
R

]
OO N R
AN i N
N~ D D~

[

&
I3
P

IR JEAS BEAV BN

[
L
A O R NN W

@ o ¢ ¢ o e g
O

(SRS R o]

*

Pk e s ()

o
N

)
P3N RO MY N BN e e

o

2

0.
0.162
D.13¢
0,116
0,093
N.0RT

e
py

SoRNs Ny N

94‘

c.zan
0,268
0,299
0.287
0,331
D341
D.341
0.210
0.280
G.25673
0.2032
Q0. 147
0.250
0.237 !
0.237
0.223
D.220
0206
0.188
0.1¢3
0,130
D.1312
N, 084

{\) = i’:\' 2 A

TableC;Z(CnntQ :
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Table C ° 3

_Daﬁa of Tesy Rum ) 11e

No, 601 ~and Plgs 5, 9 10 and

TEST NO Y, %) R AM CAM/AL soTtv spTr N
601 0,007 UsG0S 0,006 1416953 100000 Ga4632E-03 N,14555-10 10
602 0,012 N.025 0,729 140702 ©aSS15 (o 77208~C3 0, 87316-13 10
GG U530, 054 (0,042 14372 059915 Co7720E-03 (,87315-10 10
&G4 D044 DLLTL 0,058 140304 (059887 0,1195FE a1 O, 3878E~-06 10
605 3,088 0,081 0,075 138701 009773 Uu2521FE G 0, 80785-06 10 ,
ACH OLUTL 0,104 0,195 135104 UsS521 (03551F 01 0,13425-0G5 30 |
607 0,085 0,120 DL116 134400 Co 9469 (o23256F Ol Gollb0E~05 30 |
63 TL,100 0 0,137 8o1321 133901 009435 L,5061F 01 §,16128-05 40 i
6G9 0,116 0,154 0,140 13200 o 9300 (o1323F 01 0. 12788-05 30
610 D5131 9,188 0,160 130667 009206 C,3664E GL 0, 1770E~05 30
611 00148 Do18l S.174 129100 059096 0,1050F 02 (o0 1820E-05 30
612 05165 §Goi89 0,181 128950 $5 9081 (o7820F (0 0,2291E-05 3p ‘
613 0,182 0,197 00187 126907 (08946 (.2754F 01  0,2207E-05 30 :
bl4 200 0,103 0,193 1277.6 Go9002  0oS054F 1 0h2140E=05 30 - -
£15 0,218 0,201 o : 126751 0,8928  0o3427¢ 00 20 J5TE-05 30
STr botma Gt ; 0 0720 U e uh Yo
17 0,1 '

7

S
p

s
fire]
~
o

&

A NG e

i
L]
S B

24 O,
25 0L
626 0,047 0¢ '
627 0,003 G046 i ) .
629 (0,012 2,025
£20 0,007 4,008 .
630 0,10 N L14E Th,4 71,92 0,1%£2F Q01 0.12105-05 20
631 0,120 o GLLB7 0 1287.6 0.90 G.47760 00 Gl E-05 230 -
E22  GL,27Y L2200 0,008 LT 0,89 NLASTIE Q1 0. 30
7 G.? 3
L

DA D O
on ;
{
)
Ui o

)
FNLS BN Qe
1O

D
RS TEA TG S
U5 IS AN A
s o
GO o O
O

s

]

N

]

jd
DO

&

9]
[}
L]
™ ¥
FLEARN
DN
-
ERS IS BRSO

SR IR
.
\) .
Mo o N Do
\AJ (.-3

>
&
o~ W 0 D D O g D

9

?
3 361
834 0, 2 . «5958E5=05 -
435 (0,542 0,255 2232 27.0 0,941 N.329875-05 20
ARE QL. ALT DLDAD 0,245 VEAL 50,3076 7RTE 0.426QF~05 230
537 0,772 0,250 W 245 TCOELAH DLTR2C  (CL.B8982F QI (.73558-05 30
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Data of Test Run No., 1101 and Figs. 5.12,16 and 17,
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Table (¢,5

e E . s .. P

Data of Test Run No, 1220 and Fig.5.13.
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‘Date of Test /Run No. 1307 and Fig.5.14,
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Table ¢,7

