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ABSTRACT

A high speed motion picture study was conducted of

boiling flow in a vertical, rectangular channel at atmos-

pheric pressure. Three different visual flow regimes were

defined and described. These were: bubble flow,

coalescing flow, and slug-annular flow. Photographs are

presented of all these regimes.

An original technique for measuring two-phase flow

velocities was developed, and velocity measurements were

made in all the flow regimes listed above. These

measurements indicated the presence of substantial liquid

superheating in the bubble and coalescing flow regimes

and also provided part of the basis for the development

of a model for slug-annular flow.

A quantity denoted as flow pattern scale was

defined and measured. This quantity is, essentially, a

measure of the characteristic size of the vapor and

liquid volumes composing a flow pattern. It was found

that the different flow regimes could be quantitatively

characterized by means of the scale values associated with

them.

A model for slug-annular flow was advanced, based

on velocity measurements and study of the motion pictures

of the flow. Pressure gradients predicted on the basis

of this model were found to agree very well with measured

values.
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I. INTRODU cT ION

The increasing interest in using boiling water flows

to remove power from nuclear reactors at high heat flux

levels has resulted in a need for a better fundamental

understanding of the nature of such flows. The photo-

graphic study of boiling flow reported here was

undertaken with the general purpose of helping to fulfill

that need. The study was basically exploratory in nature.

One specific objective of the study, however, was to

provide thorough descriptions of some of the flow patterns

occurring in boiling flow and to try to define these

patterns in a more exact manner than had previously been

done.

In the course of the investigation two new experi-

mental techniques for measuring two-phase flows were

developed. One was a method for measuring two-phase flow

velocities, and the other was a method of characterizing

different flow regimes on the basis of their "scale", -i.e.,

the characteristic size of the separate gas and liquid

volumes occurring in the regime. These techniques proved

to be quite useful in the present work, and it is hoped

that they will be generally valuable for future

investigations of two-phase flows.

A general objective of the present investigation was

to obtain information on which to base analyses of the flow.

From the experimental information obtained, a model was

developed of the slug-annular flow pattern. Predicted

pressure gradients, based on this model, were found to

agree well with measured values.
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II. BACKGROUND INFORMATION

The simultaneous flow of a liquid and a gas through

a duct has been of interest to engineers for some time

because of the occurrence of this type of flow in such

industrial processes as: the flow of oil and natural gas

through pipe lines, the flow of refrigerants, the flow of

liquids and gases in chemical contactors and in gas lifts,

and the flow of liquid and vapor through boiler tubes and

evaporators. In recent years there has been a great

increase in interest in boiling-water flow in connection

with their use in the removal of power from nuclear

reactors.

The problem of predicting the behavior of two-phase

flow is very complex, particularly in the case of boiling

flow. This complexity is due in large part to the varied

geometrical configurations or flow patterns assumed by gas-

liquid flows in ducts. Some examples of these flow

patterns as observed by Dengler for steam-water flows

in a vertical pipe are given below.

a. Bubble Flow - This flow occurs at extremely low

vaporization. The bubbles are at first small

and uniformly distributed throughout the liquid.

With increased vaporization, the bubbles grow in

size, decrease in number, and tend to occupy the

center of the tube.

b. Slug Flow - As additional liquid is vaporized,

the flow assumes another configuration - the

bubbles coalesce and form slugs of vapor which

alternate with liquid along the length of the

tube. The slugs grow with increased vaporization

until they tend to unite and displace the liquid

from the center of the tube.

c. Slug-Annular Flow - During the slug-annular flow

mechanism, the liquid-vapor mixture becomes

extremely agitated. Annuli of liquid, temporarily

held up on the walls by'the growing central vapor

-2-



stream, repeatedly collapse and fall back into

the center of the tube. Heavy rings of liquid

travel up the tube wall and then tumble back

down to temporarily block the vapor. Pressure

builds up, and the vapor explodes through the

fallen slug of liquid again forcing it up the

tube. The pressure falls, and the liquid

tumbles back again. This flow region is

marked by severe pressure fluctuations.

d. Turbulent-Annular Flow - With further vapor-

ization the agitation decreases, and an annular

configuration with fine turbulence replaces the

gross turbulence of slug-annular flow.

e. The gas flows in an annular core with entrained

spray. An annular water film with a rippled

interface moves up the wall of the tube.

The flow patterns occurring in horizontal two-phase

flows are generally different than those in vertical flow

and are described in reference 20.

The quantitities associated with two-phase flows

which, from an engineering standpoint, it is important to

be able to predict are pressure gradient and void fraction.

Void fraction is the fraction of the total cross.sectional

flow area which is occupied by the gas phase. In the case

of boiling flow in a nuclear reactor, void fraction is a

very important quantity in that it affects neutron

moderation and hence the reactivity of the reactors. In

the case of a vertical flow, knowledge of void fraction is

necessary in order to calculate the component of pressure

gradient due to the gravity force acting on the total flow.

In the case of boiling flow, knowledge of void fraction

is necessary to calculate the pressure gradient component

due to the acceleration of the flow.

Because of the complexity of two-phase flow, attempts

to analytically predict pressure gradient or void fraction

have generally met with little success, and most of the
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effort expended in determining and correlating these two

quantities has been experimental and empirical in nature.

Also, in spite of the fact that pressure gradient and

void fraction would seem likely to be strongly dependent

upon the type of flow pattern that is occurring, most

earlier attempts to correlate these quantities did not

involve differentiating between different flow regimes.

This was primarily a matter of expediency, since much of

the data on pressure drop and void fraction was taken

without direct knowledge of which flow regime was occurring.

The best known correlation of two-phase void fraction

and wall shear stress data is the one developed by

Martinelli and co-workers in 1944 ( 2) Since this correl-

ation is quite representative of the general, semi-empirical

approach to the study of two-phase flow, it will be discussed

'at some length here.

The Martinelli correlation was developed for data

taken in horizontal, isothermal, two-phase, two-component

flow. In such flows, if they are steady with respect to

time and distance, the pressure gradient is due entirely to

the wall shear stress. The Martinelli correlation was

developed in the following manner. It was assumed: 1. that

the gas and liquid flows were separate and that their

properties were constant with respect to both length and

time; 2. that the static pressure was uniform at each flow

cross-section; and 3. that the pressure drop in each phase

could be expressed by the Fanning equation for single phase

flow, with the fraction factors for each phase taken to be

inversely proportional to a positive power of the Reynolds

number for each phase. A fourth and very important

assumption was made in the Martinelli correlation concerning

the dependence of certain variables. This is mentioned

later. Based on the first three assumptions, Martinelli,

et al, obtained expressions which contained the following

significant dimensionless parameters:



APG

2 A~

G APG

LAPL X

where

PL = Pressure drop, due to wall shear stress,

which would occur if the liquid phase of the

two-phase flow were flowing alone in the

entire duct cross-section.

APG = Pressure drop, due to wall shear stress, which

would occur if the gas phase of the two-phase

flow were flowing alone in the entire duct

cross-section.

APTP = Two-phase pressure drop due to wall shear

stress.

The relationships which contained G' L and X also

contained other unknown dimensionless parameters, such as the

ratio of the hydraulic diameters for the gas and liquid phases

to the hydraulic diameters of the duct. The very important

assumption was made, however, that all these quantities were

functions only of X. This assumption, not justified

analytically, leads to the Martinelli correlation; namely,

that gas-liquid wall shear stress data can be plotted on a

single curve by means of the co-ordinates $G or $L vs. X.

A considerable amount of wall shear stress data for horizontal

two-component flow was obtained by co-workers of Martinelli.

When the data were plotted with the Martinelli parameters,

they lay roughly within about 30' of a single curve. This

resultant curve is used as a basis for predicting the wall

shear stress in two-component, gas-liquid flow. Martinelli
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and co-workers also obtained a considerable number of data

on void fraction which were correlated by means of the

same parameter X used to correlate the pressure drop data.

The Martinelli correlation was extended in a later

paper by Martinelli and Nelson( 3 ) to permit one to predict

the pressure gradient accompanying the boiling flow of

water. The ideas and assumptions involved in this

extension were as follows: First, it was assumed that for

boiling flow at atmospheric pressure, the wall shear stress

could be predicted locally by the Martinelli correlation

curve $G vs. X, which was based on non-boiling, horizontal,

two-"phase, wall shear stress data. For boiling flow at the

critical pressure of water (3206 psia), the wall shear

stress for steam-water flow could be predicted by standard

single-phase flow methods. This defined a curve of $G vs.

X, for 3206 psia. For intermediate pressures, curves of

4G vs. X, were obtained by interpolation, based partially on

boiling, pressure-drop data obtained by Davidson, et al) .

These various curves of $G vs. X gave the wall shear stress

based on the local mass flow rates of vapor and liquid.

To obtain the total wall shear force for a given flow

length, these local wall shear stresses were integrated.

In order to calculate AW, the change of momentum

flux due to net acceleration of the boiling fluid, one

must know a, the fraction of total duct cross section

occupied by the vapor phase. AW, for a flow starting as

all liquid, is given by:(a)

2 2 2

AW = --2-+ -()

A g (lama)pL +PG (1PL

(a)Equation (1) is derived in Reference 3
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where

M = total mass flow rate lb/sec

x = quality steam mass flow
x total mass flow

In the paper by Martinelli and Nelson, curves were

given of a vs. x for steam-water flows at different pressures.

For atmospheric pressure, the curve of a vs. x was based

on the data obtained in horizontal non-boiling, two-phase

flow. At the critical pressure of water, a was set equal

to x. For intermediate pressures, the curves of a vs. x

were interpolated in an arbitrary manner. The integrated

curves of G vs. X for calculating wall shear stress and

the curves of a vs. x for computing the momentum flux are

the basic curves of Martinelli-Nelson method for predicting

pressure drop during forced-circulation boiling of water.

The Martinelli correlation and subsequent

modifications of it by other investigators still continues

to be the most widely used means of predicting two-phase

pressure gradient. Average accuracy of the correlation,

however, is only about 50. More recently, investigators

in the field of two-phase flow have become increasingly

of the opinion that in order to obtain more accurate means

of predicting pressure gradient of void fraction in two-

phase flows, it is necessary to gain more fundamental

understanding of the mechanisms of particular flow regimes.

Examples of recent studies of this nature are the very

thorough investigation of slug flow conducted by Griffith

and Wallis(5) and by Moisses and Griffith(6) and a recent

study of horizontal, annular flow by McManus7' 8 ). The

eventual usefulness of such studies in terms of predicting

the behavior of two-phase flow process equipment will

depend in part in being able to predict accurately the

type df flow that will occur in such equipment at any given

set of conditions. Although a number of visual studies of

two-phase flow regimes have been made and a number of plots

or maps of flow pattern regimes have been prepared, there is

-7-



considerable lack of agreement among them and, at present,

there is no reliable method which can be used to predict

flow patterns. This partly due to the fact that the

mechanics of the development and establishment of flow

patterns is very complex. Part of the lack of agreement

among investigators, however, is undoubtedly to the

subjective and qualitative nature of flow pattern

observations. In order to establish a consistent system

for defining and mapping two-phase flow regimes, it will

be necessary to define these regimes on the basis of some

objective quantitative measurements. It is hoped that the

flow pattern scale measurements made in this present work

can provide or suggest a basis for such a system.

Although, as noted above, there have been a number of

visual studies of two-phase flow patterns, most of these

have been of non-boiling, two-component systems. The only

information available on boiling flow patterns comes from

some limited descriptions of boiling flow occurring in

natural circulation evaporators( 2 1 , 22, 2 4), and a few,

more extensive descriptions of the flow occurring in non-

heated visual sections added to the end of boiling test

sections, e.g., Dengler's work. To this writer's knowledge,

no high speed motion pictures had ever been taken of any

two-phase flow patterns, either boiling or non-boiling.(b)

It was felt that a considerable need existed for a basic

visual study of boiling flow to contribute to the

fundamental understanding of such systems.

(b)Recently a study of critical heat flux in high pressure
boiling flow was made by Tippets( 25) using high speed
photography. This work is reviewed in the next section.



III. RELEVANT LITERATURE

A very large quantity of literature has been published

on the subject of two-phase flow, particularly in recent

years. Accompanying this literature there have been a

number of reviews of the field( 9 , 10, 11, 12, 13, 14., 15,

16, 17, 18, 19) including one on two-phase flow patterns

by the present writer(20) .In view of this, no attempt will

be made here to survey all the two-phase flow literature;

but, rather, we will concentrate on discussing studies of

flow patterns occurring in upwards vertical flow. Other

studies pertinent to the present work will be discussed in

the text at the point at which reference is made to them.

The earliest reported observations of flow patterns in

vertical upward flow appear to be those of Barbet(21) of

steam-water flow in a natural circulation evaporator. As

reported by Brooks and Badger(2 2 ), these flow patterns were:

a. Vapor bubbles exist in the liquid.

b. Alternate slugs of vapor and liquid occur.

c. The flow is characterized by a temporary,

collapsing annular liquid film.

Later, Brooks and Badger observed boiling flow patterns

using a glass tube of approximately 3/8 inch 0.D. contained

in a glass steam jacket. Their observations verified those

of Barbet.

Stroebe, Baker, and Badger(23) observed the exit of

a long-tube evaporator and found that fine droplets came out

from the center of the tube at a fairly high velocity,

surrounded by a ring of slower-moving, coarse droplets.

The latter was considered to be a broken-up, annular, liquid

film, while the fine droplets were thought to be spray

entrained in the steam-flow core of the annular flow.

Lewis and Robertson (2 4 ) observed boiling flow patterns

in the glass tubes of a natural-circulation demonstration

boiler. The glass tubes were 1-1/4 inches I.D. and 6 feet

long. Heating was accomplished by passing steam through

3/8 inch steel pipes located concentrically within the glass

-9-



tubes. The flow patterns observed were essentially the

same as those observed by Barbet, and by Brooks and

Badger.

In work for a Ph.D. degree at the Massachusetts

Institute of Technology, Dengler investigated pressure drop,

heat transfer, and flow patterns in vertical, boiling-water

flow at near atmospheric pressures. The flow patterns

were viewed in a short, non-heated, glass viewing section

added to the end of Dengler's test section. The I.D. of

the viewing section was 0.645 inches. Dengler's flow

pattern descriptions are presented in the previous section.

In his thesis he presented a plot of the regions in which

the various flow patterns occurred. He noted that bubble

and slug flows do not exist beyond a steam weight fraction

of 0.2%. He also noted that slug-'annular flow, which

persists until 10 or 20% of the liquid has vaporized, is

probably the principal flow mechanism in short tube

evaporators.

Very recently F.E. Tippets completed a study of

critical heat flux and flow pattern characteristics for

vertical boiling flow at 1100 psia in which he photographed

the flow with a high speed motion picture camera. His

test section was a heated rectangular channel 58.8 inches

long, 2.10 inches wide and either .50 or .25 inches thick.

Viewing of the flow was through the narrow .50 inch or .25

inch side of the channel. Primary interest in the experi-

ment was in observing the character of the flow next to the

heating strip at heat fluxes near the critical point. The

three main flow patterns observed by Tippets for flow at

qualities greater than zero are given below. The

descriptions are abbreviated somewhat from Tippets'

presentation of them.

(1) X < .10 Mass flux = 100 lb/sec ft2

The arrangement is a frothy mixture of large and

small bubbles interlaced with pure liquid as a

continuous phase ...
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(2) .10 < x < .30 Mass flux = 100 lb/sec ft2

A definite"slug" pattern develops as the steam

quality is raised .... The slugging pattern appears

to be composed of a finely divided almost homogeneous

froth of vapor and liquid alternating periodically

(.05 to .10 sec. period) with an arrangement which

appears to be a thick, relatively placid layer of

liquid against the wall surfaces with probably high

vapor concentration in the middle of the channel.

This pattern is not observed at the higher mass

velocities.

(3) X > 0 ; Mass flux = 400 lb/sec ft2

X ) .10 ; Mass flux = 200 to 400 lb/sec ft2

X .30 ; Mass flux = 50 to 400 lb/sec ft 2

An irregular wavy continuous film of liquid, flowing

with the steam, is attached to the unheated surfaces

and at least a portion of the heated surfaces. The

remainder of the liquid is apparently carried along

in the core as either: dispersed droplets in contin-

uous vapor (at lesser mass velocities and higher

steam qualities) or as a finely divided emulsion of

liquid and vapor....

Tippets noted that, except for the considerable

differences due to local heating at moderate and high heat

flux levels and the different range of flow variables and

flow properties used, his observed flow patterns had a

general similarity to those observed by others for low

pressure systems.

Investigations of flow patterns in vertical, non-

boiling flows have been conducted by a number of people.

Govier, Radford and Dunn( 2 6 ) investigated flow patterns in

vertical, air-water flows in a one-inch glass tube; and

they presented a plot of the regions in which the various

patterns occurred. Their descriptions of patterns agree

essentially with those given by Dengler.

Kosterin(27) also observed the regions of flow

-11-



patterns for vertical, air-water flows in a one-inch pipe.

As gas flow rate increased, the observed flow patterns went

from quiet plug flow (which presumably includes bubble flow)

through plug flows with greater turbulence, frothing, and

dispersion, through uniform dispersed flow to annular flow.

Kosterin presented a plot of these flow pattern regimes with

Cvd (delivered volumetric gas content) and Vm (mean velocity

of mixture) as co-ordinates.

Kozlov(28), another Soviet investigator, studied flow

patterns in air-water flows in vertical, one-inch glass tubes.

Like Kosterin, Kozlov plotted his flow pattern regions with

the co-ordinates Cvd (delivered volumetric gas content) and

Vm (mean velocity of mixture). Kozlov also presented

mathematical expressions for the boundaries between various

flow patterns in terms of Cvd and

2

V

rm gcD

the latter being the square of the Froude number based on

Vm, where:

Vm = mean velocity of mixture

ge = acceleration due to gravity

D = pipe diameter

Kozlov's descriptions of flow patterns are somewhat more

elaborate than those provided by Dengler and are given below

for purposes of comparison.

a. Bubble Flow - The gas phase is distributed within

the liquid in the form of individual bubbles which

move with a certain velocity relative to that of

the liquid.

b. Plug Flow - The individual gas bubbles combine to

form gas pistons resembling bullet-shaped

projectiles. Alternating gas and liquid plugs

move through the tube, and the liquid plugs

-12-



generally contain gas bubbles.

c. Dispersed Plug Flow - An exchange of liquid

takes place between the central and peripheral

zones of the cross section of the tube.