#

Data . of Test Run No., 1401 and Figs. 5.,15,16 and 18;_\
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Table C,8
Data of Test Run No., 1601 and Fig.5.19,
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Table C,9
Differences in acoustic velocity using different

calculating bases ( Test run mo 160 )
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S
=

TEST NO v a

3160 0L.0017 0.0032 1304.7 1306.7 0.5206 0.9206 ~0.0C00 10
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175 0,042 CL.0AD 1272,2 1278.5 0,900& 0,98008 0.0001 20
176 0.047 - 0,071 127E 1275.5 0.5%85 0.8987 2.0C02 20
177 0,055 0,085 1267.5 1285.6 0.,82246 00,8917 0,0001 20
172 0.660 CL.100 1247,5 1267.6 7.8930 0.8%21 0.0001 20
E AR T O P T R O o T LAG7.8 125n.0 33802 30,8853 00062 20
180 0.085% Q0,122 1237.2 1229.4 0.8731 0.8732 0.0002 2
181 0.082 0,128 12310.3 1231.5 0,8674 00,8676 C.0C02 20
182 0,089 0,145 21,6 1214.0 3.8550 0.3553 0.0003 30
183 0.100 0.146 12041 1204.5 DeB4EL 0,.84687 C.0003 20
14 0DL,112 0 0,187 T186.2 1186,9 D.8257 0.8362 0.0C05 20
185 0.122 0,203 JLS3.0 1154,0 0,£123 0.8131 CL.C007 ‘ 40
186 0,127 0,222 1134, 1137.9 5.8004 0.8017 0.0011 40
TRT7 0,148 Q.240 108,77 1ige.n D.7811 0.,7819° 00,0008 40
182 0,182 0,264 10904 1092,.5 0. 7682 0,74¢7 - "0.0015 40
129 0,174 0.276 1075.4 1079.3 DeTEEL D,7604 ¢.0¢20 40
i90 0.1R32 0,282 1085.4 1089,0 D.7654 0,.7672 0,0018 40
* 15 0.192 C.234 i045,0 1050.1 De 7363 0,7299 L.0C356 et 40
1e2 0.200 (.286 1067 .6 1065.46  0.T7486 00,7508 G.CC21 40
192 0.210 0.791 i051,0 1085.9 De7419 D.7440 0.0020 40
194  0.212 0,295 INR4 .6 1088, ¢ Do T842 O,T€E70 0.0028 40
195 0,222 0,206 10207 1025.5 0.7192 0.7226 Ue 0034 40
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205 T CLA04  0L,7T74 1087.0 1092.8 D. T6EE 0.7699 G.004]1 ' 20
206 0,651 0,274 1075.0

1083,0 D.7574 0,7621 0.C056 40
' Table ¢,9(Cont. on mext
page) -



117.8 111741 D.7841 0.7870 20,0030

207 0.722 0.768 1 40
208 0.80% 0.2472 1 1111.6 D.7782 00,7832 0L.0O0GE 20
209 0,876 0.7859 1 1054.7  D.7242 00,7431 0.0089 30
210 0,958 0,257 299,0 1005,9 D,6668 03,7037 0.,0119 20
2177 1,020 0,259 10120 Y03%.9 ° §3.7172 0.729¢ 7 00,0106 20
217 1.112 0,270 IN1E,0 1035,9 N.7172 0.7299  (.0136 30

*¥1he data above the line helong to the bubbly flow region,

*¥%This - is the maximum difference in the bubbly flow region in RD.

Table C.9(Cont.)
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Table ¢.,10

Differences in acoustic velocity using different

calculating bases ( Test run no. 601 )

TEST ND v
607

AM AMN AMARL  AMN/AL RD N

0 1

E02 0.
o
0

1419,3 1.00C0 1.0000 =-0.0000 10
1407.2 D.C¢15 0.9915% =-0.0000. 10
1407.2 0.2215 0.9915 —0.0000 10
i 1403 .4 3.9827 0,9938 0.0Cq0 10
1337.1 1387.3 D.€772 0,9774 0.0002 i0
17 » 1382.0 0., 0821 10,9526 0.0005 20
13446 ,0 13445 0.G469 00,9473 0.0003 30
127 L22%.1 1240.0 D.G435 0.9441 0.0006 . . 40

i ]
Y
O O

r
[~

L
¢

AN TN s
4
i~

E07
L0 L )
H0s5 0,
EQ06 0,071
&O07 0 D,025%
EC3 0,100

°
EXTEES IAS BN |

s b
e R )

BNO 0 NEN O m
5 T ul TN NI S )

»

1

ot

°

L

SO0 Do DD
¢

EN9 0.1156 e 154 12320 .0 13220,.5 80,9300 0.,9304 0.0C04 . 20
£330 0.1 2 168 I306,7 1207 ,.7 D0.2206 00,9213 C.0007 30
&1 0.142 0,181 12891.,0 1292.0 D.90%¢6 0.9102 0.0007

H12 G145 Jo 189 1283,0 '1290.5 0,2081 0.8093 C.0011 ¢

AT N,120 0,107 Y269,7 1271 ,2 DL.R9446 0,8956 “0.0010 ! \
514 . 0,200 Q. 1a0 1277.46 1279.0 0. G002 0.90611 00010 20
HES O 0,219 QL7200 T2ET L 12ER L4 0.,2928 0,R234 G.CCUO 20
&R0 0107 0L.14G T2 A 4 0o Oe®27% CLL0s 20
A5 N, 1870 0.127 YrA7 L8 e i3 DL,0000 20
£R2 0,271 Uie 221 2EG .8 e CoCC15 20
A7 0260 0.237 1274 ,8 {eF ¢ 20
G54 D.4an? NLoAd TR . Good 20
538 Q547 D255 1222,.0 N C,0nn( =0
53 £ D640 .25G 1144 ,8 N G.0C28 =0 4
637 G,772 0, 25¢ 1063.64 Os G007 20
LA D892 0,267 ID23.3 10432.,0 D7, C.0Ce8 gcxe
£3¢ 1,013 0,264 1007T.2 1014,9 0.7 0068 26
LA .14 N, 268¢ NIy B CLw, 1 N F 0,C0¢h a0
S0 1,237 CLIZTG 943,00 BEL,T o CCL0033 ele
47 L.440 0,278 773.1 790.5 0,54 C.0080 20

*The data above the line'belong to the bubbly flow region,

#*¥This d4is the maximum difference in the bubbly flow regidn in RD,

Table C,10
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Table ¢,11:
Differences 1N acoustic velocity using different

colculating bases ( Test run no., 1101 )

AM AMN AM/ AL AMN/AL RD N

1395,3 1395,3 09831 G,9831 0,0000 . 10

1383.6 138356 029748 G,3748 =0,0000 10

1356,2 1354,3 309555 (5, 9355 0a0001 10

1318,6 1219,5 C.S9230 06,9257 0,000 30

L 1332,8 1333,6 Co 9350 10,9395 020006 30

1315,0 13158,8 0,5265 0,9271 U,0005 30

g 120600 1306, 8 Co 9202 C€a5207 0,006 390

1y 129844 1299,6 0eB148 0,3157  0,0008 30

0.3 31 9L L247,3 1748,.8 C.8738 00,8798 0,0010 30

0.147 28 121650 1217, 8 (s 8567 ¢, 8580 ¢ 3¢

0,147 2340 1196,5 1199, 6 008430 0,8452 30
Co224° 1201.,8 120802 508467 0,8513 30

n,ooR LL710 1178,1 0o B250 0,8273 2 30

e 22 1.82,8 186,11 308333 00,8357 ek 30

13 7 11876 1191,8 158369 C,8397 _ 25 30
1 r 20,20 1182,8 13186,3 0-8333 0.8359 (0025 30
¥ 3smEs g G 0LPAR 1. 3650 1122.4 (L, 7883 0,7208 0,0045 30

TiR4 (1,340 (3,785 Li42,5 1051, 4 To 7348 Go 7408 : : 36

1I58 0 0,450 0.264 371,9 976.4 95,5848 00,6376 UoD032 30
PIRA D BRL N D4y 9862 1{23,0 0,T033 0,7308 OaUt (4 20
1097 l.hn4 U 1128.2 1142,5 007549 0, 8549 0.Gr00 30
1158 0,774 @ TL03,5 1117,8 Gr7775 0,7375 0o 0101 30
1159 ¢.a824 168561 10Y8,9 ToTOH5 UnT7742 L0097 30
I160 1.027 0 100660 1919, 5 Go TUBB 05,7183 (16 Q95 30
11 GG1.8 100551 T 0. 6988 0,710 65012 30
o G997, 8 795 o TH3C 00733 30

*The data above the line belong to the bubbly flow region.