Periodically the liquid is ejected from the

central stream, retarded in the slower-flowing

peripheral stream, and then again included in

a central plug. The air and liquid in this

system have a dispersed-plug structure. The

flow process if the mixture is accompanied

by an impulse-like progression of the air-water

mixture through the tube.

d. Emulsion Flow - In this type of flow there is a

"mixed dispersed motion" of both phases, the

liquid having the form of an emulsion. The

liquid films between the gas bubbles form what

may be regarded as a three-dimensional honeycomb

lattice whose elements are continually destroyed

and reconstituted. Emulsion flow has a more

tranquil character than dispersed plug flow.

e. Film Emulsion Flow - The gas (together with

dispersed moisture) moves in a laminar flow in

the center of the tube. Along the tube wall, a

water film is observed to be moving. In a

number of cases this surface film has capillary

waves. Liquid is exchanged between the air-liquid

emulsion flow and the water film. The dispersed

water of the emulsion flow impinges upon the

liquid film on the wall, increasing the film

thickness and causing the water film to creep

downward along the tube wall. When the film

exceeds its optimum thickness, excess liquid is

torn off by the flow of the air-liquid emulsion.

The exchange of liquid between the flow and the

film occurs continuously along the entire length

of the tube.
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f. Drop Flow - Atomized moisture in the flow of

air moves in the form of the finest droplets or

mist. The inner wall of the tube has the

appearance of a moistened surface.

A somewhat earlier investigation of the flow patterns

in vertical two-phase upflow was conducted by Cromer and

Huntington(29). Their test section was a two-inch pipe,

98 feet high, with Pyrex viewing sections placed at 14 foot

intervals. The observations of Cromer and Huntington also

include observations of changes in flow pattern with

distance.

Galegar, St oval, and Huntington( 30) investigated

flow patterns and measured pressure drop in vertical air-

water and air-kerosene flows. Their test sections were 1/2

inch clear plastic tubes 19 feet long, and two-inch tubes

72 feet long.

The flow patterns observed in the above two

investigations were substantially the same as those

observed by Dengler or Kozlov.

As can be seen from this survey of flow pattern

studies, the investigators are in general, qualitative

agreement over the principal flow configurations in

vertical two-phase flows, although considerable variety

exists in the detailed descriptions of these patterns and

also in the classification of them. Considerable disagree-

ment exists among investigators, however, as to the limits

of the regions over which these patterns occur. This

disagreement is felt to be largely due to the subjective

and qualitative nature of classification based purely on

the visual appearance of the flow. It is difficult to

standardize classifications made on such a basis, and also

it is difficult to define precisely where transition

between two visual regimes occurs.
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IV. EXPERIIMENTAL APPARATUS ANDPROCEDURE

A. TesSec ion

The test section for the present study of vertical

boiling flow is shown in Figure 1. This drawing presents a

side view of the test section and three sectional views

taken through it. The test section was basically a

rectangular flow channel 3-3/4" wide by 7/16" high by 48 "

long, which had a glass top and glass sides. These glass

plates are indicated in section "AA", and are also shown in

the other views. Most of the flow channel floor was

covered by a stainless steel electrical heating strip

.008" thick, 3-1/2" wide, and 40" long. This is indicated

best in section "CC". The base for the whole test section

was an aluminum block denoted as "aluminum base" in section

"BB". The whole assembly was held together by 10 pairs of

aluminum clamps, each pair connected by 7/16" steel studs.

The bolts on these studs had compression springs under them

which are not shown in the drawing.

The test section was mounted in the test loop so

that the flow channel ran vertically up. In the drawing,

the left side of the test section is the lower or inlet

end while the right side of the test section is the upper

or exit end.

The stainless steel heating strip was attached at

the inlet end to a current lead, which consisted basically

of a cylindrical copper bar coming up through the aluminum

base-block and terminating in a rectangular head. This is

shown in section "AA". At the exit end of the test section,

the heater strip was rolled around a second cylindrical

copper current lead. Weights applied a constant torque to

this current lead, keeping the heating strip in constant

tension and taking up thermal expansion. The exit current

lead extended out through the aluminum base-block on

either side as shown in section "CC".

The pressure taps for measuring the pressure

distribution along the flow channel are indicated in the side
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view of the test section.

The sealing between the end flanges and the test

section flow channel was accomplished in the following

manner. A rectangular hole of the same shape as the test

section but slightly larger in size was milled to a 1

inch depth in each end flange. The test section fitted

into this rectangular hole when the flange was bolted to

the aluminum base block. With the flange bolted in place,

a room-temperature-vulcanizing silicone rubber compound

was poured into the space between the flange and the test

section and allowed to cure to form a seal. To prevent

this seal from being loosened by water pressure, a collar,

fitting around the test section, was bolted to the flange,

covering the seal and keeping it in place.

The sealing between the three glass plates forming

the test section channel was also done by means of room-

temperature-vulcanizing silicone rubber.

The electric current leads coming into the test

section were sealed and insulated by means of teflon

gaskets, sleeves, and o-rings. The stainless steel heating

strip was insulated from the aluminum base block by means

of thin teflon tape bonded to the base block and also by

a layer of silicone rubber sprayed on the underside of the

heating strip. For the range of heat flux encountered,

this silicone rubber layer effectively prevented any

boiling from occurring under the heating strip.

Preceding the test section was a one foot long inlet

chamber shown in Figure 2. This consisted of a six inch

diameter pipe containing a baffle plate, a fine mesh wire

strainer, and two inlet temperature indicators, one a

thermometer and the other a thermocouple. Attached to

the inlet flange of the test section was a six inch long

flow development section which extended into the inlet

chamber.

Power for the test section was provided by a D.C.

motor generator set capable of producing 3000 KW of

electrical power. Current output from this set was steady
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to within 21 for the relatively low current demands of

the experiment. The power to the test section and hence

the range of heat flux and exit qualities in the

investigation were limited due to the threat of damage

to the heating strip from local occurrence of film

boiling. Film boiling did occur on one occasion at a

heat flux of only 75,000 Btu/hr-ft2 . This may have been

due, however, to a transient surge of power from the MG

set.

The range of test conditions in the experiment were:

Mass flow rate 0 - 10,000 lb/hr

Water inlet velocity 0 - 4 ft/sec

Heat flux 25,000 - 75,000 Btu/hr-ft2

Exit qualitySemps ~wrt 0 - 0.02
Total mass flow rate

Average test section pressure Atmospheric

Power generated in test section 0 - 20 KW

Water inlet temperature Saturation tem-
perature
corresponding to
inlet pressure.

A picture of the test section installed in the flow

loop is shown in Figure 3.

B. ],_w Lo
In Figure 4 is shown a schematic drawing of the

flow loop with which the present investigation was conducted.

The pump was a double-stage, centrifugal pump with a rating

of 150 gpm at a head of 450 feet and was located on the

floor below the main portions of the loop, thereby providing

an extra measure of protection against exceeding the NPSH

requirements of the pump. This protection was desirable

because the fluid was circulated as close as possible to

saturation temperature at pump suction pressure. The pump

discharge was a 3" line which connected into a 1" pump

bypass, a 2"1 test section bypass, and a 1-1/2" line

supplying the test section. The test section line included

a globe valve for manual flow control, a turbine type
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Potter flow meter, and a 150 kw electrical water heater.

The water heater consisted of a large "U"-shaped pipe into

which two "Chromalox" 75 kw units were fitted. These

heaters were wired so that two increments of 50 kw, and one

increment of 25 kw were controlled by on-off switches, and

an additional increment of 25 kw was continuously controll-

able manually. A flow interlock in the test section line

consisting of an orifice connected to a Foxboro differential

pressure cell automatically shut off these heaters and the

power to the test section in the case of loss of flow.

Fluid from the test section, which was a mixture

of vapor and liquid, flowed directly into a 12" diameter

tank which acted as a liquid-vapor separator. Vapor left

the top of the tank, entered a compact, shell-and-tube,

water-cooled condenser, and returned as condensate to the

bottom of the tank through a small diameter line. Liquid

from the test section mixed with the condensate and with

fluid from the test section by-pass line at the bottom of

the tank. The pressure in the separator tank was maintained

at atmospheric pressure by venting the exit of the condenser.

All the piping in the flow loop was heavily

insulated including the inlet chamber and end flanges of the

test section. This latter insulation can be seen in Figure

3. The piping and flanges in the loop were all of stainless

steel. All instrumentation tubing and all fittings were of

stainless steel, aluminum, brass or plastic.

C. Instrumentation

System Pressure was measured at all the points

indicated in Figure 4. These measurements were all by

Bourdon tube gauges except for the inlet pressure to the

test section which was measured by means of a single tube

manometer opened at the end to atmosphere. This inlet

pressure measurement was made at the first test section

pressure tap located 3/4 of an inch downstream from the

start of the heating strip. The pressure could be measured

relative to atmospheric pressure to within .02 psi. Since
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the leads to the inlet pressure manometer were approximately

5 feet long, rapid fluctuations in inlet pressure were

damped out and essentially the time average pressure was

measured.

The pressure gradient along the test section

flow channel was measured at 10 pressure tap locations

spaced 3 7/8 inches apart along the length of the channel.

Measurement was by means of a six foot U-tube Merriam

manometer using colored trichloroethylene and water as the

indicating fluids. The specific gravity of the trich-

loroethylene was 1.46, which made it possible to measure

differential pressure to an accuracy of .001 psi. In

practice, all pressures were measured relative to the first

pressure tap. As in the case of the inlet pressure

measurement, the manometer leads were approximately five

feet long so that rapid differential pressure fluctuations

were damped out and only the time average pressure gradient

was measured. The manometer leads were of clear "Tygon"

tubing so that any gas bubbles in the system could be

detected and eliminated.

The temperature instrumentation for the flow

loop consisted of 8 thermocouples whose readings were

continuously recorded on a Leeds and Northrup 16 point

recording potentiometer. These thermocouples had integral,

threaded, male pipe fittings and were screwed directly

into the loop piping so that the shielded heads of the

thermocouples were immersed in the flow. The inlet and

exit temperatures of the test section were measured by

MCA R Series partial immersion thermometers having a range

of 70 C to 1600C and an accuracy tolerance of 0.20C.

One thermometer was inserted into the flow loop piping at

the exit from the test section and the other was inserted

into the test section inlet chamber as shown in Figure 2.

The inlet thermometer was calibrated against a National

Bureau of Standards Certified Thermometer by placing both

in a steam column. By this calibration the inlet thermometer

was found to be accurate to within .050C at 10000.
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The test section flow rate was measured by a

Potter Aeronautical Company turbine type flow meter which

had a range of 0 to 38 GPM and which was calibrated by the

Potter Company just prior to its use. Accuracy of this flow

meter was given as 1/41 of rate.

The voltage across the test section was measured

by means of a Minneapolis Honeywell Company Brown

potentiometer. This instrument had a factory rated

accuracy of 1/49 of full scale. Full Scale ranges were

6, 11, 16, 21, 26, 60, 110, 160, 210 and 260 volts. This

instrument was tested periodically and always found to be

accurate to within 1% of full scale range.

The current through the test section was

measured by passing it through a precisely known resistor

and measuring the voltage across this resistor with the

above mentioned Brown potentiometer. Additional checks on

the accuracy of the test section current and voltage

measurements were made in the two following ways. The

resistance of the test section was measured to within 1/10%

and the value obtained, after being corrected for temper-

ature, was compared with the value calculated from current

and voltage measurements. The two agreed within 2%. Also,

during one experimental run, a second independent

measurement of test section voltage was made with an

instrument having a rated accuracy of approximately l of

the measured value. The readings obtained with this

instrument agreed with the Brown potentiometer readings to

within 1%.

D. Photography

High speed motion pictures of boiling flow were

taken with a 16 mmWollensak, "Fastax", rotating-prism

camera. The pictures were all taken at a nominal speed of

1200 pictures per second. Actual film speed was measured

by means of neon bulb timing marks on the edge of the film.

The focal length of the camera lens was two inches, and

all photographing was done at an aperture setting of f 4..
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The geometry for photographing the flow is shown

in Figure 5. The flow could be photographed either through

the glass front of the test section or through the glass

sides. When photographing through the front, the flow was

illuminated by means of 750 watt spot lights directed in

through the glass sides of the test section. These lights

can be seen in Figure 3. When photographing from the side

only back lighting was used. When photographing from the

front, the camera was situated eight feet from the test

section. At this distance, the refraction of the light

rays passing through the glass front of the test section

was sufficiently slight so as to cause only a negligible

(less than 1/2%) difference between the actual and

apparent motion of the flow.

For reference purposes a 36 inch scale was

placed alongside the test section with the start of the

scale aligned with the start of the heating strip. This

scale can be seen in all of the pictures of the flow.

The film used was du Pont type 931A reversal

film. This film appeared to be quite fine grained con-

sidering that its emulsion speed was quite high. (ASA

film speed rating 320).

E. Experimental Procedure

Making an experimental run to photograph boiling

flow at a particular set of conditions involved the

following procedure. First the flow loop was started and

the desired flow rate through the test section was set.

Then began the process of bringing the flow up to the

desired inlet temperature by means of the 150 KW preheaters

in the test section line. The desired inlet temperature

was, in all cases, the saturation temperature corresponding

to the inlet pressure and was generally about 1020C for

all the runs. To obtain a steady inlet temperature within

1/20C of 1020C usually took about 4 or 5 hours. Once

the desired operating conditions were reached, however, it

was quite easy to keep the conditions at a steady value.
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In fact, without adjusting any controls, the inlet temper-

ature would usually remain steady within 0.20C for

periods of an hour or so. Also, inlet temperature and

flow rate through the test section were unaffected by

the amount of power supplied to this test section.

During the period that the flow loop was coming

up to operating temperature the manometer system was bled,

and the Fastax high speed camera was set up and focused.

When the test conditions were reached, the Motor-Generator

was started and the first level of power corresponding to

a heat flux of 25,000 Btu/hr-ft2 was supplied to the test

section. Some time was allowed to make sure that operating

conditions were steady and then the experimental measure-

ments were taken. First the time was noted on the Leeds

and Northrup thermocouple recorder. Next, measurements

were made of flow rate, test section current and voltage,

and inlet temperature and pressure. Then the lower half

of the test section was photographed and all the above

measurements repeated to assure that conditions had remained

the same. Next, the pressure gradient along the test

section was measured by means of the manometer system. At

the end of a complete series of pressure measurements,

repeat measurements were made for every other pressure tap

along the channel. While this was being done, the Fastax

camera was repositioned so as to photograph the top half

of the test section. Immediately before and after this

photographing, measurements were again made of flow rate,

test section voltage and current, and inlet temperature

and pressure. When the photographing of the top and bottom

of the test section was completed and the pressure measure-

ments finished, the time was noted on the thermocouple

recorder, thus completing the run. The power to the test

section was then increased to a new level and a new run

begun. Because of the considerable time required to bring

the loop to a steady state operating temperature for a

particular flow rate, only one fixed inlet condition could
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be investigated during a particular day.

The water used in the flow loop was de-mineralized

by means of ion exchange resins and was of a very high

degree of purity. It was tested periodically by means of

a conductivity cell and always found to have a resistivity

of greater than 105 ohm-cm.

Prior to the experimental runs a test was made

to determine if the 750 W spot lights used in the photo-

graphing of the flow would contribute any significant

amount of heat to the test section. This was done by

establishing a very low flow rate (= 3.0 gpm) through the

test section and then turning on the spot lights to see if

any temperature rise in the flow occurred. None did.

Since the inlet thermometer was calibrated to an accuracy of

.050C, and the exit thermometer had a rated accuracy of

0.20C, the two thermometers should have been able to

detect a power input to the test section of as little as

300 Btu/hr. Therefore, the spot lights must have

contributed less than this. During this testing the light

absorbtion and scattering characteristics of a boiling flow

were simulated by injecting nitrogen into the flow in the

inlet chamber.

The test section was experimentally calibrated

for heat loss on four separate occasions both before and

after the experimental runs. The calibration was done by

setting low flow rates (3.5, 2.3, 2.6, and 3.0 gpm)

through the test section with inlet temperature kept

steady at just below boiling temperature. The difference

in inlet and outlet temperatures was then measured

repeatedly over approximately a 10 minute period. The

four separate calibrations gave total heat losses of 2450,

2200, 2400 and 2380 Btu/hr. Measured temperature

differences corresponding to these heat losses were 0.8,

1.1, 1.0, and 0.90 C. From these data, a heat loss value

of 2400 Btu/hr 25 was assumed, the estimated error for

this heat loss figure being based on the estimated

accuracy of the temperature difference measurements. It
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was further assumed that this heat loss was distributed

linearly along the uninsulated length of the test section.

Since the inlet chamber and the flanges for the

test section were heavily insulated, it was assumed that

the actual inlet temperature to the test section was the

same as that measured in the inlet chamber (see Figure 2

for inlet temperature measurement location).

F. Fxperimental Calculations and Error Analysis

Values of steam quality at each point along the

flow channel were calculated by means of the following

expression:

Q(z) + M [h - h' (z)}

Q(.z), the net heat input to the point z along the flow

channel, was determined by subtracting the estimated heat

loss from the power input. Power input to the point z was

calculated from the following expression:

Power input = .00095 vI (-i) (3)

where v and I are test section voltage and current and LH

is the total heated length of the channel. v and I were

measured by the Brown Potentiometer described previously

which had an accuracy of at least 1 of full scale value.

For the three power levels investigated in the experiment,

the sum of the percent errors in v and I was always less

than 4%. The measured power input is, therefore,

estimated to be accurate to 4%.
The measured heat loss from the test section

amounted to approximately 10% of the lowest level of power

input. Estimated error in the measured heat loss was 25%

which therefore contributed, at most, a 2.5% error to

Q( z). Total estimated accuracy of Q( z), based on the sum

of the contributions from errors in power input and heat

loss, is 6.5%.
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hin, the inlet enthalpy, was determined by the

inlet thermometer. This was carefully calibrated so that

the principal error in thermometer readings would be that

due to reading uncertainty. This is estimated to be

0.10C or 0.18 F. This inlet thermometer was immersed

to its proper length in the inlet chamber to the test

section as shown in Figure 2. Before entering the test

section, the water flow passed through approximately

twenty feet of 1 1/2 inch diameter, insulated piping.

Heat transfer calculations indicated that the flow in

this piping should have been uniform in temperature to

within 0.150C. Since the flow underwent extensive tur-

bulent mixing in entering the test section inlet chamber,

it was believed that the temperature of the water in this

chamber was also uniform to within 0.150C. Therefore, it

is believed that the inlet thermometer was sensing the

correct bulk temperature of the flow to within this limit.

In calculating hin, the inlet enthalpy, any heat

loss occuring between the location of the thermometer and

the actual start of the test section (a distance of seven

inches) was neglected. Due to the heavy insulation on the

inlet chamber, it appears unlikely that a heat loss of

greater than 250 Btu/hr could have occurred over this

length. This heat loss value was assigned as a further

uncertainty in the value of hin. For the lowest flow rate

(5 GPM) this amounts to an uncertainty of 0.1 Btu/lb.

Adding all of the above estimated uncertainties,

one obtains a total estimated uncertainty for hin of

0.5 Btu/lb.
h' (z), the saturation enthalpy at the point

z, was determined from measurements of the time-average

pressure distribution along the test section. These

measurements had a total estimated uncertainty of .04

psi. This results in an uncertainty in h' (z) of 0.15

Btu/lb.

Considering the uncertainties in both hin and h'
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(z), the total uncertainty in hin - h' (z) is estimated

to be 0.65 Btu/lb.

It should be emphasized that the above

estimated uncertainties in measurement refer strictly

to the time average values of the quantities discussed,

and do not take account of possible rapid fluctuations

in temperature or pressure. No evidence was found of any

fluctuations in temperature; however, rapid fluctuations

in pressure were definitely present, which could have

resulted in instantaneous uncertainties in h' (z) of the

order of 2 or 3 Btu/lb. (see Section VI-D).

M, the mass flow rate, was measured by the

Potter flow meter described earlier. The calibrated

accuracy of this meter was 1/4 of the measured rate.

Writing expression (2) with the estimated

accuracies included we obtain.

Q(z) 6.5% t -h' (z)] 0.65
x(z) = (M 0.25%)h +L

The relative magnitudes of the two terms on the right hand

side of equation (4) varied, depending upon the magnitudes

of the flow rate and heat flux. For the highest flow rate

(20 gpm) the second term on the right, which represents

the vaporization due to "flashing" of the water flowing

up the channel, contributed 80% of the total steam quality

when heat flux was 25,000 Btu/hr-ft2 , and 63% when heat

flux was 50,000 Btu/hr-ft2 . For the lowest flow rate

(5 gpm), "flashing" contributed only 22T of the total

quality when heat flux was 25,000 Btu/hr-ft2 , and only 11%

when heat flux was 50,000 Btu/hr-ft2 .

Except at the very start of the heating strip,

the uncertainty in the second term on the right hand side

of equation (4) was generally negligible compared with the

uncertainty in Q (z). The total estimated uncertainty in

x therefore varied from approximately 3% for the 20 gpm

flow rates, where the contribution to x from Q (z)
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was less than 40 x, to about 61 for the 5 gpm flow rate

where Q( z) was the cause of about 80/ or 90 of the total

steam generation. Specific uncertainty limits for each

value of calculated quality can, of course, be determined

from equation (4).

Values of quality along the test section,

calculated for each experimental run, are plotted in

Figures 6 through 9. A table listing the experimental

conditions for each run is given on Page 67 (Table 1).
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V . ANALYSIS OF MOT ION P2IC TUBES

A. AMethod of easuriny _Two-Phase Flow Velocit es

A very important aspect of a photographic study

of two-phase flow is the problem of obtaining quantitative

information from pictures of the flow. In the case of

our high speed "Fastax"motion pictures of boiling flow

some important data we wished to obtain from the films

were the velocities of various characteristic flow

pattern components. The motion of the boiling flow

could be observed visually because the reflection and

refraction of light at gas-liquid and interfaces created

patterns of light and dark, which moved with the flow

and marked its passage along the channel. Measuring the

velocity of these patterns, however, presented several

problems. One was that the individual light and dark

spots composing a flow pattern tended to lose their

identity very rapidly due to turbulent distortion.

This made it very difficult to measure the displacement

of any particular point of the flow. A further

difficulty was that, because of the turbulent character

of the flow, the space-average velocity of a region could

not be determined by measuring velocity at a single point.

To overcome these difficulties a velocity

measurement procedure was developed which involved

scanning the flow patterns by electronic means. This

lessened somewhat the problem of the loss of visual

identity of the moving flow pattern. Also, since the

procedure involved the scanning of a region of the flow,

the velocity determined was effectively the space-average

velocity for the region. A general description of this

velocity measurement proeedure is given below.

Two full-scale transparencies were prepared of

the flow pattern whose velocity was to be measured. One

transparency showed the flow at time to while the second

showed the flow at some slightly later time t1 . In each

transparency there was a reference line fixed with respect
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to the boundary of the flow channel. In the time interval

to to t the position of the flow pattern relative to this

reference line changed due to the motion of the flow

pattern along the channel.

The transparencies were placed in a parallel

position as shown schematically in Figure 10. A separate

collimated light beam was directed through each trans-

parency as shown in Figure 11. Each light beam was

received by a vacuum phototube which produced an electric

current linearly proportional to the amount of light it

was instantaneously receiving. The two light beams

moved simultaneously in the direction of the flow channel

axis, thus scanning parallel areas of the flow pattern in

each transparency. As the light beams moved, each phototube

produced a signal which varied according to the variation

in the optical density of the area being scanned. Thus,

the signal from each phototube was representative of the

flow pattern being scanned. This signal was, in a sense,

a one-dimensional electronic visualization of the flow

pattern.

When the two transparencies were placed so

that their reference lines were aligned, then the flow

patterns in each transparency were not aligned but were

displaced along the channel axis relative to each other

because of the motion of the flow pattern in the time

interval to to t1. Correspondingly, the two phototube

signals obtained from the parallel scanning of these

transparencies were also shifted relative to each other.

By moving the second transparency back along the channel

axis as shown in Figure 10, one could bring the flow

patterns and the phototube signals into better alignment.

In particular, by moving the transparency back a distance
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just equal to the means distance traveled by the flow

pattern, one would bring the flow patterns into the best

overall alignment. As noted earlier, determining the

point of best alignment of the flow patterns visually

was very difficult to do. It was possible, however, to

measure the alignment of the flow patterns quite

accurately and objectively by quantitatively measuring

the degree of alignment between the phototube signals

obtained from scanning the flow patterns. This con-

stituted the basis of our velocity measurement procedure.

The point of best alignment between the two phototube

signals was determined in the following way, Letting g(t)

represent the signal from the first phototube, and g1 (t)

represent the signal from the second phototube, the two

signals were considered to be in best alignment when the

value of the following integral was a minimum

= )go(t) - g1(t)] dt

It is seen that $ was a minimum when g1(t) was the best

"least squares" fit to go(t). The value of the integral

was determined by measuring the difference between go(t)

and g1 (t) with an integrating R.M.S. meter.]$ was read

directly from the meter dial.

The complete procedure for measuring flow pattern

velocities involved, then, the following steps. The two

transparencies were placed so that their reference lines

were aligned. The transparencies were scanned and the

value of read on the R.M.S. meter. The second trans-

parency was then moved in small steps until 4 reached a

minimum. At this point, it was considered that the flow

patterns were aligned. The distance 6 that the trans-

parency was moved to reach this point was considered to

be the mean distance traveled by the flow pattern in the
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time interval to to t1 . Flow pattern velocity was then

determined by

61

t -to

As an example of the above velocity measurement

procedure consider the two pictures of bubble flow in

Figure 12. The region of flow whose velocity was

measured is the area aabb in the upper picture. The

distance coordinate in the direction of flow measured from

the channel crossbar is y. As the collimated beam scanned

aabb at a constant speed from ya to yb the phototube

receiving the light produced an electric signal the

oscilloscope trace of which is shown as the lower trace

in Figure 13. This signal is designated as fo(y)a b
where the subscripts a,b indicate that y goes from

ya to y .

In the lower picture in Figure 12 the bubbles

have all moved to the right relative to their channel

positions in the lower picture. Thus, when area aabb

was scanned in the lower picture there was obtained a

signal fl( )a,b which was similar to f ( y) a,b but which

was shifted to the right corresponding to the distance

moved by the bubbles. This can be seen in Figure 13. The

difference in detail appearance between f0 and f was

due to the distortion of the flow pattern.

Now, by scanning areas further to the right of

area aabb in the lower picture of Figure 12, one could

bring the upper signal in Figure 13 back to the left in

better alignment with the lower signal. In particular

the best alignment of the signals was obtained when one

scanned the area a'a'b'b' located a distance 61 to the

right of area aabb where 6 was the average distance

moved by the bubbles. In accordance with the conventions

established above, the signal produced in scanning
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a'a'b'b' is designated as f1ly~a+61 b+61, which can be

written equivalently as fl( Y+6)ab. This signal is shown

in Figure 14. The extent of its allignment with f ( y)a b
is best seen in Figure 15 where the two signals are shown

superposed.

Now, 61 was determined as the particular value

of 6 which resulted in the following integral being a

minimum

b 2

$ (6) = [f(y) - f1 (y+6) dy

0

Values of v $(6) for various displacements 6 are plotted

in Figure 15. V f(6) was read directly from an R.M.S.

meter. The point 61 is seen to be very clearly defined

and to be equal to .310 inches. Since the time interval

separating the two transparencies was .0077 seconds, the

mean velocity of the bubbles was determined as

V =.00.7inece9 = 40.3 j = 3.4 ft/sec.0077 sec. sec.

The velocity measurement procedure described

above proved to be very successful in determining the

velocities of boiling flow patterns. It worked well even

when there was considerable loss of visual identity

between the flow patterns being compared. In the case of

bubble flow, the velocities measured were simply those of

the steam bubbles. In the case of coalescing flow,

however, the velocities measured were undoubtedly neither

purely the liquid velocities or the vapor velocities, but

were mean velocities of the mixture. In the case of slug-

annular flow, two different categories of velocity

measurements were distinguished. These are discussed

later in section VI-F where the results of the velocity

measurements are presented.

The present technique for measuring velocities
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should prove to be a useful tool for the study of two-

phase flows. At present, the writer knows of no other

velocity measurement procedure which dould be generally

applied to such flows. The usefulness of the present

technique could also extend beyond the area of two-phase

flow. For example, if used in conjunction with flow

visualization techniques such as dye or smoke injection

it could be used to measure the average velocity of any

region in a single phase flow.

B. Description ofYelocityMeasurement Apparatus

The instrument that was designed for measuring

two-phase flow velocities by the above procedure

consisted basically of two 1500 arc partial outer

cylinders surrounding a full 3600 inner cylinder.

These cylinders are shown in Figure 16. The inner

cylinder had an outside diameter of 3 1/4 inches, and it

nested with a snug fit concentrically within the partial

cylinders. The cylinders were mounted on the playing

surface of a phonograph turntable so that all cylinders

were concentric to the center post of the turntable. The

base of one of the partial cylinders was fixed to the

surface of the turntable. The base of the other partial

cylinder was pivoted about the center post of the turntable

so that its angular position with respect to the fixed partial

cylinder could be varied.

A rectangular window 2"x5-1/2' was cut in the

wall of each partial cylinder. The two transparencies

to be scanned were mounted on the partial cylinders over

these two windows so that the flow channel axis in each

transparency was perpendicular to the axis of the

cylinders. Two rectangular windows 1-1/2'"x3-1/2" were

also cut on diametrically opposite sides of the inner

cylinder. When the inner cylinder was in place, these

windows framed the areas to be scanned in the two trans-

parencies. The area to be scanned in one transparency was

kept constant by locking the inner cylinder to the fixed.
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partial cylinder. The area to be scanned in the other

transparency could then be varied by changing the angular

position of the pivoted partial cylinder. This was done

very accurately by means of the micrometer screw shown

in Figure 17.

The transparencies were scanned by two light

beams directed in toward the cylinders from diametrically

opposite sides. The sources for the light beams were two

Fresnel lens lamps placed about five feet from the

cylinders. The light from each of these lamps passed

through a narrow vertical slit, which defined a 1/16 inch

wide beam of light for scanning the transparency. After

passing through its transparency, each of the two

scanning beams was reflected by a mirror through a

cylindrical lens which focused the beam onto the light

sensitive surface of a vacuum phototube. The geometry

of this optical system is shown in Figure 17.

The actual scanning of the transparency was

accomplished by revolving the record turntable. This

simultaneously swept the two transparencies past the two

scanning beams. Since the record turntable revolved

continuously, the transparencies were scanned repetatively.

This was necessary for integration of the phototube signals

as we shall see later.

Responding to the light from the scanning beams,

each phototube produced an electric current instantaneously

proportional to the amount of light transmitted through

the transparency. These two signals were subtracted one

from the other by means of a simple electrical circuit,

and the resulting net electric current signal was fed into

a Flow Corporation True R.M.S. Random Signal Voltmeter.

This meter measured the true R.M.S. value of an input

signal by measuring the power dissipated in its input

resistance averaged over approximately a ten second interval.

During this ten second interval the transparencies were

scanned 26 times. If we denote the signals obtained from
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the two transparencies as g1 (t) and g2 (t), then the power

dissipated in the R.M.S. meter resistance would be prop

portional to the integral

jlgi(t) - g2 (t)]dt

The minimum value of this integral defined the point at

which the transparencies were best aligned.

The total apparatus described above was called

a Cyclical Optical Scanner, abbreviated to CYCLOPS for

ease in reference. In setting up the CYCLOPS, extreme

care was taken to insure that the vertical axes of the

narrow scanning beams were both aligned exactly the same

with respect to the channel axes in the transparencies

being scanned. This was tested by comparing the signals

from the two different phototubes when the phototubes were

scanning the same transparency. This also tested whether

the response of the two phototubes was the same. The

phototube signals were compared by photographing them on

an oscilloscope. When the CYCLOPS was set up properly,

there was no detectable difference between the signals

obtained from the two different phototubes in scanning the

same transparency. This testing was repeated periodically

during the course of making velocity measurements to make

sure the scanning system had not become misaligned, or

that the response from the two phototubes had not changed

due to aging.

In setting up the CYCLOPS care was also taken to

insure that the scanning beams were positioned on

diametrically opposite sides of the cylinder. This was

necessary for the two transparencies to be scanned

simultaneously. This was tested by operating the CYCLOPS

with no transparencies mounted over its windows. The

resulting square wave signals from the phototubes were

displayed on an oscilloscope to test whether they were

occurring at exactly the same time. In this way the

scanning beams were positioned properly to within .01
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inches.

The transparencies used in the velocity measure-

ments were selected and prepared in the following manner.

First the Fastax films were studied on a film editor to

determine the boiling flow phenomena whose velocity it

would be of interest to measure. Particular frames of

the film were selected for comparison on the cyclops,

and the time intervals between these frames were determined

from the timing marks on the film. Generally, three

frames were selected for velocity measurement: one

reference frame, a second frame corresponding to a time

at1 later, and a third frame corresponding to a time At2

later. Thus, two independent velocity measurements were

made for the same phenomenon. The agreement between

these independent measurements was very good as indicated

in Section VI-E.

The frames selected were enlarged to approximately

full scale on 5" x 7" size high-contrast film. In the

process of enlargement, two perpendicular guide lines were

exposed on the transparencies to aid in aligning them on

the cyclops. Since the velocity measurement procedure

involved measuring the difference in the signals from two

transparencies, it was important that the transparencies

be exposed and developed exactly the same. The exposure

was controlled by a time switch on the enlarger and the

development was kept the same by developing the trans-

parencies simultaneously. Even so, the average optical

densities of similar transparencies were found to vary

by as much as 205. The best explanation for this seems

to be that the intensity of the enlarger light bulb may

have been slightly different each time it was switched

on.

It turned out that differences in the exposure

of the transparencies being scanned generally did not

have a significant effect on velocity measurement other

than to make the minimum point of the correlation



function, xft, less sharply defined. However, any

velocity measurements which seemed to be at all question-

able, either because of a poorly defined minimum of $ or

because of lack of agreement between two measurements of

the same phenomenon, were repeated. There were only

twelve such repeated measurements. Of these, six agreed

with original measurements to within 6%, four agreed

within 150, and two measurements were discarded because

of uncertainty.

The transparencies were mounted on the partial

outer cylinders of the Cyclops with tape. They were

aligned horizontally with respect to the cylinder

windows by means of the guide lines in the transparencies.

Next, the flow channel cross bar in each transparency

was aligned exactly with the vertical edge of the window

in the inner cylinder behind the transparency. This

fixed the starting position for the velocity measurement,

that is, the position where the flow channel reference

points in the two transparencies were aligned with each

other (see Figure 10). This starting position alignment

was done by eye. Consequently, it could not be done with

as much precision as the alignment of the flow patterns

could be done by the phototube signals. Repeated tests

of the starting position alignment accuracy were made

by taking two identical transparencies, aligning their

flow channel cross bars by eye, and then checking the

alignment of the flow patterns by means of the phototube

signals. In that way, it was determined that the

starting position alignment was always accurate to better

than .015 inches. Since measured flow pattern displace-

ments were generally of the order of .2 inches, this

starting position uncertainty contributed, at most, an

8% uncertainty to the velocity measurement. This

constituted the principal uncertainty in the velocity

measurement procedure.

The velocity measurements were made in a darkened
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room so that no stray light would strike the phototubes.

The two scanning light sources were balanced by means

of a variable transformer. The transparencies were

mounted on the CYCLOPS and aligned as described above..

The phonograph turntable was then revolved at 78 RPM,

the difference between the two phototube outputs was

measured by the Random Signal Voltmeter, and the value

recorded. Because of the long time constant of this

meter, it required at least two minutes to make a

reading.

After making each reading the phonograph was

stopped, the position of the variable transparency was

changed by the micrometer screw adjustment of the

variable partial cylinder, the phonograph started again,

and another reading was taken. This was continued step

by step until the minimum reading on. the R.M.S. meter

was recorded. The movable transparency was then

returned to its original position, and the starting

position alignment of the two transparencies was

checked, thus completing the velocity measurements.

C. Definitionof Flow Pattern Scale

In the present experimental investigation a

quantity which we have called flow pattern scale was

defined and measured. Flow pattern scale is, essentially,

a measure of the mean size and spacing of the components

making up a flow pattern; for example, the mean size of

bubbles in a bubble flow pattern. Flow pattern scale

proved to be a significant quantity in two ways. First,

it proved to be a physically significant property of the

flow in correlating velocity data in one of the two-phase

flow regimes. Secondly, and more important, it was found

that different characteristic values of scale were

associated with the different visual flow regimes. As a

result of this, scale measurements could be used..to

quantitatively define these flow regimes, thus making it

possible to determine transitions between them
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objectively with greater precision than could be done

by purely visual means.

Flow pattern scale was measured by means of the

photoelectric traces of flow patterns obtained in the

velocity measurement procedure. These photoelectric

traces, as can be seen in Figure 13 and 14, contained

characteristic waves, that is, variations in signal

intensity whose width and spacing were directly

representative of the width and spacing of the compon-

ents of the flow pattern being scanned. By obtaining a

measure of the mean width of the photoelectric trace

waves, one could thereby obtain a measure of the size or

scale of the flow pattern components.