#%This is the maximum difference in the bubbly £low region in RD,

Table C,11



Differences in

calculating

TEST NO Y, 31
1401 0,007 6,002
1403 0,031 0,032
1454 0,045 0,062

1405 $.059 0,081
1426 £,072 3,104
1 4127 Hy > 084 ‘ﬂ> g_ 1 6
1408 0,107 0,143

Table (¢,.12°

acoustic velocity iusing different.
‘bases ' ( Test run no, 14071 )

AM AMN
1416,32 1419,3

1421, 7 lﬁ3!37
142157 '4%757“

14146, 141454
1402, 0 1% 407253
1279,7 1340,0
1359,2 125%,7
1364,4 1244, 8

1409 D118 0,166 1329,3 1339,7
1410 0,134 0,189 1’1;,0 1313,9
1411 0,152 0,203 1303,9 1305,5
1(1'.:.2 ff‘v !.69 1)«._1.4 43377')(‘ :{27739
1413 0,182 (¢,222 126854 12704
1434 0,195 0,226 1289.0 1290,.9
TTTL4Y5 00207 (a224 10756 12775
1415 (:1 23\, ’:()22[“ .’_.-’\") 3 {2‘”0 3
14‘17 {}o 226 {)9228 ’{:8(_\0(? 1&8?*)7
1438 (,267 (0,228 1292,3 1292,6
1419 (0,300 0,226 123601 124244
LAZ0N D344 0220 108,98 1218,2
1421 5392 Uoz33 1194,2 1206,5
L422 D460 0,232 104150 1246,8
1423 0,545 0,233 1191,2 1200, 7
1424 ({0,657 0,233 11068,5 31124.9
1425 0,784 1,235 1088,1 InTT.7
1426 ,01A 10,225 1062,7 1085%,9
1427 1,072 0,239 Q91,0 1010,9

—

AM/ AL

1.0000
1.C08E7
1L.0087
J.G4R73
D.S878
1.9721
0.9576
0.G472
De9436
0.2250
0.9187
D.RCaQ7
D.RC27
2.2082

AMN/ AL RD

1.0000 ~0.0000
1.0087. -0,0000
1.0087 -C.0000
0.9965  0.0002
0.9880 . 0,0002
0.9723  €.0002
0.9580  0,0004
0.9475  0.0003
0.9439  0.0003
0.9257  0.0007
0,9198  0.0011
0.9004  0.0007
0.8951  0.0014
0.9095  0.0014

111,

'M

£

WD 0 0) U LD L0 1 ) ) et s feat

D.8088
0.8467
0.9025
0.5105
C.R7GO
n.8E17
D.RLYG
DR 744
0,8304
00,7789

D. 7455,

07487
D.69R2

0.9001  C.0014
0.8527  0L.0050
0:9937  0.0013
0.9114 00,0009
0.8753  0.0045
0.8562  0.0048
0.8501  0.0087
0.8785  (,0041
0.8460 00,0066
0.7897  0,0108
0.7593  0,0138

D765 7 (.0164

07122 00140

rheleisieoNoNoRoRoNeoloNoNoRoRoRe Re

[SEIRRS RS IR EN)

*The data above the line belong to the bubbl

vy flow region,

**This is the maximum difference in the bubbly flow region in RD,

Table C.,12
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APPENDIX D

COMPUTER PROGRAM AND OUTPUT FOR CONVERSION OF AN ELLIPSOIDAL
BUBBLE INTC AN EQUIVALENT SPHERE

This appendix gives the computer program used for converting an
ellipsoidal bubble into an equivalent sphere. The data are for Test
Run No. 160 in which photographs were taken of the flow conditions
between the crystals. Details of the measurements are described in
section 4.2 of the body of the thesis. The output is also given in
which the meaning of the important symbols is given below.

NO

Datum point number

BATA = vold fraction

N = number of bubbles
A = major axis (in.)
B = minor axis (in.)

D = equivalent diameter of equivolume sphere (mm)



FNRTRAN

CNotL
0002
0003
004
D005
006
0207
0008
0009 -
0010
0911
Q012
0013
0014
00195
0916
0017
0013
0aL9

0020 .
w2l
ca2z2
[IRP-
002 %

v

G

LCvel L, =00 3

S EeNeN N eie!

AN

N = Ni. UF JUdsLFS
3ATA =VID FRACT TN
£y U F=SEMIAXIS GF SLLIPSOID

113,

DATE = 70006

[NTERMS & ELLIPSOLD INTCANMCLUIVALENT SPHERE A1TH A DLA=9
[8 SAMPLE :

DIMEAS [ON BL200),FI500),0(500) ,5(3509),:4{900)

L REAGS, L) BATA, M)
LO FURMAT(IS,F7,.3,19)

READ(S200LELTD) 3 I=1y8), (F{1),1=1,

20 FIARWAT(20F4,.2)
99 11 i=1,1
HLT)=,33 735K
(] )=,333%F

LL . a{I)=%D.8%(,
ARITE(S,y ZLING,BATA,N

25RGIT I *#2%H (1) ) %% ,333

21 FJRMAT(///SX'NG='[5//§X'BATA='F70215X‘N=’IS)

ARTTE(S, 220{CE{ 1), 1=1,N)
22 FORMAT{/SAIA=I20F6,2)

WATTE(H, 230 (L) yI=1,N)
23 FAORMAT(/5X*3=120F6,2)

“‘.’!{ITE‘(()I?(P){D([)}I:lyi\l)
2% FARMAT(/5X10=120156,2)
G4 IITctT,55)3ATA MO, N

D5 CFGRMATV B SLES DISTRIBUTINN SATAS S 3, "ND= T3, 3%, 1%,17

1 U,5 L B
42 WRITELT,43)I0D01)41=1,N)
&3 FURMAT(20F4, 1)

Y T
LS I ]

.
B ~J 1
A3 watt mAatd

|
)]

La/s0/18



23T n= BRIRS = 13

AE 0.2 0.3 DLW 3.0 G053 A1z GLiz Col2 0 C.0% 0 DUY 0LiT o nuiT L.ie
A= 0.1%  0.22 9.33 0.05 0.03 0.10 6.i0 C.ll 06.04 f.12 0.1l 0.12 0.12 - . ' .
o= 2415 2,30 D3 G.42 0.20 0.5 0.96 0.S9 3. 54 o3 1415 1.28 1.23

.
AATA= Q.01 N= 21
3T O8.0400.06 0.05 0.05 0.93 .15 010 0.25 0.04 0.36° (.04 9.09 005 0.04 0.28 0.18 0.16 0.11°0.15 0.39
4= 0418 ' .
B2 0.040 0,05 0.35 0.05 0.03 013 0.08 0.22 0.04 .06 0.04 0.09 0.05 0.04 0.12 0.12 0.12 0.106 0.12 0.13
1= 0.12
©E 0254 0051 D.AZ 04420 0026 1,21 0079 2,03 0.34 .51 0.34 0.75 0.42 0.34 1.79 1.33 1.23 0.60 1.33 2.15
5= 1.33
ho= 143
©ATas 0.0 = 22
AT 0.3 AL D12 030 0432 0.19 C.30 0.11 0.15 0.10 0.3% 9. 20 S.230.20 0.20 0.30 0,20 .20 0.32 0.23
A= 0.13 0.10
8= 0.31 0.10 0.1% 0.1z 9.12 0.20 0.12 0.22 0.1C 0,12 5.10 0.22 0.32 9.20 0.15 0.15 0.12 0.12 0.16 G.12
2= 0410 210 '
BT 3.99 0.90 1.16 1.8 B+96 1253 1.38  1.18 1011 0.50 2.97 1,75 2.48 1.70 1. 54 .15 1,43 143 2,15 1.43
U= €.35 0.%5
Nz 184 ‘
BATAT 0,01 Nz 25
AT 0032 0.40° 0.22 6.22 0.60  0.30 Pe300.400 0,22 0010 0.85 0 0.20 0,16 0,20 0.23 0.28 3.23 910 6.11 0.32° -
. A= 0.30 0.12 0.4 0.22 5.30
g CRs 0,22 9020 0.2G 0.14 0.32 0.13 0.1 G.20 0.14 G.id (.30 £.15 0.1 0.13 0.16 9.15 0,18 0,10 0.10 0.139
§ M2 0415 9,11 0.25 G.1s 0,12 ®
H —
J$~ﬂ?¢wwu# LT 2a0D 2009 L9l 181 4403 2015 2006 2.69 l.sd 2.:2 3.4 Lo5% 1,20 147 1097 1.97  2.05 60085 C.90 2.66 E;
AR S - e .. ) i : . . . . i
. ' - - N ., ) 3
. kN