The mean width of the waves composing a photo-

electric signal was measured from the autocorrelation

function for the signal. The autocorrelation function,

C(L,5), for the length -L/2<Z<L/2 of a function g(Z) is

defined as: jL/2

= -L/2[g( z) g( z-5] dz (5)

g( z) g( z-5)

whe re
L/2

[g(] L g/ ( z) dz (6)
-L/[ /

and L/2

(z 2 = )g 2 (z-5)dz (7)
-L/2

From its definition, it is easily seen that at the point

6 = 0,i( L,0) is equal to one. For values of 5 not equal

to zero,*(L,5) is always less than or equal to one. To

show this, consider the expression:

L/2 2

gFz). . .w I. dz > 0 (8)

-L/ L(z g( z-o)
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from which it follows that

L/2 L/2

dez dz + dl-) dz +

1 2 
z +- 

Q)z+2C( 
)[ 

z.b)2-L/2 
-L/2( 

9L/2

-2 g-LgzL-S)- d z 0

-L/2 fz)g( z*'$)

The first two terms on the left side of the above

inequality are each identically unity, while the third

term is, by definition, 2* (L,5). We see, therefore, that

4 (L,5) < 1.

The physical significance of the autocorrelation

function is illustrated in Figure 19. Shown there is a

representative signal g(z), composed of a number of

irregular waves similar to the photoelectric trace of a

flow pattern. Shown also is the displaced signal g(z--).

The autocorrelation function for g(z) represents,

essentially, a measure of the degree of correlation or

overlapping of the waves of g(z) with the corresponding

waves of g( z-5). For 6=0 there is perfect overlapping,

and i (L,0) is, therefore, equal to one. As 5 increases

from zero, the waves no longer overlap perfectly and

(L,5) is, in general, less than one. It should be

obvious from consideration of Figure 19, that the rate at

which i (L,5) will decrease as 5 increases from zero will

depend upon, and be a measure of, the mean width of the

waves composing g( z).

To obtain a measure of the rate at which .(L,6)

varies about the point 6=0, we can expand 4 (L,5) in a

Taylor series about 5 = 0. Since 4' (L,5) is a maximum

at 5=0, it follows that

=" 0 (10)
s=0
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and

0 (11)
d626=0

The first two terms of the Taylor series will, therefore,

be

L,) = 1 + 2L 6(12)
db 6=02

Equation (12) approximates i (L,6) in the immediate

vicinity of 6 = 0. It is seen that in this region

4' (L,6) is approximately a parabolic function of 6.

Equation (12) can be written more simply by introducing

a length A such that( c)
-1/2

A 1/2 (13)

whereby -

624 (L,6) ' 1 -n (14)

The length A is seen to be a direct measure of the rate

at which 4' (L,6) declines with 5 about the point 6=0.

If 4r (L,6) were the autocorrelation function for the photo-

electric trace of a flow pattern, then, on the basis of

the arguments we have previously advanced, A could be

taken as a measure of the scale of this flow pattern.

This is essentially the procedure that was followed in

our experimental investigation. The scale of a

particular flow pattern was taken to be exactly this

length A, with A being obtained from the second derivative

of the autocorrelation function for the flow pattern by

the relationship given by Equation (13).

In practice, in obtaining the autocorrelation

function of the photoelectric trace of a flow pattern,

the photoelectric trace was separated into a constant

component (D.C. level) and a varying component (A.C.
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component), i.e., letting G(z) represent the total

phototube current, then G( z) was expressed as

G(z) = Go(z) + g(z)

where

Go (z) =

L/2

G( z)dz

L/2

(D.C. level) (16)

and therefore
L/2

g(z) dz = 0 (A.C. component) (17)

-L/2

g(z), the A.C. component, was the one that reflected

directly the size and spacing of the geometric shapes

making up the flow pattern. Go(z) simply represented

the average transparency of the flow pattern picture

being scanned. Therefore, in measuring flow pattern

scale, it was most appropriate to measure it from the

autocorrelation function for g(z) rather than from the

autocorrelation function for the total phototube signal

G(z).

The autocorrelation function for g(z) was

obtained in the following manner. Two identical trans-

parencies were mounted on the partial outer cylinders of

the CYCLOPS. The signal obtained from scanning the

transparency on the fixed partial cylinder was G(z) while

that obtained from the transparency on the movable

partial cylinder was G( z-6). 5 was varied by changing

the position of this partial cylinder as described in

the previous section. The difference between the signals

G( z) and G(z-6) was fed into the Random Signal R.M.S.

meter which gave L/2
2

[G(z) - G(z-&) dz (18)

-L/2
Expanding this integral and using the relations (15), (16),

and (17), we get:
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L/2

2 2 2 2

Go(z) + Go (z-b) + g (z) + g (z-S)

-L/2

- 2G0(z)Go( z-5) - 2g(z)g(z-6) dz

Note that terms involving the first power of g(z) and

g(z-6) are neglected due to relation (17). Next, the

sum of G( z) and G( z-b) were integrated by the R.M.S.

meter to give

F2 2 2 2fL/2
Go (z) + Go (z-&) + g (z) + g (z-S)

-L/2

+ 2G0(z)Go(z-5) + 2z-) dz

Subtracting (19) from (20) gave
L/2 L/2

4 Go( z)G ( z-5)dz + 4 g(z) g( z-6) dz

-L/2 -L/2

(19)

(21)

The constant component values Go( z) and Go( z-6)

were obtained by separately integrating G( z) and G( z-b)

by means of a simple resistance - capacitance integrating

circuit. Knowing those constant component values the

term
L/2

g( z) g( z-6) dz

-L/2

could be determined from (21).

Next, the values of
L/2
2

g (z) dz

-L/2

and L/2

g2 (z-s) dz

-L/2

(22)

(23)

(2I)
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were obtained by separately integrating G( z) and

G(z-6) by the R.M.S. meter and subtracting the constant

component terms. Finally, , (L,6), the autocorrelation

function for g(z), was determined from the terms (22),

(23), and (24).

In order to determine k, the scale value

corresponding to a particular measured autocorrelation

function, it was necessary to measure the radius of

curvature of the autocorrelation function in the neigh-

borhood of 6 = 0. This was accomplished by fitting a

parabola to the autocorrelation function in this

neighborhood. The fitting was done by means of a least

squares approximation method using a computer. As will

be seen from examples to be presented here and in another

section, the measured autocorrelation functions could be

represented very well by parabolic functions in the

vicinity of their maximum points.

In order to test the above procedure for

measuring flow pattern scale, a test pattern was prepared

which contained 32 transparent circles, all of diameter

dA = .21 inches, randomly distributed over an area 1 1/2"

x 3 1/2" of an otherwise opaque transparency. The

photoelectric trace obtained from scanning this pattern

and the autocorrelation function measured for the trace

are shown in Figure 20. The value of scale obtained

from fitting a parabola to this autocorrelation

function was A = .14 inches.

In Figure 21 the autocorrelation function

measured for the above test pattern is compared with the

autocorrelation function analytically calculated for a

single circle of the same diameter as those in the test

pattern. The procedure for this calculation is presented

in Appendix B. According to a brief analysis also

presented in Appendix B, the autocorrelation function

measured for the test pattern should have been the same

as that for a single circle except for some statistical
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deviation due to the possibility of cross correlation

between each of the circles present in the pattern.

The agreement between analysis and measurement in Figure

21 is seen to be quite good. The analytically

determined value of scale was A = .13 inches. The

slight discrepency between measurement and analysis may

have been due either to the statistical deviation

mentioned above or to cumulative error in the measurement

process.

As a further test of the scale measurement

procedure, a second test pattern was prepared which con-

tained the same 32 small circles that the first test

section contained and, in addition, contained 8 larger

circles of diameter dB = .42 inches. According to the

analysis presented in Appendix B, AAB, the measured value

of scale one would expect to obtain from this pattern,

should have satisfied the relationship.

= 1.37 (25)
AA

where AA was the scale for test pattern 1. Since AA was

measured to be .14 inches, we anticipated that AAB should

equal .19 inches.

The photoelectric trace and the autocorrelation

function for the second test pattern are shown in Figure

22. The value of scale measured was AAB = .20 inches.

This was in good agreement with the predicted value given

above, thus providing further indication that our scale

measurement procedure was working properly.

A further test was made to determine if the

measured values of scale depended at all upon the level of

optical density of the transparencies being scanned. Two

pairs of transparencies of the same pattern were prepared,

one pair having an average density approximately twice

that of the other. The scale functions obtained from
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each pair of transparencies were identical. It was

therefore concluded that the values of scale did not

depend significantly on the exposure and development

times for the transparencies. Care was still taken,

however, to keep the mean level of optical density at

approximately the same value in all the transparencies

used for scale measurements.
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A. FlowPatterns

High speed motion pictures of boiling flow were

taken for the different conditions listed in Table 1.

The arrangement for the lighting and photographing of the

test section was described in section IV-D. Almost all

of the photographing was done through the front of the

test section. This was because a layer of froth and

bubbles was generally present along the narrow glass

sides of the channel making it impossible to see into

the channel from the side. For every separate operating

operating condition a film was taken of the first half

of the channel (runs denoted a) and a second film was

taken of the last half of the channel (runs denoted b).

Pictures enlarged from each of the films are presented

in Appendix C.

High speed motion picture photography proved to

be an effective tool in the study of boiling water flow

patterns. It made it possible to see quite clearly the

details of different flow regimes whose structure could

not be determined at all in direct observation of the flow.

Over the range of flow rates and heat fluxes studied in

this investigation, three distinct flow patterns were

observed. These were: 1) bubble flow, 2) coalescing flow,

and 3) slug-annular flow. These flow regimes are

described below.

At the lowest steam qualities bubble flow

occurred. At the start of the heating trip many small

bubbles (diameter 1/10") were generated. As the flow

proceeded up the channel, these bubbles grew steadily to

mean diameters of about 1/2" to 1". This growth

occurred partly as a result of vaporization and partly

as a realt of coalescence. Due to coalescence the

number of bubbles present in the flow appeared to

decrease slightly. Velocity of the bubbles was quite
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SUMMARY OF TEST CONDITIONS FOR PHOTOGRAPHIC STUDY

0] BOILINGFLOW

Inlet
Velocity
ft/sec

2.02
2.02

2.02
2.02

2.04
2.02

3.06
3.02

3.00
3.00

3.00
3.02

4.04
4.06

4.02
4.04

0.96
0.96

0.96
0.96

Heat
Flux

Btu/hr- ft 2

26,500
25,900

53,400
53,400

82,1400
81,000

26,300
26,400

51,200
51,500

80,600
81,000

27,000
26,900

52,300
52,600

26,800
26,400

52,600
53,500

Power Inlet
Input

KW.

7.30
7.14

14.7
14.7

22.7
22.3

7.25
7.29

14.1
14.2

22.2
22.3

7.45
7.40

14.4
14.5

7.36
7.27

14.5
14.7

Temp.

102.0
102.3

102.3
102.2

102.4
102.6

102.3
102.3

102.2
102.2

102.2
102.2

102.2
102.2

102.2
102.2

100.9
100.9

101.1
100.8

"10 GPM corresponds to 4790 lb/hr
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Run

la
lb

2a
2b

3a
3b

4a
4b

5a

5b

6a
6b

7a
7b

8a
8b

9a
9b

10a
lOb

Flow"
Rate

.GEM9.._

9.9
9.9

9.9
9.9

10.0
9.9

15.0
14.8

14.7
14.7

14.7
14.8

19.8
19.9

19.7
19.8

4.7
4.7

4.7
4.7

Inlet
Pressure

_12s is __

16.00
15.98

15.90
15.89

15.90
15.87

16.15
16.15

16.14
16.12

16.25
16.25

16.214
16.24

16.36
16.36

15.82
15.82

15.57
15.57

Exit
Qualit y

.009

.009

.014

.0114

.020

.020

.008

.008

.012

.012

.016

.016

.007

.007

.009

.009

.014

.014

.025

.025

_ - W L -M_ w.r.... _...mo o



uniform, with the larger bubbles moving faster than the

smaller, newly formed bubbles. The bubble flow regime is

shown in Figure 23. As steam quality increased the

numerous small spherical bubbles of the bubble flow regime

began to coalesce rapidly into a few large irregularly

shaped bubbles characteristic of the coalescing flow

regime. This regime is shown in Figure 24. In the process

of coalescence the interfaces between liquid and steam

often became quite indistinct. The frothing that occurred

in this regime also tended to obscure these interfaces.

With further increase in quality, boiling flow

passed from coalescing flow into slug-annular flow. In

this flow pattern the steam flowed predominately in an

irregularly-shaped central core of the flow channel while

the liquid flowed predominately in an annulus along the

walls of the flow channel. Periodically, frothy liquid

slugs would appear in the flow. These slugs traveled very

rapidly up the flow channel, giving to the flow regime a

surging, pulsing character. One of these frothy slugs is

shown in Figure 25. Careful study of the high speed motion

pictures of the flow as well as direct study of the boiling

test section indicated that these slugs filled the entire

cross section of the flow channel. Most of the liquid slugs

appeared to originate as frothy waves which built up on the

interface between the liquid annulus and the central core

of steam. Some slugs may also have originated at the point

of transition between coalescing and slug-annular flow

from liquid being pushed up the center of the channel by

the rapidly growing steam bubbles. The frequency of

occurrence of liquid slugs increased with mass flow rate as

did the amount of frothing occurring in the flow.

The annular film of liquid flowing along the

channel walls in the slug-annular flow regime often

appeared to contain characteristic chains of small irreg-

ular steam bubbles, strung out apparently by the shearing

stresses in the liquid layers. A good example of this is
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FIGURE 23

BUBBLE FLOW (PICTURE NO. 1)

FIGURE 24

COALESCING FLOW
(PICTURE N0. 17)

-69-



FIGURE 25

LIQUID SLUG (PICTURE

FIGURE 26

ANNULAR FILM

(PICTURE NO. 21)
NO.23)

-70-



shown in Figure 26. When a liquid slug passed through the

channel, it tended to produce a great deal of froth in the

flow. After the slug had passed, this froth gradually

cleared. Depending on flow conditions, the liquid layer

on the walls sometimes became so clear that one could see

into the channel and observe what appeared to be either

rapid boiling occurring in the liquid layer flowing along

the heating strip or vaporization occurring at the inter-

face between the liquid layer and the gaseous core. When

another slug passed, it created a frothy situation again,

and the process repeated itself.

The very rapid motion of gas in the central core

in the slug-annular flow regime was generally not visible

except when liquid slugs blocked off the channel.

Occasionally, however, one could observe what appeared to

be the motion of the gas core with drops of liquid or

froth entrained in it.

A fully developed annular flow was not obtained

in the present work due to the limitation on the heat flux

in the test section.

One significant difference between the flow

patterns observed in the present work and those observed

in other investigations of non-boiling flow was the

absence in the present work of a fully developed slug flow

regime. This is a regime in which large, bullet-shaped

gas bubbles alternate with slugs of liquid in moving up the

tube. This is a regime which would have developed from

our coalescing flow regime had there not been continuous

heat addition to the flow. As it was, our coalescing flow

regime underwent a transition to slug-annular flow before

the flow had traveled a sufficient length to develop into

slug flow. This points out a significant difference

between boiling and non-boiling two-phase flow patterns,

namely, that flow patterns which require a considerable

development length will probably not occur in boiling flows.

Other than the difference mentioned above, the
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flow patterns observed in this present study of boiling

flows appeared to have quite the same gross geometrical

features as the flow patterns in non-boiling flows.

There probably are significant differences, however, in

the detailed structure of the flow patterns in these

two classes of flows. An example of this would be the

previously mentioned possibility of boiling in the liquid

layer in the slug-annular flow regime, which certainly

would result in an annular film quite different from that

occurring in a non-boiling flow.

B. Flow PatternScale Measurements

Thirty-one measurements of flow pattern scale

were made by the procedure described in section V-C.

These measurements are all listed in Table C-1 in Appendix

C. Some examples of these measurements are shown in

Figures 27 through 34. Presented in each figure are the

photoelectric trace obtained by scanning the flow and the

corresponding auto-correlation scale function for the

trace. Pictures of the flow to which the photoelectric

traces correspond may be seen in Appendix C.

In each figure the length of photoelectric trace

shown corresponds to a scanned length of 3-1/2 inches. A

parabola is fitted to each scale function in the vicinity

of the maximum of the function. This made it possible to

Qbtain a quantitative measure of the function curvature at

this point. As explained in section V-C, the magnitude of

this curvature is taken as a measure of the flow pattern

scale. The fitted parabolas are shown as dotted lines and

are seen to approximate well the shape of the scale

functions near their maxima.

The first two examples of scale measurements

(Figures 27 and 28) are for bubble flow. The photoelectric

traces for these measurements have characteristically a

large number of sharp "peaks" and "valleys". The peaks

correspond roughly to the location of bubbles in the flow

and the width of the peaks correspond to the dimensions
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FIGURE 29
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FIGURE 30
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FIGURE 31
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FIGURE 33
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of the bubbles. The peaks in these two examples are

narrow, and, therefore, the scale of these traces is fine.

Consequently, the scale functions corresponding to them

have sharp curvatures at their maximum points. The

numerical values of scale obtained from these scale

functions are given in each figure. For Figure 27 the

scale is A = .10 inches and for Figure 28 A = .12 inches.

The next two examples of scale measurements are

for coalescing flow (Figures 29 and 30). In these photo-

electric traces we see that there are a few fairly broad

peaks rather than the many sharp peaks characteristic of

bubble flow. This change is representative of the

coalescing of many small bubbles into a few larger ones.

Since the peaks for the coalescing flow traces are broader

than those for bubble flow, the coalescing flow scale

functions are not as sharply curved about their maxima.

Values of scale for Figures 29 and 30 are .25 inches and

.21 inches respectively.

The next example of flow pattern scale measurements

are two measurements for liquid slugs. These are shown in

Figures 31 and 32. The photoelectric traces each have one

large peak corresponding to the slug. The scale functions

for these traces are extremely broad curves yielding

characteristically high scale values.

The final examples of flow pattern scale measurements

are two measurements of the liquid film in slug-annular flow.

These are shown in Figures 33 and 34. These scale functions

have some of the characteristics of both the bubble flow and

the coalescing flow scale functions. It is logical that

they should, inasmuch as the annular film sometimes contains

both arrays of small bubbles and patches of froth. As we

shall presently see, the scale measurements for annular

films are less consistent in value than the measurements

made'in the bubble or coalescing flow regions.

The results of all the flow pattern scale

measurements are shown in Figure 35*. In the bubble flow
-81-"One slug-annular flow measurement, where ? was .119 inches

is not shown in this plot.
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region scale varied only over the narrow range of .098

inches to .137 inches, the average value being .116

inches. In the coalescing region, with the exception of

one low measurement, scale values varied from .167 inches

to .254 inches. The one low measurement of .104 inches

corresponded to a flow situation bordering between

coalescing and bubble flow (see Photo 2, Appendix C).

Average scale measurement in the coalescing flow region

was .189 inches.

In both the bubble and coalescing flow regions,

the scale measurements are grouped quite closely about

the average value for each regime. In the slug-annular

flow region, however, measured scale values range from a

low of .137 inches all the way up to a high of 1.19 inches.