WA form bt

D432 9.20 0.8 9,28 C.l6 0.22 0.25 0,30 0.50 U425 0.48 0.20 0.22 0.38 0.32 0.40 0.30 0.22 0.30 0.32
0.21 €.22 0./4 3.40 0.32 €.50 Geh2  CoBD 0.200 0.3 0.30  ¢.53  0.30 0.30 0.40 0.20 -

032 0.30 0420 1,22 0.14 0.15 0.18 0,25 Cu235 0.20 0.30 C.lxy 0.22 0.2C 0.28 0.28 0.22 0.15 0,20 0.28
0.16  35.20 0.1d 6.25 0.15 0.29 0.15 0.30 0.12 0.2. 0.1s .23 0.10 0.15 0.13 0,14

2.55  2.55 2.22 2,19 1.30 l.6% 2,05 2.40 3.50 1.9 3.48 L.64 1.87 2.60 2.50 3.01 2.30 1.64 ;’.22 2450

len3 1.8l 2.95 2,90 2.11 3.12 2.53  3.58  1.43 2.3% 2.06 3.12 1.77 2.02 2.50 1.51

= 0.02 NE 24
N.50 0430 3,40 6.38 0.25 .12 DL s 0038 0,28 4,750 a.7s. M?25% 0 3.50 D030 G036 0.4n C.43 2.3D 0.50
0.50. 0.40 0.50 ©.50 0.30 040 0,40 0.50

0.35 0.20 0.35 0.28 .22 G.10 0.13  0.20 0.22 0.23 0.12 0.60 0.13 3.22 0.22 0.22 2.72 .20 9.20 0.5

0.13 5.20 0.22 0.40 0.15 0.30 0.18  9.25
4e25 .2.22 3.4 2,91 2.03 C.95 2.15 3,12 2.69 2.31 1.33 5,90 leo% 3.23 2,30 2.59 2.73 3.04 2.22 3.30

3.02  2.69 3.23 3.94 2,15 3,03 2,60 3.37

0.538 0.35 0.30 0.32 0.30 0.30 .23 0.50 0.30 ©C.45 0.40 0440 0.50 0.32 0.32 0.40 0.20 0.30 Q.32 §.50
0.35 0.20 2.20 €.20 0.18 6.13 C.18 V.26 0.20 0.9 0.20 0.25 2.16 0 0.20 0,20 0.28 0.16 0.25 0 20 0.20

4ol 2046 2027 2,32 2.15 2015 1480 "3.41 2,22 2.s 2.49  2.93 2.90 2.32 2,32 3.cC1 Levs 4060 2.32 3.12

“Cit

2.53  9.50 a.on 36 0450 0U3% 0.4k D.3E 5.22 0.4 .50 G.l3. 0.35 0.30 0.50 0.25 5.40 0.20 5.722 Cu25 ’ :

(]

Y36 0038 0L %0 G.40  0.48

o3
>
L
>
.
v
>}
[w]
.
Uy
o




BEOU4l 00E2 0 2,1k O, 1s DedB (.70 0.0 0,27 Q.o S N 1 R P AR B N

o200 0035 D035 0030 A.18 2.28 G.22
(J H= 2,24 Se2C D.in L.29 0.22 ¢.29 Te 20 C.2C
o cooBE 3053 3065 1,64 2002 3,50 2.46  3.18  2.69 1.81 3.76 3.58 1.47 2,46 2.22 3.76 2.556 3,08 1.64 2.60 2.03

U= 2,81 2,60 2.5C 2.01 3,14 2.22 32.17 i.12 .

GE0.30 0 0032 9025 G.2¢ 0.15 0010 C.zG D420 0.22 Q.30 D.22 G.12 0.30 0.20 0.15 0.27 0.12 0415 0.30 0,22
= D435 0300 Ceal 9,18 0412 0.15 0,30 0.i2 0.30 ¢.22
B 3203 3.25  2.55 2.91 3.02 1.771 2.46 T2.422  2.783  1.31 2.40 1.83  3.58 2.22 2.36 331 2,27 2.02 3.81 2.22

C= 3.76  %.0m A.we 2033 V%3 1,78 v, 02 L.02 4.04 2,34

A= D40 L0040 0.0 0,30 0.70 0.40 (.23 C.40 0.32 G.37 .30 £.42 6.50 0.20 0.50 0.33 0.30 0.65 0.58 0.52
A= C.55  0.40  U.25% 6,40 0.567 0.40 .00 V.25 C.50 C.33 0.95C ©€.22 0.32

2= 0,20 0.25 0D.14 0,12 0.32 0.25 Q.20 Ve25 .22 0.:d 0,20 043D 0.30 0.13 0.30 0.30 0.22 0,45 0.30 0.30

= 3,03 2,90 2.15 1.38 4.57 2.90 2.12 2.90 2,40 2.22 2,22 3,18 3.58 l.64 3.33 3495 2.30 4.35 4.04 3.67

Ni)= 171
EATA= G.04 N= 27
4= 0.20  0.50 0.42 0.40 C.30 G.40 0.70 0.60 U453 0uwd G.50 .22 0.40 0.45 0.50 0.42 " 5.J70 0.70 0.30 ©.50 1 .

B=  0.30 0.23 9.25 0.30 0.25 C.15 0.40 0440 5.33 0.0 D.20  0.20 0.15 0.32 0.30 0.35 0.26 0.30 0.25 0.40

—
- s
8= 4089 3050 2090 3.08  2.40  2.45  4.92 4.44 3.58 3.0 3.58  1.31 2.45 3,41 4,04 3.35 4227 4u4&T  2.40 3.94 o
. _h
D= 4,62 2.90 3.12 2.50 2.59 . 2.90 2.27 - :
- .
wi= 172

NN

1
¥




’ c} X A= 0.30 0.55 030 0.30 0.325 0.45% 0.33 (.40 0.30 U.55 0.70 G.40 0.65 0.6C 0.55 0.40 0.40 0.60 0.22 0.42
= 0.35 0.45 0.33 0.28 0.25 0.30 0.22 0.30 0.30 .30 0.40 0.32 0.40 0.32 0.40 0.42 ©.35 0.22 C.20 0.18

D= 3,76 4436 3.76 2.49 2465 3,33 2.69 3.C8 4.89 H.3l 4492 3,15 4.69 4.13 4.19  3.45 3.24 3.64 1.81 2.59

SATA= 0.03 N= 30
A= 0455 0.33 0.5C 2.50 0.40 0.50 0.50  C.40  0.3C 10.30 0.40 0.30C 0.30 0.30 0.40 0.50 0.60 $.6) 0.5C 0.40
A= D43 0.30 0.40 0.40 0.40 0460 0430 0.30 0.40 .50 N

B= 0.40 0.22° 0.30 0.35 0.20 0.30 C.3%5 0.25 0.25 .22 0.22 0.30 0.22 0.22°0.30 0.32

(=]
.

w
[\3]

0.30 0.40 0.40
EE 5.3 0.2C 0.30 0.20 0.30 C.25 0.20 0.25 0.25 0,390

D= 4019 2.69 3.58 3,76 2.6% 3.53 3.786  2.90 2,40 .33 2.73 0 2.55 2.30 2.30 3.C8. 4.13 . 4.13 4.064 3.9%  3.39

D= 3,03 2.22 "3.08 2.49 3.08 3.80 2.22 2.40 2.90 1.58

k= 0.55 0,50 0.32 0.32 0.70 0.50 0.50 0.50 0.49 .70 .40 3.55 0.4C 0.50 0.30 0.40 0.40 0.32 0.50 0.40