The average scale value was .10 inches. The scale values

above .275 inches were almost all the results of

measurements of liquid slugs. The values below .275

inches were the result entirely of measurements of the

annular liquid film flowing along the channel walls. The

fact that the scale values for slug-annular flow vary over

a wide range is a distinguishing feature of the regime.

The most prominent feature of the regime is, however, the

existence of the very large scale values (A>.275 inches)

corresponding to the liquid slugs.

On the basis of the scale measurements discussed

above, the three visually observed flow patterns can be

categorized in the following manner:

1) Bubble flow - characterized by scale values

all below .15 inches

2) Coalescing flow - characterized by scale

values in the range .15 inches to

.275 inches

3) Slug-annular flow - characterized by the

existence of some scale values

greater than .275 inches. Also

characterized by a wide range of

scale values
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This system enables one to distinguish between visually

different flow regimes quantitatively by means of scale

measurements. This proved to be very useful in determining

transitions between flow patterns as will be illustrated in

the next section.

The basic classification of flow patterns in the

above system depends upon the visual appearance of the flow.

It would be possible, however, to base the classification

of flow regimes solely upon scale measurements. This would

require a thorough statistical approach. For example, the

statistical distribution of scale values at different flow

conditions should be determined, and the effect of the size

of the scanning area on scale measurements should also be

investigated. This would require many more measurements

of scale than were obtained in the present work. This

approach to the study of two-phase flow could, however,

prove very rewarding. One of the principal problems in the

study of two-phase flow is that of separating the flow into

different regimes which are individually amenable to

analysis or empirical correlation. Classifications based

on visual appearance of the flow have been the most success-

ful for this purpose thus far. A meaningful classification

of flow regimes based on the measurement of a quantitative

flow property, however, has yet to be achieved. The

measurement of two-phase scale would seem to hold some

promise as a basis for such a classification.

C. Boundaries of Flow Pattern Regimes

In previous experimental work on two-phase flow

patterns the determinations of the points of transition from

one flow pattern to another have always been based on visual

observations of the flow. This method has two significant

disadvantages. The first of these is that because of the

qualitative nature of visual observation, it is difficult

to be consistent in the determination of flow pattern trans-

ition points. This presents a serious impediment to

investigating the precise dependence of flow pattern
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transition on parameters such as viscosity or flow rate.

A second disadvantage of determining transition points

visually is that, because this method is subjective and

depends on the personal interpretation of the observer, it

is difficult to compare the work of one investigator with

that of others. This is probably responsible for much of

the disagreement among investigators concerning the

regions in which different flow patterns exist.

In the previous section criteria for distinguishing

different visually defined flow pattern regions on the basis

of scale measurements were presented. With these criteria

it is possible to determine the point of transition from

one flow pattern to another by objective quantitative

measurements on the flow. This procedure would eliminate

both of the above disadvantages of visual determinations.

Ideally, the determination of flow pattern trans-

itions for each condition of heat flux and inlet flow would

involve the following steps. First, flow pattern scale

would be measured at closely spaced positions along the

entire length of the flow channel. More than one measure-

ment at each position would be necessary to obtain the

local average scale value and the local range of scale

values. From these measurements one would obtain a

complete map of flow pattern scale for the whole channel.

This map could be plotted in terms of scale vs. channel

position or scale vs. local flow quality. From this map,

with appropriate criteria for defining the different flow

pattern regions, one could precisely determine the

transition between each flow pattern.

The procedure described above is conceptually

straightforward. In the present experimental work,

however, the process of obtaining individual scale

measurements was very tedious, involving the printing and

developing of two consecutive sets of transparencies and

involving considerable time in scanning each set of trans-

parencies on the CYCLOPS. Consequently, the thorough
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measurement of flow pattern scale for each flow condition

was not attempted. The thirty-one measurements of scale

that were made, however, do provide an average map of

scale vs. flow quality for the total range of heat fluxes

and flow rates studied. This plot is shown in Figure 36.

Determination of flow pattern transition points on this

plot was accomplished in the following manner. Based on

the data presented in the previous section, the following

definitions of flow pattern transition points were

adopted. Transition from bubble flow to coalescing flow

was defined to occur when measured scale values first

exceed .15 inches. Transition from coalescing flow to

slug-annular flow was defined to occur when measured scale

values first exceed .275 inches. Applying these criteria

to Figure 36, bubble to coalescing flow transition was

found to occur at a calculated quality of .003, and

coalescing to slug-annular flow transition was found to

occur at a calculated quality of .0049.

In addition to the determination of flow pattern

transitions presented above, an attempt was made to

determine transitions visually for each condition of heat

flux and flow rate. The results are shown in Figure 37.

The flow rate is indicated with each data point and the

heat flux for each point is given by the ordinate.

Although there is some scatter of the data, there does

seem to be a trend for the transition for bubble to

coalescing flow to occur at lower calculated qualities

when the heat flux is greater. This trend may, however,

be an effect of the liquid superheating mentioned below.

The points for transition from coalescing to slug-annular

flow appear to be independent of heat flux and inlet

velocity and to be a function only of calculated quality.

The average transition points for all inlet

velocities and heat fluxes as determined from scale

measurements are indicated in Figure 37. They agree with

the transition points determined visually.
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FIGURE 37

FLOW PATTERN TRANSITION POINTS DETERMINED VISUALLY
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The general conclusion reached with respect to the

limits of flow pattern regimes is that bubble flow exists

at calculated qualities less than .003, coalescing flow

exists in the calculated quality range from .003 to .0049,

and slug-annular flow exists above a calculated quality of

.0049. Flow quality at any point was calculated from

measurements of inlet temperature, measurement of net heat

input to the point, and measurement of average pressure at

the point. Information obtained from velocity measurements

and visual observation, however, indicate that the actual

amount of steam present in the bubble and coalescing flow

regions was considerably less than that corresponding to

the calculated quality. In effect, the flow did. not seem

to be in a state of thermodynamic equilibrium, but rather

the liquid appeared to be superheated perhaps as much as

3.5*F above saturation temperature. This is discussed in

detail in Section VI-F.

Since the extent of superheating occurring at each

transition point was not known, the transition qualities

presented above could not be corrected to represent the

actual amount of steam present in the flow. However, even

though the transition qualities given may not represent the

actual amount of steam in the flow, they do represent the

correct enthalpy of the flow, and so are still valid

parameters for plotting flow pattern transitions.

D. Pressure Gradient Measurements

The pressure distribution along the flow channel

was measured for every experimental run by means of ten

pressure taps located at 3-7/8 inch intervals along the

heated length of the channel. Pressure measurement was

by manometer using trichloroethylene (specific gravity =

1.46) and water as the differential fluids. The manometer

system is described in Section IV-C.

In measuring the pressure distribution along the

channel, all pressures were read relative to the pressure

at the start of the heating strip; i.e., the first pressure
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tap was always connected to one side of the manometer

while subsequent taps were connected to the other side of

the manometer. With the manometer it was possible to

measure pressure differences of .001 psi.

In boiling flow, static pressure at any point can

fluctuate considerably, depending on the flow regime. In

slug-annular flow, rapid pressure fluctuations apparently

as great as 0.4 psi occurred. The long leads to the

manometer damped out these fluctuations very effectively

so that the manometer gave the time average pressure for

each point. Slight fluctuations of the order of .02

psi, however, still remained in the manometer readings.

Reproducibility of pressure measurements was of the same

magnitude as these residual fluctuations.

In order to determine the friction factor for the

flow channel, five pressure drop measurements were made

with all liquid flow at different velocities and temper-

atures. The friction pressure drop was determined by

subtracting the calculated hydrostatic pressure drop from

the measured static pressure drop. A typical plot is

shown in Figure 38. Between taps 2 and 8 all of the points

lie fairly well on a straight line. Between taps 8 and 10,

however, and to some extent between taps 1 and 2 the pressure

drops deviate from this straight line. This indicates the

influence of flow entrance and exit effects. The points

plotted in Figure 38 were determined assuming that flow

momentum changes were negligible. Since flow entrance and

exit effects involve flow momentum changes, the pressure

drops between taps 1 and 2 and between taps 8 and 10 in

Figure 38 undoubtedly do not represent the correct friction

pressure drops for those regions. Consequently, values of

the friction factor f were determined only from the linear

portions of the pressure drop plots. The values obtained

are shown in Figure 39 where they are compared with a

friction factor curve obtained in a recent investigation

of pressure drop in rectangular channels (Reference 31).
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The rather poor agreement between the two curves may be due,

in part, to the 5% uncertainty in the determination of the

test section hydraulic diameter in the present work.
3

Since calculated values of f depend upon D , the 5
uncertainty in D results in a 15% uncertainty in values of

f.

The measured static pressure distributions for all

the boiling flow runs are shown in Figures 40 through 19.
In each figure is also shown the static pressure distribution

for an all liquid flow at the same mass flow rate and

temperature as the boiling flow. The hydrostatic pressure

gradient for an all liquid flow at 212F is .0346 psi per

inch. The pressure gradient due to wall shear stress for

all liquid flow was 0003 psi per inch for 5 GPM flow, .0010

psi per inch for 10 GPM flow, .0021 psi per inch for 15 GPM

flow, and .0036 psi per inch for 20 GPM flow.

The points at which transition from bubble to

coalescing flow and from coalescing to slug-annular flow

occurred are indicated in each figure. No striking change

in the pressure gradient seems to occur at these points

although the 20 GPM curves do steepen considerably in the

slug-annular flow regime. Actually, since the static

pressure gradient includes the combined effects of hydro-

static pressure gradient, momentum pressure gradient, and

friction pressure drop, the effect of a change in the flow

pattern on one of these components might very well be

obscured by a counter effect on one of the other components.

For the 5 GPM and 10 GPM flow rates at a heat flux

of 25,000 Btu/hr-ft , the wall shear stress and momentum

contributions to pressure gradient in the bubble flow

region were very small compared with the hydrostatic

contribution. The momentum contribution in particular was

negligible. The hydrostic compoment is given exactly by"

Jd z=P(1" t) -pd (26)
L G

Aurl-o93-
Assuming uniform pressure across the flow channel
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and the wall shear stress component can be approximated quite

well by

) V 185 1.85

(( f(() )(27)
\df \z L i \zL

where is the friction pressure gradient for an all
fL

liquid flow with the same liquid mass flow rate and temperature

as the boiling flow. This approximation is based on the con-

cept that in turbulent flow the shear stress in the laminar

sublayer next to the wall is determined principally by the

bulk velocity of the turbulent flow outside of the sublayer.

The choice of a 1.85 power for this dependence was based on

the friction factor values for all liquid flow (Figure 39).

This method of estimating wall shear stress in bubble flow was

found to give good agreement with the bubble flow pressure

drop measurements of Reference 26. In any case, since the wall

shear stress component of pressure gradient is less than 109

the total static pressure gradient in the cases under consider-

ation, errors involved in estimating wall shear stress will

produce relatively small percentage errors in the total

calculated static pressure gradient.

From Equation (26) and (27) the static pressure

gradient in bubble flow can be written as

, I.85

dz PL (G) - + '\(ZJfL yi j (28)

For situations where Equation (28) applies one can

calculate values of void fraction from the measured static

pressure gradients. In Figures 50 and 51 are plotted the

pressure gradients in the bubble flow regime for the two flow

conditions where Equation (28) does apply. The void fractoon

calculated for each point is indicated. The momentum

contribution to static pressure gradient as determined from

these values of a was less than 1% for the 5 GPM flow and less
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than 4% for the 10 GPM flow. Its neglect in the calculations

is therefore justified.

As we shall see in the next two sections, values of

a calculated from Equation (28) were useful in determining

bubble slip velocity and in evaluating the amount of liquid

superheating occurring in the bubble flow regime.

E. Two-PhaseyelocityMeasurements

Forty-two measurements or two-phase flow velocity

were made by the procedure described in section V-A. These

measurements are all listed in Table C-1 in Appendix C. In

order to test the consistency and accuracy of the measure-

ment procedure, two separate measurements were made for

twenty-four of the velocity determinations. In 'these cases,

the second measurement was made for a time interval twice

that of the first measurement. The time intervals were

determined by which pictures from the high speed film of

the flow were selected for comparison. The same reference

picture or initial picture was used in both measurements.

The time intervals were of the order of .001 seconds and

the distances traveled by the flow pattern during this time

were of the order of a few tenths of an inch.

Examples of velocity measurements in the bubble flow

regime, coalescing flow regime and slug-annular flow regime

are shown in Figures 52, 53, and 54. Shown are pairs of

photoelectric traces obtained from scanning the transpar-

encies of the flow. The bottom trace in each figure is for

time to, and the top trace is for time t1. The difference

in appearance between these traces results from the

distortion undergone by the flow pattern in the time interval

At = t - to. The top trace in each figure is displaced

slightly to the right relative to the bottom trace. This

displacement is a result of the motion of the flow pattern

along the channel during the interval At1 . As described in

section V-A, measurement of this trace displacement by a

correlation procedure is the means by which the velocity

of the flow pattern is determined.
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FIGURE 53
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FIGURE 54
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Below the photoelectric traces in each figure are

shown plots of the least-squares correlation functions for

time intervals At1 and At2. land 62, the locations of

the minima of these curves, are the displacements of the

flow pattern corresponding to At1, and At 2 . The velocity

of the. flow pattern is, therefore, given by

- and - .
At1  At2

Since At 2 = 2At1 , then, for consistency in the velocity

measurements, 62 should be twice 8. This condition is

very well satisfied in Figures 52 and 53 and fairly well

satisfied in Figure 54.

In general, the consistency of all 24 dual

measurements was excellent. The average deviation of the

pairs of measurements from their mean value was about 3%
This indicates both that the two-phase flow patterns did

have clearly defined velocities and also that the measure-

ment procedure was quite accurate.

The clear definition of the correlation function

minimum points in Figures 52 through 54 is characteristic

of most of the measurements. In general the location of the

minima on the graph could be determined to within .005

inches. Estimated accuracy of the actual displacement

measurement is somewhat less than this, being about .01

inches. With refinement of the CYCLOPS instrument, how-

ever, this accuracy could be improved.

There are two features which characterize different

correlation function curves. The first is the value of the

correlation function at its minimum point measured on the

ordinate of the plot. This value indicates how good the

correlation is between the flow pattern pictures being

compared. If there were perfect correlation, the correlation

function would reach a minimum value of zero. The degree of

correlation between two flow pattern pictures decreases as
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At, the time interval between the pictures, increases.

Therefore, the value of the correlation function at its

minimum point increases as At increases. This can be seen

in Figures 52, 53 and 54. The effect is less pronounced

as the scale of the flow pattern increases, indicating that

for a given distance traveled by the flow pattern, large

scale flows generally distort less than small scale flows.

The second feature which characterizes different

correlation function curves is the acuteness of the downward

peak of the minimum point of these curves. As one would

expect, the degree of acuteness depends principally on the

scale of the flow pattern, with fine scale patterns yielding,

in general, correlation function curves with acute minimum

points. The acuteness of the minimum point, however, also

depends upon the distortion undergone by the flow pattern

during the time interval of the measurement. With

increasing time (or distance) the minima of the correlation

curves becomes more and more broad. This effect is less

pronounced for large scale flow patterns since, as noted

above, these tend to suffer less distortion than patterns

of a finer scale. The effect of broadening of the

correlation curves with distance can be seen in Figures

52 and 53. In Figure 54, for which the flow pattern scale

is very large, this effect is not discernible.

The results of all the velocity measurements are

plotted in Figure 55. The ordinate for this plot is the

measured flow pattern velocity, VFP, minus the inlet

velocity, Vin. The abscissa is V'g, the calculated super-

ficial steam velocity. This is the velocity that the

calculated mass flow of steam would have if it were flowing

alone in the channel. V1 is given by
g

V1 =i (29)
g G
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where

M = Total mass flow rate

pG =Density of steam

A = Total cross sectional flow area

x = Calculated quality

The reason for this choice of coordinates will be

brought out later. Suffice it to say at this point that

the steam volume flow in these experiments was generally

much greater than the liquid volume flow, and, therefore,

the magnitudes of the velocities of the steam-water

mixture were predominately governed by the magnitude of

the steam flow. Thus V G, was the most significant

coordinate for plotting velocity measurements.

For the hypothetical situation of a homogeneous

flow, the entire steam-water mixture is conceived to move

at a uniform velocity. This velocity would be given by

V G + V . The dashed line in Figure 55 represents this

velocity.

Velocity measurements were made in the flow regions

of bubble flow, coalescing flow, and slug-annular flow.

These different measurements are indicated in Figure 55.

The first velocity measurements to be discussed are those

for bubble and coalescing flow. These are plotted

separately in Figure 56.

In the bubble flow region the velocities measured

were those of the steam bubbles. Since the displacements

of the bubbles were fairly clearly defined in the motion

pictures of the flow, these displacements could be

measured directly with a scale. This was done in several

cases and these direct measurements were always found to

be in agreement with the measurements made by the scanning

procedure, thus providing verification of the scanning

procedure.

Due to their buoyancy, steam bubbles flow at a

velocity greater than that of the surrounding water. This

relative velocity is known as the steam "slip" velocity.
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Because of this slip, the steam bubble velocity is

necessarily greater than the homogeneous velocity for the

flow. In Figure 56, however, the measured bubble flow

velocities all lie considerably below the calculated homo-

geneous velocity line. The significant conclusion that

must be drawn from this is that in the bubble flow region

the actual amount of steam present in the flow is less than

the calculated amount. As we shall show in the next section,

this discrepancy is almost certainly due to superheating of

the water in the bubble flow region.

It is of interest to try to determine Us, the slip

velocity of the steam bubbles relative to the surrounding

liquid flow. For an equilibrium flow the equations necessary

to do this are:

xM = pVG aA (30)

VGi 1+ Us (31)

where

M = Total mass flow rate

VG = Steam velocity (bubble velocity)

PG= Steam density

A = Total flow cross section area

Us = Bubble slip velocity

x = Calculated flow quality

a = Void fraction

If the flow were in thermodynamic equilibrium, then

Equations (30) and (31) could be solved for Us using

calculated values of x and measured values of VG.

Unfortunately, because of super-heating of the water, the

term xM in Equation (30) did not represent the actual amount

of steam present in the flow; and, therefore, Equation (30)

did not give the proper value of a to use in Equation (31) .

Consequently, Us could not be determined from bubble velocity
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measurements unless the value of a corresponding to the

measurement were independently known. Fortunately, there

were a number of velocity measurements for which a was

known approximately. The first of these was a velocity

measurement made at the very start of the heating strip

where a was effectively zero. For this case inlet velocity

was 3 feet per second (flow = 15 GPM), and measured bubble

velocity was 4.1 feet per second. Calculated slip velocity

was, therefore, 1.1 feet per second.

For the same flow condition as above, a second
measurement of bubble velocity was made at a point approxi-

mately ten inches from the start of the heated length of the

channel. The measured bubble velocity was again 4.1 fps,

the same as at the start of the heating strip. Since the

steam bubbles grew in size as the flow progressed up the

channel, it was extremely unlikely that their slip velocity

had decreased. Therefore, it appeared that the bubble slip

velocity at the point ten inches along the channel was still

1.1 fps and that the void fraction at this point was still

very small, i.e., less than .10. This last conclusion was

supported by the visual appearance of the flow.

Bubble slip velocities were determined for the flow

rates of 5 and 10 GPM (inlet velocities 1 and 2 fps) by

using the void fraction values calculated in the previous

section. For the 5 GPM case, bubble velocity measured at
a point eight inches from the start of the heating strip

was 1.9 fps. From Figure 50 the void fraction at this point

was a = .20. From Equation (31), therefore, bubble slip

velocity is calculated to be 0.7 fps. For the 10 GPM case,

bubble velocity measured at a point ten inches from the

start of the heating strip was 3.4 fps. The void fraction

obtained from Figure 51 for this point was .13. Bubble slip

velocity for this case was, therefore, calculated to be 1.0

fps.

We next consider the velocity measurements for the

coalescing flow regime. As noted earlier in section V-'A,
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velocity measurements in this regime gave a measure of
a mean velocity of the mixture rather than a measure

of either the liquid velocity or the vapor velocity alone.

It is believed, however, that the measurements did reflect

the velocity of the coalescing vapor bubbles more than they

did the velocity of the liquid. The velocity measurements

showed quite a bit of scatter, as can readily be seen in

Figure 56. This scatter is attributed to the fact that the

coalescing steam bubble velocities depended significantly on

the bubble size, the larger bubbles appearing to move

considerably faster than the smaller bubbles. Unfortunately,

due to the rapidly changing shape and size of bubbles in

the coalescing regime, it was impossible to obtain any

direct measurement of bubble velocity to compare with the

velocities measured by the scanning technique.

Since coalescing flow velocities seemed to depend on

the size of the vapor volumes present in the flow, and

since for each velocity measurement there was available a

scale measurement which provided a quantitative indication

of a mean size of the flow, it seemed reasonable to plot

velocity vs. scale to see if some degree of correlation

existed between these two quantities. This plot is shown

in Figure 57. Five of the bubble flow data points present

in Figure 56 are not plotted in Figure 57 because scale

values were not available for them. It is apparent from

Figure 57 that the scatter of the coalescing flow velocity

data is reduced significantly by plotting them vs. scale.

This provides a good illustration of the physical

significance of flow pattern scale.

Before leaving the discussion of the coalescing flow

velocities, it would be well to point out that, although

the measurements plotted in Figure 56 show considerable

scatter, they all lie below the line for homogeneous flow.

This indicates that superheating of the water continues

into the coalescing flow region.

We now turn our attention to the velocity measure-

ments for the slug-annular flow regime. These are plotted
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separately in Figure 58. The most prominent feature of

this plot is that the velocities fall along two separate

branches. The lower branch consists of measurements of

velocities of what was determined to be the annular film of

liquid flowing next to the test section walls. The

determination that this was the annular liquid film was

based solely on study of the high speed motion pictures of

the flow. The motion of this liquid layer was made

visible by the small, frothy bubbles of vapor which were

present in the film. It was the velocity of these bubbles

that was measured. Since these bubbles were very finely

dispersed in the liquid, their velocity should have been

almost identical to that of the surrounding liquid.

The upper branch of velocities shown in Figure 58

shows the velocities of the rapidly moving, frothy slugs

in the flow. The velocities of these rapidly moving slugs

were measured by determining the displacements of the sharply

defined, frothy leading edges of the slugs. An example of

one of these frothy leading edges can be seen in Figure 25.

Other examples can be seen in Figures C-10 through C-12.

Attempts were made to measure some of the displacements of

these frothy leading edges directly with a scale for

comparison with the velocities measured by the photo-

electric scanning procedure. Direct measurement by scale

proved to be very difficult to do, so a close comparison

was not possible. However, within the accuracy attainable

by direct measurement (estimated to be 501) the results

of direct measurement agreed with the results obtained by

the scanning technique.

The moving slug velocity measurements proved to be

of considerable interest. The first thing one notices

about the slug velocity data in Figure 58 is that they
I

have a rather strong linear correlation with V G'
Accordingly, a straight line was drawn through them by

means of a least squares fitting procedure. The equation
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of this line is

Vs Vin .370 V G + 1+(32)

where Vs is the measured velocity of the liquid slug. This

line is drawn in Figure 58. As we shall see, the relationship

of slug velocities to VIG as given by Equation (32) leads

to a rather interesting conclusion concerning the transient

nature of slug-annular flow at atmospheric pressure.

Before coming to that, however, it is first necessary to

consider the flow continuity conditions for a liquid slug.

A liquid slug, moving at velocity Vs, is represented

in Figure 59. A control volume is taken which extends from

the middle of the slug (station z1 ) to a position just in

front of the head of the slug (station z2). This control

volume is assumed to move with the slug. Just ahead of the

slug at station z2 , the liquid is flowing upwards with

velocity VL2 along the walls of the channel in an annular

flow configuration. The velocity of this liquid layer

relative to the upwards moving control volume is Vs VL2
directed down into the control volume. In the body of the

liquid slug at station z1 , the mean liquid velocity is VLl'
Relative to the moving control volume, the mean liquid

velocity in the body of the slug is Vs VL, directed down

out of the control volume. The flow area for the liquid

ahead of the slug is (1-a) A. The flow area for the

liquid in the body of the slug is A. Since the control

volume moves with the slug, it is assumed that the amount

of liquid contained in the control volume does not change

with time. Liquid flow continuity gives, therefore,

(Vs VL2) (l-a) A = (Vs-VL1) A (33)

This flow continuity relationship in Equation (33)

is analogous to the continuity relationship for a moving

hydraulic jump. As we shall see later, a momentum

relationship analagous to that for a hydraulic jump can
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also be written for a liquid slug.

Let us now consider the quantity VLlA in Equation

(33). Referring to Figure 59 we can see that this

represents the total volume flow past station zl at the

instant depicted. in the figure. Now, if we assume both

the steam and water phases to be incompressible, then by

continuity

VL1 A=VinA + 2G(t,zl) (34)

where 2G(t,zl) is the instantaneous volume rate of steam

generation in the length between z=0 and z=z1 . Substituting

(34) into (33) and rearranging, we get

V Vin = (tz) + (V V2)(1-'u) (35)As n' s L2

Now, the second term on the right hand side of Equation (35)

is always positive because slug velocity is always greater

than the velocity of the liquid flowing along the walls

ahead of the slug. Therefore, we obtain the condition

S( t,z)

Vs vin > A (36)

This states that the slug velocity minus the inlet velocity

is always greater than the instantaneous volume rate of

steam generation in the channel behind the slug, divided by

the flow cross section area. Physically, the steam

generation behind the slug can be viewed as providing the

driving force that pushes the slug up out of the channel.

This driving force comes from the build up of steam pressure

that will occur behind a liquid slug when it blocks off the

test section channel. Now, in Figure 58, we saw that

measured values of Vs Vin were all less than V G, the

superficial steam velocity. V G is given by

VG= QG(Z)
A
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FIGURE 59
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where is the calculated, time-average, volume rate of

steam generation in the length 0 to z of the flow channel.

Calculations of S-G-zywere based on measurements of inlet

flow rate, inlet temperature, heat input, and the time

average pressure distribution along the channel. As an

experimental result, then, we can write

Vs vin < A(38)

Comparing the analytically obtained inequality (36) with

the experimentally obtained inequality (38), we conclude,

finally, that

2G(tz) < 2 (z) (39)

This is a rather surprising result. It states that

the instantaneous steam volume generation rate in the length

of flow channel behind a liquid slug is observed to be

always less than the calculated, time-average generation

rate for that length of channel. This result cannot

reasonably be accounted for by possible errors in measure-

ments. Neither can it be reasonably accounted for by liquid

superheating, since this would require a superheat on the

order of 10 F. It can be explained quite reasonably,

however, by the following model of slug-annular flow.

Slug-annular flow can be viewed as basically an

annular flow in which intermittent liquid slugs occur. When

no slug is in the channel, the pressure distribution along

the channel is fairly steady with time and approximately

equals the measured., time-average, pressure distribution.

The steam being generated is approximately equal to the

calculated amount. Now, when a liquid slug occurs in the

channel there exists a considerable pressure rise through

the slug from head to tail. This is analytically calculable

from a momentum equation. The result of this pressure

increase is that the pressure level behind a liquid slug is
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significantly greater than the measured, time-average value.

Consequently, during the whole passage of the slug along

the channel, the rate of steam generation behind the slug

is suppressed well below the calculated average rate. Slug

velocity is correspondingly reduced. When the slug exits

from the end of the channel, the pressure in the channel

drops to the level associated with the annular flow

configuration, With the appearance of another slug the

cycle is repeated.

An analysis of the above slug-annular flow model is

presented in section VII-B. By means of this analysis, the

observed degree of suppression of steam generation behind a

liquid slug can be approximately predicted. The model,

therefore, appears quite credible. Some further support

is provided by the fact that many investigators have

observed considerable pressure fluctuations associated with

slug-annular flow. Missing from the support of this slug-

annular flow model, however, is any visual evidence in the

present work of a rapid increase in steam generation rate

at about the time a slug should be discharging from the end

of the channel. The lack of observation of any such increase,

however, could be due to the complicated appearance of the

slug-annular flow, which generally made it impossible to

directly observe steam being generated in this regime.

F. Summary ofEvidence of Liquid Superheating

As noted previously, evidence from a number of

independent measurements and observations indicate that the

amount of steam present in the bubble and coalescing flow

regimes was substantially less than that calculated to be

present assuming that the flow was in thermodynamic equi-

librium. The conclusion drawn from this evidence is that

the liquid phase in these flow regimes was significantly

superheated above the saturation temperature. The validity

of this conclusion depends on the validity of the evidence

mentioned above and also upon the accuracy of the measure-

ments from which the flow quality was calculated. These
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were measurements of net heat input, flow rate, pressure and

inlet temperature. The accuracy of these measurements is

discussed in Section IV-F. From the results of that

section, it can be concluded that, at worst, calculated

values of quality in the bubble flow regime are accurate

to .0009. This is equivalent to a saturation temperature

accuracy of 0.9 F. As we shall see from the evidence to

be presented, the discrepency between the observed amount

of steam present and the calculated amount cannot be

accounted for by this amount of experimental error.

The most direct evidence of superheating of the

liquid during the experiments was simply the appearance of

the flow. In Figures C-4, C-8, C-1, and C-6 of Appendix C

are shown pictures of the bubble flow region for inlet

velocities of 1, 2, 3, and 4 feet per second. At the top

of these pictures (length 17" on the scale shown) the

calculated ratios of the steam volume flow to the liquid

volume flow are 8.7, 5, 4.1, and 3.4 for Figures C-4, C-8,

0-1 and C-6 respectively. The estimated error for these

calculated ratios is less than 17 percent. Since bubble

slip velocities are only about one foot per second, it

should be obvious from inspection of the pictures that the

actual steam present in the flow was considerably less than

the calculated amount. The difference can be accounted for

only by assuming that the liquid was superheated.

The amount of liquid superheating occurring in the

bubble flow region can be determined from velocity

measurements if one knows or assumes a value for the

bubble slip velocity. The equations for these calculations

are as follows: First, the equation defining bulk liquid

superheating is

xM M
AT (40)

(1-x)MC hLG
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where x = Calculated flow quality assuming
thermodynamic equilibrium

CL = Heat capacity of liquid

M = Actual mass flow rate of steam

hLG= Latent heat of vaporization

AT = Bulk liquid superheat

Ms, the actual mass flow rate of steam in the bubble flow

region is given by:

Ms P VB a A (41)

where VB = Mean bubble velocity

a = Mean void fraction

By definition, the bubble slip velocity Us is:

Us VB VL V -Vin(1-x)

ULB L B (l- ) (42)

Noting that in bubble flow at low pressures (1-x) = 1, we

can solve equation (42) for a. We get:

a=1-(43)

Equations (40), (41) and (43) serve to determine AT from

measured values of VB if Us is known.

From a consideration of Equations ( 40), (41) and (43),

it is easily seen that, for a given measurement of VB, Ms

will have a maximum possible value if Us is assumed to be

zero. Corresponding to this, a minimum possible value of

AT will be calculated. On the other hand, a maximum

possible value of AT will be calculated if Ms is taken to be

zero (no steam generation). Thus, corresponding to any

measured value of VB, it is possible to obtain an upper and

lower bound to the extent of liquid superheating occurring.

-121-



Maximum and minimum values of superheating calculated

in this manner are shown in Table 2. The cases presented

for each flow rate are for the highest qualities at which

a bubble velocity measurement was made. Also presented are

the calculated superheat values assuming a slip velocity

of 1 fps, which was the average measured value of Us. As

can be seen, the range of possible superheat values

corresponding to each particular velocity measurement is

quite narrow, so that the actual value of superheat is

closely bracketed.

A second evaluation of the extent of superheating in

the bubble flow region can be obtained from measurements of

flow pressure gradient. In Section VI-D, values of void

fraction in the bubble flow region were calculated from

pressure gradient curves. The calculations were made for

flow rates of 5 and 10 GPM at a heat flux of 25,000

Btu/hr-ft2 , conditions for which the flow pressure gradient

was due almost entirely to hydrostatic head. From these

values of a, using the fact that bubble slip velocity is

about one foot per second, one can calculate the existing

steam volume flow rate by means of equations (41) and (43)

presented previously. The extent of superheating is then

determined by comparing the existing with the predicted

steam flow rates.

Values of superheating were determined in this

manner for the same positions as the values presented in

Table 2. The values obtained from pressure gradient

measurements were 3.2 F and 1.5*F for the 5 and 10 GPM

flow rates respectively. These values agree very well with

the values in Table 2. The extent of superheating at the

point of transition to coalescing flow was determined from

the pressure gradient curves to be 3.5*F for the 5 GPM case

and 2.9%F for the 10 GPM case.

The degree of superheating occurring in the bubble

flow region is surprisingly high. Certainly it is
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VALUES OF LIQUID SUPERHEAT COMPUTED FROM BUBBLE VELOCITY MEASUREMENTS

Velocity
Measurement

Bubble
Velocity

Flow
Rate

Heat Flux
Btu/hr-ft2

Calculated
Quality

Computed Liquid Superheat

UQ=0 Max . Possible Value U =1.0 FPS
(FPS) GPM_____

11 1.9 5 25,I000iL000005 3.2* 3.6*F 3.50 F~

23 3.4 10 25,000 .0000 1.2*F 1.7 F 1.5*F

5 5.7 15 50,000 .0003 1.6 F 2.1 F 1.7*F

20 6.0 20 50,000 .0003 1.0*F 1.2F 1.1*F

calculated for Us== 0.8 FPS

I
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considerably greater than can be accounted for by estimated

errors in experimental measurements. The fact that the

calculations of superheat based on the independent measure-

ments of bubble velocity and pressure gradient both agree

gives considerable support to the validity of the

calculations. Also, the calculations themselves seem to

be quite sound, involving no questionable assumptions.

One must conclude, therefore, that the calculated super-

heating is a real phenomenon.

To this writer's knowledge no superheating of the

magnitude observed in these experiments has been previously

reported for boiling flows. H.S. Isbin, et al(32), in a

study of void fractions and pressure drop in natural

circulation boiling flows, did find evidence that some

superheating of the flow was occurring. They observed

that the point at which flow pressure gradient curves began

to decrease from the value corresponding to all liquid

flow was often delayed beyond the point where significant

steam generation should occur. The maximum displacement

observed corresponded to a temperature error of 1F.

Since experimental errors could not account for this

discrepancy, they concluded that the water was flashing

from a superheated state.

The qualitative explanation for the existence of

superheating in a vertical boiling flow is fairly simple.

As flow moves up the channel, it encounters increasingly

lower pressure and, corresponding to this, increasingly

lower saturation temperatures. If the process of heat

transfer involved in the generation of steam is not rapid

enough to permit the flow to adjust to the increasingly

lower saturation temperature, it will become superheated.

The situation is complicated by addition of heat to the

flow, The extent of superheating that is finally

reached should depend on the mass flow rate and the rate

of heat addition. Unfortunately, there were not

sufficient experimental data to determine these
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relationships.

Factors which probably contributed to liquid super-

heating in the present experiments were: 1) The water was

extremely pure and deaerated; 2) Most of the channel wetted

surface was smooth glass; and 3) The heating. strip was

stainless steel which, although rubbed by emery paper, still

remained quite smooth. In the motion pictures of bubble

flow it was observed that there were very few nucleation

sites on the heating strip and that most of the heat

generated therefore detoured through the water to bubbles

already present in the flow. This would indicate the

existence of substantial liquid superheating.
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VII. ANALYSIS

A. A alysis of Pressure Gradient

The momentum equation for a boiling flow in a

vertical channel of constant cross section area is:

dPPp LvL (+-a) +
_ d d - + G-G+ p(1-a) + PG a + 4 (44)

dz dz gc cLGD

TTP in the above equation is the wall shear stress exerted

by the two-phase flow, and D is the equivalent hydraulic

diameter of the channel. This equation is derived in

Appendix A, and the assumptions involved in its derivation

are given there. Equation (44) permits one to consider

the boiling flow pressure gradient as being the sum of

three separate components. There are:

Acceleration component =

S LLl -a) p V 

+ P-( 4 dZ/a dzc c

Gravity component IPL1-a) + PG a (146)

Friction component (ii) = 4 t (47)
F D

In order to predict the boiling flow pressure gradient, one

must be able to predict these three components. Let us

consider them one by one.

In the expression for the acceleration component,

the quantities VG and VL, which represent the steam and

water velocities, can be written in the terms of the total

mass flow rate, the flow quality and the void fraction.

VG = (148)
G apA

VL =(1- a)P (49A
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Substituting these into expression (45), we obtain

( )2+x2 
- F )L + (50)

dz/0 gA dz L 1 -)pL PG

Equation (50) expresses the acceleration component in terms

of the unknown a and other known system parameters.

The gravity component is already expressed in

terms of a and other known parameters by means of equation

(46).