3= 0,30 0.35 O.\b G.30 0.45 0¢.30 0.30 O.;O 0420 .33 0,40  D.35 0.30 0.20 0.40 0.30 0.30 0.22 0:30 0.22
ﬁ: 0.25 0.40 0.30 0.30 0.20 .30 0.25 .30 .20 ' '
0= 3453 3075 3.07 2406 5412 3.58 . 3038 3.94 3.U8 a4 d 343% 4.ul 505 3.12 3.94 3,03 3.08 2,40 3.58 2.78
D= 3.59 5,50 3.28  3.58 1.8l 4.47 32.37 3,58 3,12

I4C2171 .

TRACFBACK FOLLOWS~ AT INE {SN REG. 14 RES. 15 RE . 0 REG. 3

130N GO043912C JUC43030 SRR I R 00345533
- -~ - - - ™ - -
IR SNCOrC2A C103F038 FD 18098 CO04TFS i
O A i S .
i - ) . el
ENTRY PUINT= D10G3F0R3 . . : . -
3 M
:

-
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APPENDIX E
BUBBLE SIZE DISTRIBUTIONS

During Test Run No. 160, photographs were taken of flow conditions
in the perspex tube between the crystals. The photographs were analyzed
in the manner described in section 4.2 of this thesis. From the
measurements on the photographs, it was possible to calculate the
diameter of an equivolume sphere (appendix D) for the ellipsoidal
bubbles observed. These diameters were used as input into the standard
University of Manitoba Basic Statisfics Program from which mean diameters,
standard deviations and frequency distribution information were obtained.
These are shown in table E.1.

The bubble diameter distributions are plotted in Figs. E.1 to E.1U4.
The éymbol F is the frequency density (frequency divided by class width)

and B is the void fraction.



Table E.1

Tabulated Data for Bubble Distributions. (Test Run No. 160)

-t
Y..;-k
No]

Test
No.

B
void
fraction

Identi-
fication
on

photo

No.
of
bubbles

Arith.
Mean
Dia.
(mm)

Std.
Devia-
tion
(mm)

Skewness

Class
(mm)

Freq.

Fig.
No,

161

0.006

161

13

1.0692

0.6088

0.5238

N OO
O(J'I.CDUIO
I\)F\)I—I-'I—‘O
U‘I0.0TOU'I

.
e

N O ow

162

0,008

21

0.8762

0.5915

0.3973

NHMHOO
O()'I.C)U’IO
I\Jl\)ll—‘l—‘o
()102)1001

°
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E.2

163

0.011

22

1.6500

0.7176
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0.015

l64

25

2.0440

0.7719

0.4987
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°
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Table E.1 {cont.)
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Table E.1 (cont.)
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APPENDIX F
ESTIMATE OF THE ERROR IN MEASURING THE ACOUSTIC VELOCITY

The errors in measuring the acoustic velocity arise from errors in
measurement of the distance between the crystal faces and in measurement
of transit times. The former error is estimated at approximately 1%.

The errors in measuring the transit times on the oscilloscope may be
estimated as approximately 3%, in single phase fluids and low void
fraction mixtures and 4% in high void fraction mixtures. (At the high
void fractions, the error in measuring the transit time is greater because
of distortion of the wave train making the front of the wave train not

so well defined compared with single phase and low void fraction conditions.)
Combining these errors in the manner prescribed by Kline and McClintock
(Mechanical Engineering, vol.37,p.3, 1953) would yield errors in the
acoustic velocity of 3.2% for single phase and low void fraction
conditions and 4.1% for high void fractions ("error" here has the same
meaning as "uncertainty interval" in Kline and McClintock with "odds"

of approximately 20 to 1).

In the body of the thesis, a comparison was made between acoustic
velocities measured in the present work and the corresponding values from
the literature. The information appears in Tables 2 and 3. It can be
seen there that the maximum deviation from the literature values is 3.6%.

The errors estimated above would therefore appear to be realistic.