The frictional pressure gradient compoment is,

in general, very difficult to determine. For an annular

flow pattern, however, the following simplified model can

be assumed for predicting

\dz/f

We assume that all the liquid flows in an annular layer

along the channel wall. T TP, the shear stress at the wall,

is due entirely to this liquid layer. For a single phase

liquid flow in a duct, the wall shear stress is commonly

expressed in the following form

p 2

t2 = 1/4 f (51)
L 2g c

where f is a friction factor, which, for a given channel,

depends only upon the Reynolds number of the flow. It

seems quite reasonable to apply equation (51) to the liquid

layer in an annular flow. The basis for doing this is the

concept that the shear stress in the laminar sublayer of a

turbulent liquid flow along a wall is determined principally

by the mean velocity of the turbulent flow just outside of

the laminar sublayer, independent of whether there is a gas

or liquid flow in the center of the duct. To calculate

the wall shear stress corresponding to the liquid flow

along the wall, it is necessary to know the effective

hydraulic diameter DL and the mean velocity VL for the flow.
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These are given by the following expressions:

DL = (1-a) D (52)

Vti
V = (53)L 1-a

where VL' is the superficial liquid velocity, i.e., the

velocity the liquid would have if it were flowing in the

duct alone. From Equations (52) and (53) it follows that the

Reynolds number and, therefore, the friction factor for the

annular liquid flow will be the same as if the liquid were

flowing alone in the duct. Denoting this friction factor

as f', we can write the annular flow wall stress as

1/4 f'PLVL 2

ATP 2 g (1-a) (510)

from which it follows that

= a 1-C)(55)
d) )\dZ/ \dz/ (1-a)
F FL

where is the friction pressure gradient that would occur

fL

if the liquid were flowing alone in the channel. Since this

is easily determined, we, therefore, need only know a to

determine (j

Substituting expressions (4 6 ), (50) and (55)

into Equation (44), we finally obtain an equation expressing

the boiling flow pressure gradient in terms of a and known

system parameters. This Equation is:

dz gcA dz (1-a)pL+ +P a L +G

d L (1-) (56)
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We now propose to apply Equation (56) to our

slug-annular flow regime. In doing this we are essentially

assuming that the time-average pressure gadient in this

flow regime is governed principally by the basic annular

flow. To apply Equation (56) it is necessary to know the

values of a in terms of the quality x. The method by

which values of a were determined in the present work will

now be described.

In Section VI-E, in the discussion of liquid

slug velocities, the continuity relationship for flow

through a moving slug was derived (see page 119). This

relationship is given below.

QG(t,z)
Vs Vin A + (Vs L2) (l-a) (57)

VL2 in this equation is the velocity of the liquid in the

annular layer ahead of the slug. If we neglect the amount

of liquid carried upwards by liquid slugs and assume steady

flow in the annular layer, then VL2 can be written

approximately as

VL2  Vin (-a(58)

Where a is the void fraction for the annular flow just ahead

of the slug. Since x is always less than .02, we can set

(1-x) equal to 1. Substituting (58) into Equation (57) and

rearranging, we get

2G( t, Z)
a A V (59)

2G(t,z) is the instantaneous rate of steam generation in the

length of channel behind the moving slug. If it were known,

then Equation (59) could be used to predict the void fraction

ahead of the slug from measured values of slug velocity. The

moving slug thus acts, in a sense, as an indicator of the
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void fraction immediately ahead of it.

In general QG(t, z) should be easily calculable

from measurements of inlet enthalpy, heat input, and

channel pressure distribution. In our experiments these

quantities were measured, and values of steam generation

rate, which we have denoted as QG(z), were calculated.

These values were based on a time-average pressure

distribution. As noted earlier, however, the instantaneous

pressures behind liquid slugs, although not measured

directly, appear to have been substantially greater than

the measured time average pressure. As a result,

2G(z, t) was substantially less than 2G(z), and could not be

calculated from available system measurements.

In order to determine values of a from Equation

(59), it was necessary to assume some relationship between

QG( z, t) and T57. The choice of a relationship was made by

considering the measured values of slug velocity. These

values, shown in Figure 58, are represented by the empirical

equation.

Vs =.370 -A + Vn+4. (60)

In Section VIE it was shown that values of slug velocity

must satisfy the following inequality

G( t, z)

Vs in A-(61)

In order that this inequality be satisfied by the velocity

measurements represented by Equation (60), it is necessary

that, in the limit as 2 (z) becomes large, 2G(t, z) must

approach the value .3702G(z). On the basis of this obser-

vation, it was decided to try as the simplest relation

between 2G(z, t) and 20(z) the assumption that

2G(t, z) = .370 QG(z) (62)
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for all values of z). The validity of this assumption

was justified principally by the resulting agreement

between calculated values of pressure gradient and the

experimentally determined values. Looking ahead somewhat

we can say that this agreement was very good. The assumed

relation between ((z,t) and S2G(z) was also tested by

calculating the pressure rise through a liquid slug and

thereby calculating the suppression of steam generation

that should occur behind a slug. This is done in the

next section. This calculation indicates that there is

physical justification for the assumption. Finally, the

values of a calculated on the basis of this assumption

agreed well with values measured in another experiment.

To calculate values of a we substitute

Equations (60) and (62) into Equation (59) to obtain

.370 S2 (z)
= __(63)

.370 G(z) +(Vi+4)A

SG( z) is calculated by the following equation:

G( = Vin A (64)

Substituting (64) into (63) we get

.370 P/ x

.370 PLPG x+ 1 + 4Vin (65)

Curves of a determined from equation (65) are shown in

Figure 60.

By using values of a from equation (65) in

equation (56), we can predict the pressure gradient in the

slugAannular flow region. These predicted values are com-

pared with experimental values in Figures 61, 62, and 63,

which show all the experimental runs. The predicted
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pressure gradients are shown as partially solid and

partially dashed curves. The point at which each curve

changes from dashed to solid represents the point at

which the slug-annular flow region begins. The agreement

between predicted and measured values is seen to be good

in all cases, and best when the slug-annular flow regime

is established over most of the length of the channel,

viz. The 5 GPM run in Figure 62 and the 10 and 15 GPM

runs in Figure 63.

In the calculations of the pressure gradient

it was found that the momentum, gravity, and friction

components were all of the same order of magnitude so that

none of these terms could be neglected. This is seen in

Table 3 where representative values of these components

are presented. Values of (), calculated from

Martinelli's correlation, are also presented. Agreement

between these and the values obtained in the present work

is seen to be best at the 20 GPM flow rate but quite poor

at 5 GPM.

In Figure 64 the values of a predicted by

equation (65) are compared with values obtained by other

investigators. The experimental points shown are those

measured by Isbin, et al(32) for boiling flow in an .872

inches I.D., round, vertical tube at atmospheric pressure.

A gamma ray absorbtion technique was used to measure a.

Inlet velocities in this experiment ranged from 1.4 to

2.8 feet per second. On the basis of Dengler's (Reference

1) and the present observations of boiling flow regimes,

all of Isbin's data for qualities greater than x = .006

should have corresponded to the slug-annular flow regime.

The curve due to Levy(33 in Figure (64) is
from his analysis of boiling flow based on the assumption

that the rates of increase of momentum of each phase are

equal. Other curves shown are the well known empirical
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CALCULATED PRESSURE.GRADIENT COMPONENTS

Heat Flux = 50,000 Btu/hr-ft2

Flow Pressure
Rate Tap No.

4a-5

5 GPM 6-7

860 9

10 GPM 6-7

8-9

4-5
15 GPM 6-7

8-9

4-5
20 GPM 6-7

8-9

DS i/in

.0178

.0137

.0107

.0166

.0130

.0109

.0185

.01140

.0111

.0201

.0140

.0107

\dz~

jDpi/in
.0009

.0009

.0009

.0038

.0038

.0038

.0083

.0096

.0103

.0179

.0236

.0202

(z4

.0010

.0017

.0023

.0039

.0059

.0083

.0069

.0113

.0171

.0102

.0195

.0318

(dz)
(Martinelli Ref. 2)

.-- lii/in.

.0024

.0034

.0043

.0060

.0078

.0097

.0095

.0134

.0172

.0100

.0205

.0263
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curve of Martinelli, et al( 2), and also a recent empirical

curve developed by Von Glahn and Polcyn . The experi-

mental values of Isbin, the curve of Von Glahn and Polcyn,

and the values of a predicted in this present work are all

seen to be in generally close agreement.
A further test of the values of a given by

Equation (65) can be had by calculating values of the

velocity of the annular film in the slug-annular flow

regimes and comparing these with measured values. This

annular film velocity is given by

V (1-x) V
V L= in. E (66)V - 6)nL (1-a) 1-a

Substituting from Equation (65) into (66) and rearranging,

we obtain

V V = +(67)L inin

VL is thus seen to be a linear function of 52G(z)W. Lines of

VL for various inlet velocities Vin are plotted in Figure 58.
At the highest values of S2G( z) where the slug-annular flow

region is most completely established, the lines are seen to

pass through their appropriate data points. That is, the

furthest annular film data point for an inlet velocity of 1

fps falls on the Vi= 1 line, while the furthest annular

film data point for an inlet velocity of 2 fps falls on the

Vin 2 line, etc. There is no indication, however, as to

whether or not these annular film velocity points would

continue to follow the predicted lines.

B. Analysis fSlug:-Annular Flow Model

In the preceding section it was shown that the

assumption that the steam generation behind a liquid slug

was suppressed to a value .370 times the calculated time

average value leads to good agreement between calculated

and measured values of pressure gradient and void fraction.

Physically, this suppression is assumed to be due to the



pressure rise occurring through the slug. In this present

section, this pressure rise will be analytically calculated

and a thermodynamic analysis of the flow performed to see

if the assumed steam suppression can be accounted for by

this calculated pressure rise. It should be stated at

the outset that this will be a very approximate analysis,

involving a number of simplifying assumptions. The

analysis is not intended to permit the accurate prediction

of steam suppression behind a slug, but merely to indicate

that the assumed steam suppression is physically plausible.

To calculate the pressure rise through a moving

liquid slug, we refer to Figure (59) on Page 120. Treating

the slug as a flow discontinuity in the same way as a moving

hydraulic jump or shock wave is treated and considering

velocities relative to the moving slug, we can write the

momentum equation for the flow through the slug as

P(z2) - (z )]A = pL(VsVL) 2 A-PL (Vs-VL) 2(1-a)A (68)

Liquid flow continuity through the slug gives

PL VsVL))A = PLVs-VL)(1-'e)A (69)

Combining Equations (68) and (69), we get

P(z ) - P(z2) = PL(Vs - VL)(VL-VL) (70)

From Equations (59) and (66) of the previous section, we see

that VL 2 , the annular liquid velocity ahead of the slug, can

be expressed as

V V
V = Vn s(7l11

L2 VS-Q (t,z)
A

Also, in Equation (3[) in Section VI-E, VLl is shown to be
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v =v + G t~(72)L3. in A

Substituting these two expressions for VL2 and VLi into

Equation (70), we obtain as our final expression for the

pressure rise through a slug: z

[ AgSZ(t, z)(t)

P(z ) - P(z) =
- 92 (t~oz) A(3

s A

For the thermodynamic analysis of the suppression

of steam generation behind a moving slug, we assume the

following model for the pressure distribution in the channel.

Ahead of the moving slug, we assume that an annular flow

exists. The pressure distribution associated with this

annular flow is assumed to be the same as the experimentally

measured pressure distribution. This is shown schematically

in Figure 65 and is denoted as P( z). P(z) is drawn as a

straight line because, as can be seen in Figures 40 through

49 of Section VI"D, the experimentally measured pressure

curves were approximately linear. At ss, the point where

the liquid slug occurs, the pressure is considered to

increase discontinuously by an amount APs which is given

by Equation (73). Behind the liquid slug the pressure Ps

is assumed to be constant back to the start of the slug-

annular flow region. The basis for this last assumption

is as follows. Behind the liquid slug there is trapped a

large gas bubble as was shown schematically in Figure 59.

The gas velocities in this bubble must necessarily be

limited to the same order of magnitude as the liquid

velocities in the slug ahead of it. Since the gas density

is only 1/1600 times the liquid density, the pressure

gradient in the interior of the bubble will be negligibly

small. The interfacial surface of the bubble, then, will

necessarily be a constant pressure surface. Since this

trapped gas bubble extends back to the start of the slug

flow region, the pressure behind the liquid slug must

remain constant back to this point. The fact that a long
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gas bubble in a vertical channel can have a constant

pressure interface while surrounded by liquid was shown in

an analysis of fully developed slug flow by Griffith and

Wallis(5).
Although we have made the assumption that the

pressure along the gas bubble behind the slug is constant

for a fixed position zs of the slug, it is to be expected

that the level of Ps will depend upon the position of the

slug and will, therefore, vary in time as the slug moves

along the channel. To take this effect into account in our

thermodynamic analysis of the flow would be a very difficult

task. We therefore propose to neglect it. Some justification

for doing this can be provided by the following considerations.

Examining equation (73) one sees that the pressure rise across

a liquid slug is proportional to 2G(z,t), the rate of steam

generation behind the slug. At the start of the slug-annular

flow regime G(z,t) will be just the steam generation rate

occurring in the preceding bubble and coalescing flow

regimes and will be very small. The pressure rise across a

liquid slug at this point should, therefore, also be quite

small; and the pressure behind the slug should be nearly

equal to P, the average measured pressure at the start of

the slug-annular regime. As the slug develops and proceeds

down the channel, the pressure rise across it will steadily

increase. If we substitute for the terms V and QG(z,t) in

equation (73) by means of equations (60) and (62) of the

previous section, we can calculate the pressure behind a

liquid slug when it is at the end of the channel. Doing

this we find that the calculated pressure behind the slug at

the exit is still very close to Pl. This is shown below in

Table t. where calculated values of (Ps)exit Pexit are

compared with P1 - P for all the runs. We thus find that

as a slug travels from the start of the slug-annular flow

regime to the end of the channel, the pressure behind it

apparently remains fairly close to P1 , i.e., fairly constant.

Based on the pressure distribution model in

Figure 65, the analysis of the suppression of steam

generation in the region behind the slug involves the
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following physical considerations. First, since P5 is
significantly greater than P(z), the equilibrium steam
quality behind the slug will necessarily be less than that

which would occur if the flow behind the slug were at

pressure P( z) . This is one factor causing steam suppress-

ion. Secondly, as the slug moves along the channel, the

liquid flowing in the annular film ahead of the slug is

overtaken and passes through the slug into the region

behind it. Since this liquid was originally at the

saturation temperature corresponding to the pressure ahead

of the slug, it will be significantly subcooled with

respect to the saturation temperature behind the slug.

This flow of "cooler" water into the region behind the

slug is a second cause of steam suppression.

COMPARISON OF GA LCULATED

THE CHANNEL EX IT WITH

PRESSUREDROP OVER THE

Run 1 exit
No. psi

1 .314

2 .53
3 .70

4 .29

5 .53
6 .81

7 .44
8 .67
9 .38

10 .45

SLUG PRESSURE EISE AT

THE MEASUED _TOTAL

SLUG-ANNULAR FLOW

s exit exit
psi

.32

.53

.80

.34

.53

.72

.141

.57
.31

.57

Neglecting the time rate of change of the

pressure behind the slug, the volume rate of steam

generation behind the slug is given by the following

equation:

.
r

6!~ ~ ~ _L _ .i ..i ~ k 1 i

.....



2G(t,zs 
dz + V h h

PGhL 1

PL (V s VL) [h'(zs) - h
+ (4

PG h1 0

whe re

hin = liquid inlet enthalpy

hi = liquid saturation enthalpy behind slug

h'(zs) = liquid saturation enthalpy in annular

flow just ahead of slug

h = vaporization enthalpy change

The first term on the right hand side of equation (74) is

the net heat input to the flow behind the slug, the second

term represents the "flashing" of the flow in the channel

length between the inlet and the start of the slug-annular

flow, and the third term represents the cooling effect of the

water overtaken by the advancing slug. Let us now write the

expression for 2G( z), the steam volume generation rate

corresponding to the time-average measured pressure distri-

bution.

--- r- - dS PL Vin [h in h (z ]
SG- dz + PLM hn - -(z (75)

'Q( zs) PGhP 10h

Substituting (75) into equation (74), we can write

P V h h h(zJ

G(t, zs) = GG( zs) - -

PL(Vs -VL) hs - h1( z
- G h10  (76)
PG hL



The difference in saturation enthalpies, h - h (zs), can

be expressed in terms of Ps P( zs ), the pressure rise

across the liquid slug.

h s - h (zs) (s- P(czsj (77)

The pressure rise across the slug is given by Equation (73).

Also, VLl in Equation (76) is given by Equation (72).

Making these substitutions in Equation (76), we obtain

2G(t,zs) G(T Zh [vv in - 2( t,z 2G(t,zS) (78)

At atmospheric pressure

_..__.0725 d(79)

PG \dP) h 2 ft

Putting this value into Equation (78), we get

2G(t, zs) =Gs 2 (80)
1+.0725 [-vi-2(t, )

We can now use Equation (80) to determine

whether our physical model of pressure rise across a moving

slug can suffice to account for steam suppression behind

the slug of the same magnitude that we have assumed exists.

To do this, we use in Equation (80) the same expression for

slug velocity that was used in the previous section to

predict values of void fraction. This expression is

Vs = G(t,zs) +vin + 4 (81)

Substituting this into Equation (80), we obtain

G( t , z) = .463 QG( z) (82)



We see, therefore, that our analysis does predict steam

suppression of the same magnitude that we assumed to exist.

The fact that the predicted suppression is independent

of flow rate or flow quality is also consistent with our

assumption. This, therefore, provides some support to

the physical model that has been advanced for slug-annular

flow.
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The results of the present study of boiling flow and

the conclusions drawn from those results are summarized

below.

(a) 20 high speed motion pictures were taken of

vertical, upward, boiling flow over the range of

conditions: inlet velocity, 1 to 4 ft/sec; heat flux,

25,000 to 75,000 Btu/hr-ft2 ; exit quality, 0 to .02;

pressure, atmospheric; inlet temperature, saturation

corresponding to inlet pressure. The test section flow

channel was rectangular in shape, having cross section

dimensions 3 3/4" x 7/16" and having a heated length of

approximately three feet. The channel was heated from one

side only, and the total area of the heating surface was

0.94 ft 2 . Over the range of conditions investigated, three

distinct flow patterns were observed: bubble flow, coalescing

flow, and slug-annular flow. The gross hydrodynamic aspects

of these three flow regimes agreed generally with descriptions

given by other investigators of equivalent regimes occurring

in non-boiling flows.

(b) An original procedure was developed for

measuring the velocities of various components of boiling

flow. The procedure involved the simultaneous scanning of

two sequential frames from the high speed motion pictures

of the flow by means of an optical densitometer type of

instrument. The two densitometer traces obtained were

then electronically correlated. This technique resulted in

a very accurate and positive measurement of flow pattern

velocity. By means of this procedure, forty-two measurements

were made of boiling flow velocities.

(c) A characteristic property of two-phase flows

called "flow pattern scale" was defined and measured. This

property is essentially a measure of the mean size of the

liquid and vapor volumes composing a flow pattern. Values

of flow pattern scale were measured from the densitometer

traces obtained in the velocity measurement procedure. By
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means of scale measurements, the transitions between

different visual flow regimes could be quantitatively

defined. It is suggested that measurements of flow

pattern scale could provide a basis for a statistical

classification of two-phase flow regimes.

(d) Pressure gradient measurements were made for

all the experimental runs.

(e) Evidence was found of substantial bulk liquid

superheating in the bubble and coalescing flow regimes.

This evidence was obtained from the appearance of the flow,

from pressure gradient measurements, and from velocity

measurements.

(f) A physical model of slug-annular flow was

advanced based on velocity measurements and on study of

motion pictures of the flow. This model represents slug-

annular flow as being basically an annular flow in which

rapidly moving liquid slugs periodically occupy the entire

flow cross section area. The steam generation rate behind

these slugs is significantly suppressed as a result of the

pressure rise through the slug. Analytically predicted

pressure gradients, based on the above concepts, agreed

very well with measured pressure gradients. The pressure

rise through the liquid slugs was calculated and found

to be of sufficient magnitude to account for the observed

suppression of steam generation.
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NMENC LATURE

Flow cross section area

Heat capacity of liquid

ft2

Btu/lb 0F

Delivered volumetric gas content

D Equivalent hydraulic diameter

dA, dB Diameters of A or B size circles

a Acceleration pressure gradient component

Friction pressure gradient component

Friction pressure gradient corresponding to
fL all liquid flow

Gravity pressure gradient component

f Friction factor

G, g Phototube signal

gc Gravitational constant

h Flow enthalpy at inlet

h G

h'i

h'

I

L

LH

M

Ms

NA,NB

P

P

Q( z)

t

U
s

Increase in enthalpy required for vaporization

Saturation liquid enthalpy

Saturation liquid enthalpy behind liquid slug

Test section current

Scanned length of flow pattern transparency

Length of heating strip

Total mass flow rate

Mass flow rate of steam

Number of A or B type wave pulses

Pressure

Pressure behind liquid slug

Net heat input to point z along test section

Time

Bubble slip velocity

ft

inches

lb/ft3

lb/ft 3

lb/ft 3

lb/ft3

32.17 ft/sec2

Btu/lb

Btu/lb

Btu/lb

Btu/lb

Amps.

inches

ft

lb/sec

lb/sec

lb/ft2

lb/ft 2

Btu/sec

seconds

ft/sec

150-

A

CL

CVD



V Velocity ft/sec

VFP Measured flow pattern velocity ft/sec

V Inlet velocity ft/sec

Vm Volume mean velocity ft/sec

V9 Liquid slug velocity ft/sec

V1 Superficial velocity, i.e., velocity the
liquid or gas phase would have if it were
flowing alone ft/sec

v Test section voltage Volts

X Martinelli parameter

x Flow quality -mass low
'total mass flow

z Distance along test section measured from
start of heating strip ft

zs Position of liquid slug in flow channel ft

Greek

a Void fraction

AT Bulk liquid superheat 4F

AW Change in momentum flux lb/ft 2

b Measure of displacement inches

A Flow pattern scale inches

p Fluid density lb/ft 3

TL Wall shear stress in all liquid flow lb/ft 2

T Wall shear stress in boiling flow lb/ft 2

$G,* L Martinelli parameters

Correlation function in velocity measurement
procedure

4(L,5) Autocorrelation function used in defining
flow pattern scale - also called scale
function

qG (t, z) Instantaneous volume rate of steam generation
up to the point z ft 3 /sec

2G( z) Time average volume rate of steam generation
up to the point z ft3/sec



L Liquid flow

G Vapor flow

TP Two-Phase Flow
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Derivation of Two Phase Momentum Eauatjon

VG VL

- _Z+dZ

W dZ

Z

A

Supplementary Nomenclature.

'r - Wall shear stress acting on fluid in direction

shown - lb/ft 2 .

D - Equivalent hydraulic diameter of flow channel

defined as four times the cross section area

divided by the perimetral length.

Assumptions in derivation.

1. The gas and liquid phases flow separately, and

their velocities can be represented by the mean

velocities VG and VL'

2. Flow is steady with time.

3. Pressure is uniform across the flow channel.

[. The flow channel cross section area is constant.

The net force acting on the two-phase flow in the

vertical differential length dz is:

A - Pz+dz] w dz - pL(1-a) Adz - pGaAdz (1)
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The total rate of change of momentum of the two-phase flow

in the differential length dz is:

F 2 pGV 2  
F>AA (V1-a)+ + GG(1-a) +

P y z(2)

c

By conservation of momentum, expression (1) equals

expression (2). Writing this equality, dividing by dz,

and taking the limit as dz goes to zero we obtain:

daP j_ T (1 ) PVG 2.m.dfJL. L- ( 1-a) + CL a+
dz dz gc c

PL (l-a) + pGa + 4 (3)
D

This is the momentum equation for the combined two-phase flow.
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APPENDL( B

Anal-sis of Test Pattern Autocorrelation Function

Let us consider a test pattern consisting of one

transparent circle in an otherwise opaque area. The

photoelectric trace obtained from scanning a length L of

this pattern would look something like that shown in

Figure B-1. This signal is denoted as g ( z) where the

subscript i denotes the point z , where the pulse due to

the circle is located. If we denote the area under the

pulse as go, then the average value (D.C. level) of the

total photoelectric trace, integrated from o to L, would

be go/L. By subtracting go/L from g (z), a new signal

gi(z) will be obtained where

(z i(Z) - A L(1)

and

f L 9<(z) clz =0 (2)

The signal g ( z) is shown as the dashed curve in Figure B-1.

Now, consider a test pattern consisting of N

identical, randomly positioned circles. The photoelectric

trace, G(z), obtained from scanning this pattern can be

written as N

L=!I

The average value of G( z) in the interval o to L is just

N go/L. If this is subtracted from G( z), then the resulting

signal g(z) will be given by

9t-) C3 Z) ( )

with 5LY (z) cj z 0 (5)

Now let us consider the autocorrelation function for

g( z) . This is written as
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q(Za (6)

e L-~!Je/

For convenience in writing *(L,5) we have made the

assumption that

i 9(z) C) z (i-- ) 3(- dz (7)

Little error will be introduced by this assumption if N

and L are fairly large and 6 is small.

Now, equation (7) can be written as

3/j 3(4 ) (z)( + [z Z

The first term in the numerator and denominator of the

right hand side of equation (8) represents the sum of the

self-correlations of each separate wave-pulse signal

gj( z) with itself. The second term represents the sum of

all the cross-correlations between the ith and jth wave-

pulse signals where i and j are different. Now, each

signal g ( z) has, by definition, a net value of zero in

the interval O<Z<L. Also, the location of the pulse in

each g (z) signal is randomly positioned with respect to
I

the pulses in all other g1( z; signals. Therefore, one

would expect that the average value of the integration of
I

a g ( z) wave-pulse signal times the sum of all the other

g z) wave-pulse signals would be zero. Therefore, one



would expect that the sum of all the cross-correlation

terms would be negligibly small compared with the sum of

all the self-correlation terms. If we neglect the cross

correlation terms in equation (8), it can be written as

(z) (d)

Since all the g (z) wave pulses are identical, we can let

g ( z) represent a typical one of them and write equation

(9) as

4ICL, s) N 5 (10)

N 4z() (z) d Z

Cancelling N in the above equation, we find that the auto-

correlation function for a random pattern of identical

circles should be approximately the same as the autocorre-

lation function for a pattern containing only one of the

circles.

The analysis presented above can be extended to the

case of a pattern containing circles of two or more

different sizes. In particular let us consider a pattern

containing NA number of circles of diameter dA and NB

number of circles of diameter dB. Let us denote the

photoelectric signal obtaining from scanning a single A

type circle or a single B type circle as gAi( z) and

gBj( z) respectively, where the subscripts i and j denote

the position of the signal pulse caused by the circle

scanned. As before, we can define new wave pulse signals

gAi( z) and gBJ( z) in the following way:
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where

5oA =(z) d z (12)
0

and

go (z) 'V (z) 9 e L (13)

whe reL

5o$= 9 ) d z (14)

0

We now consider the signal g( z) which is the sum of

all the g1( z) and g (z) signals
NA / No

.)( Z *) + j - (z) (15)
L=1 J=I

The autocorrelation function for g(z) is:

S A N0NA N

(AA=l= 8'M ' =(16)
S8 L I A ,NQ N

L" s.'+ C() 9'(z) 4-+. '(z) 3 -g
o -, -4=1 jLLmJAM\Z+ v~ J

If we assume, as we did before, that the sum of all the

cross-correlation terms between all the different wave-

pulse signals is negligible compared with the sum of the

self-correlation terms, then we can write

1..L

(pALI,)= 'IV 5  A) 4 NI;S ,CJ) -z-(5) dz (17

N<(k )) dz -+ N, S Cz) Cz) dz
0 13
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where gA( z) and gB( z) each represents a single A or B type

wave-pulse signal.

In order to write equation k 17) more simply, we

define

'- 0

This factor r represents the fractional contribution that

the sum of all the gAi( z) wave pulse signals make to the

autocorrelation function AB(LS) at the point 6 = 0. r can

be readily calculated if NA, NB, dA, dB and the scanned

length L of the test pattern are known. Thb procedure for

calculating r will be indicated at the end of this Appendix.

In order to further simplify equation (17) we note

that

~ = 5 ci) ~(19)

R~ L~

5L [Jc) d

0

5 S 9 QCz)J9c1z
(

where * A(L,S) and B(L,S) represent, respectively, the auto-

correlation functions for gA( z) and gB( z) . Substituting

equations (18), (19), and (20) into equation (17), we

obtain

Y'+ (i-()IS 4 +

In order to evaluate AAB, the scale of A ( L,5), in

terms, of AA and AB, the respective scales of A(L,6) and

we consider values of 6 sufficiently small so that

the autocorrelation functions can all be represented in

(20)

21)



parabolic form.

VAB= (22)

TA-A

I- (24)

Substituting equations (22), (23), and (214) into equation.

(21) and solving for , we get
/a

A D AAAB[r Q + C-r)A(25)
A Q A AA

Procedure for calculating Autacorrelat ion Furnction _for a

Sinle Circle

In order to calculate the autocrrelation function

for the signal obtained from scanning one of the circles

in either test pattern 1 or 2 (see page 60), it was

necessary to take into account the width of the scanning

beam. The geometry involved in the scanning of one of

these circles is shown in Figure B-2. The photoelectric

signal produced as the scanning beam sweeps across the

circle was proportional, at each instant, to the shaded

area g shown in Figure B-2. The photoelectric trace

obtained from scanning the circle is shown schematically

as the signal g ( z) in Figure B-1. As shown previously

the autocorrelation function for this signal is calculated

from the following expression.

L-

a i Z) (Z-- S) d - o/L

eT.IS) = (26)

where g0 was the area under the pulse and L was the

scanned length of the pattern. Obtaining the function

g (z) in analytical form was a simple procedure.
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However, the function was somewhat complicated in form so

that the integrals in expression (26) had to be calculated

numerically. In this way the autocorrelation function for

test pattern 1 was computed. The result is plotted in

Figure 21.

In order to calculate the scale, A for test

pattern 2, equation (25) was used. To evaluate this

equation it was necessary to calculate the factor r,

defined by equation (18). The wave pulse signals g,( z)

and g z) for the circles of diameter dAn d were

obtained In analytical form, but the integrals in the

expression for r were determined numerically. r was

calculated to have a value of .3..
The relative values of &A and AB were determined

from the calculated autocorrelation functions for the two

different sized circles in test pattern 2. It was

determined that

A 8  I,8 (27)

AA
The ratio AB/A was not exactly equal to 2, the ratio of

dB A , because of the influence of the width. of the

scanning beam.

Substituting the values of r and A1A into

equation (2$), we obtain

1.37 (28)

A
This is the relationship presented on page 63 of of the text.



APPENDIX C

FLOW PATTERN PHOTOGRAPHS AND TABULAR SUMMARY

OF VELOCITYAD SCALE MEASUREMENTS

-167-



TABLE CL

~~~~SAESUMMARY F _YVELOCITY AND SAEMAUEET

Picture
.No.

1

2

2

3

4

4

5

6

6

7
8

8

9

10

10

11

12

12

"Two values listed

womolm _ ~mw _.._. . m

Measure-
ment

Position
inches)

10

20

29

10

20

29

10

20

29

10

20

29

10

20

29

10

20

29

Q
Flow Flow Velocity

quality Reir e (1t/sec)

.0012 Bubble 4.3
4.5*

.0033 Coalescing 4.2
4.2

.0052 Slug-Annular 10.4
11.2

.0022 Bubble 5.7
5.7

.0053 Coalescing 8.1
9.7

.0079 Slug-Annular 9.8
9.7

.0030 Coalescing 7.2
7.0

.0072 Slug-Annular -

.0109 Slug-Annular 11.9
11.6

.0037 Bubble 1.8

.0072 Slug-Annular 3:8
2.9

.0102 Slug-Annular 10.6
10.1

.0058 Slug-Annular 6.1
11.0

.0116 Slug-Annular 7.2
7.4

.0172 Slug-Annular 3.1
3.0

.0010 Bubble 5.9
5.8

.0030 Coalescing 6.0
6.0

.0049 Slug-Annular 22.2
19.8

indicate dual measurement
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Scale
(inches)

10

10

.30

.12

.i4

.26

.17

.45

.17

.11

.16

.57

.22

.22

.15

.12

.25

.42

Run

HOa

4b

4b

5a

5b

5b

6a

6b

6b

9a

9b

9b

l0a

lOb

10b

7a

7b

7b



TABLE C-1 (continued )

Picture
_No.

13

14

14

Flow
Quality

.0016

Flow
Rebe

Bubble

.0044 Coalescing

.0072 Slug-Annular

..._

Measure-
ment

Position
(inches)

10

20

29

10

20

29

10

20

10

20

29

29

29

30

23

28

24.

29

28

33
10

10

20

20

13

.0045 Coalescing

.0065 Slug-Annular

.0040 Coalescing

.0076

.0051

Slug-Annular

Coalescing

.0114 Slug-Annular

.0159

.0072

.0049

.0112

.0083

.0152

.0132

.0080

.0054

.0202

.0035

.0009

.0030

.0076

.0070

** Shown in Text
+ Not Shown

Slug-Annular

Slug-Annular

Slug-Annular

Slug-Annular

Slug-Annular

Slug-Annular

Slug-Annular

Slug-Annular

Slug-Annular

Slug-Annular

Bubble

Bubble

Coalescing

Slug-Annular

Slug-Annular

_... O _1

Scale
(inches)

.12

Run

8a

.20 8b

.47 8b

.114 la

.21 lb

1.19 lb

.19 2a

.lmmm ._ mmb

Velocity
(ft /se cl

6.0
5.9

7.7
8.3
25.6
24 .2

3.4
3.4
7.0
6.3

13.9
14.5
8.1
8.0

-

6.9
6.7

11.0
10.8

.8

12.

11.4

26.4

25.0
-

21.1

19.7
19.7

14.6

11.5

2.01

5.22

15.4.

11.6
15.4
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.0017

16

16

17**

18+

19

20

20

21**

22+

23**

214.

25

26

27

28

29

30+

31+

32+

33+

314+

%Imp_om

.53

.20

2b

3a

3b

.64 3b

- 8b

- 7b

- 6b

- 6b

- 3b

3b
.31 5b

- 4b

- 10b

- 9a

- 7a

.20 7b

- 2b

- 3a

Bubble



I

PICTURE NO. I

BUBBLE FLOW

PICTURE NO. 2

BOTTOM WINDOW-

COALESCING FLOW.

TOP WINDOW-

LIQUID SLUG.

FLOW RATE- 15 GPM, HEAT FLUX- 25 ,000BTU/HR FT 2

FIGURE C-1
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PICTURE NO.3

BUBBLE AND COALESCING
FLOW (TRANSITION AT II IN.)

PICTURE NO.4

SLUG-ANNULAR FLOW.
STRUNG-OUT LINES OF

BUBBLES IN LIQUID FILM

SEEN IN TOP WINDOW.

FLOW RATE-15 GPM, HEAT FLUX- 5 0,000BTU/HR FT 2

FIGURE C-2
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PICTURE NO. 5

BUBBLE AND COALESCING

FLOW (TRANSITION- AT 6 IN.)

FLOW RATE - 15 GPM , HEAT

SLUG-ANNULAR FLOW.

TOP WINDOW- BUBBLES IN

ANNULAR FILM. BOTTOM

WINDOW- FROTH IN GASEOUS

CORE.

FLUX- 7 5 ,000BTU/HR FT2

FIGURE C-3
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PICTURE NO. 7 PICTURE

BUBBLE FLOW

NO.8

TOP WINDOW-

LIQUID SLUG.

BOTTOM WINDOW-

SLUG ANNULAR FLOW

FLOW RATE - 5 GPM, HEAT FLUX- 2 5 ,000BTU/HR FT2

FIGURE C-4
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a1

.4

M
-z

PICTURE NO. 9 PICTURE NO. 10

BOT TOM WINDOW-BUBBLE SLUG -ANNULAR FLOW.

AND COALESCING FLOW.

TOP WINDOW-TRANSITION

TO SLUG-ANNULAR FLOW

AT Z = 10 IN.

BTU/HR FT2

FLOW RATE -- 5 GPM , HEAT FLUX-50,000

FIGURE C-5
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PICTURE PICTURE

BUBBLE FLOW BOTTOM WINDOW-
COALESCING FLOW.

TOP WINDOW -

LIQUID SLUG.

FLOW RATE-20 GPM HEAT FLUX-25,000BTU/HR FT2

FIGURE C-6
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PICTURE NO. 13

BUBBLE FLOW,

PICTURE NO. 14

BOTTOM WINDOW-

TRANSITION FROM COALESCING

TO SLUG ANNULAR FLOW AT

2 = 23 IN. TOP WINDOW-

LIQUID SLUG.

FLOW RATE - 20 GPM, HEAT FLUX- 50,000BTU/HR FT2

FIGURE C-7
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PICTURE NO. 15

BUBBLE FLOW.

FLOW RATE - 10

BOTTOM WINDOW-

COALESCING FLOW.

TOP WINDOW-LIQUID SLUG

GPM , HEAT FLUX 25 ,000 BTU/ HR FT2

FIGURE C-8
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PICTURE NO. 19

COALESCING FLOW,
TRANSITION TO SLUG-ANNULAR

FLOW AT Z = 10 IN.

FLOW RATE-10 GPM,

PICTURE NO. 20

SLUG-ANNULR FLOW.

HEAT FLUX-75,000BTU/HR FT2

FIGURE C- 9
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PICTURE NO. 25

LIQUID SLUG AT Z=23 IN. LIQUID SLUG AT Z=28

FIGURE C - 10
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PICTURE NO.26

LIQUID SLUG AT =24 IN.

PICTURE NO. 27

LIQUID SLUG AT -=29 IN.

FIGURE C- II
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PICTURE NO.28

LIQUID SLUG AT Z=28 IN.

PICTURE NO.29

LIQUID SLUG AT 2=33 IN.

FIGURE C- 12
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