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CHAPTER I
INTRODUCTION

Two-phase flow occurs in a large number of practical engin-
cering devices. The two phases may be of the same substance, such
as liquid and its vapor, or two completely different substances.
Evaporation and condensation in boilers and condensers of a steam
power plant, air-conditioning and refrigeration equipment, and
components of distillation and water purification plants, as well
as cooling of nuclear reactors are applications in which two-phase,
one-component flow occurs. Applications in which two-phase, two-
component flow takes place are: pumping of mixtures of oil and
natural gas, hydraulic conveying of wheat, pulvarized coal and
ores, and material handling in food processing.

The successful design and operation of equipment handling
two-phase systems depends on the understanding of the flow hydro-
dynamics. The ultimate objective of a successful design being the
accurate prediction of overall macroscopic performance character-
istics such as pressure drop and heat and mass transfer coeffic-
ients. It has been established that one- or two-component, two-
phase flow can adjust itself in a variety of flow regimes or
patterns. Knowing the flow pattern of two-phase flow 1s very im-
portant in terms of modelling analytically the flow situation.

An analytic technique which is adequate for one flow pattern may
be meaningless in another. The flow patterns are usually studied

by visual or photographic means.



Carly studies of two-phase flow were directed towards the
understanding of the hydrodynamic aspects of adiabatic, two-phase,
two-component (gas and liquid) flow. In spite of the complexities
inherent in the hydrodynamics of this problem, due to the immense
number of independent variables involved, such studies lead to a
great deal of information on flow patterns, phase distribution,
and pressure drop. If two-phase flow is associated with heat
transfcr, the hydrodynamics of the flow become more complicated.
This is due to the fact that heat transfer causes phase changes
and changes in phase distribution and flow pattern. In such a
case, there is a definite interdependence between heat transfer
characteristics and local flow conditions. There is also one ad-
ditional factor that adds to the complexity of diabatic two-phase
flows. In adiabatic flow the flow can become fully developed over
the entire flow path, while on the other hand, the flow can never
become fully developed in diabatic flow. As a result, local des-
criptions of flow become insufficient without knowledge of the
previous history of the flow.

Despite the added complexities of heat transfer, several ex-
perimental and simplified analytical sutides have been conducted
with some success to diabatic two-phase flow problems mainly in
forced convectiéﬁ boiling. There is some incomplete information
in the literature on flow patterns, phase distribution, and heat
transfer characteristics.

Through literature survey of two-phase flow, the author became ¢
aware of the fact that an important area of diabatic two-phase )

flow was ignored by investigators. No information could be found



on flow pattern, phase distribution during condensation. Most an-
alytical studies on condensation, reported in literature, were
bascd on the assumption that a certain flow pattern existed with-
out rcference to the conditions under which such a pattern can
exist., In a few other cascs, flow pattern was assumed on the ba-
sis of the criteria developed for adiabatic flow. Also, many em-
pirical and semi-empirical relations are available in the litera-
ture for predicting heat transfer coefficients and pressure drop
for condensation inside tubes without reference to the flow pat-
tern for which they can be applied. A correlation which is applic-
able to one flow pattern may be useless in another. Each available
correlation must be identified with a certain flow pattern.

The objective of this investigation is to visually and photo-
graphically study the flow patterns during forced convection con-
densation inside a horizontal tube, under different flow condi-
tions, with the ultimate objective of establishing the criteria

that distinguishes one flow pattern from another.

TWO-PHASE FLOW PATTERNS

Flow pattern is the most important parameter in two-phase
flow because the hydrodynamic behavior of two-phase flow differs
in various flow patterns. To know the flow pattern is as impor-
tant as to know whether the flow is laminar or turbulent in single-
phase flow. This investigation will be concerned with the flow
pattern of two-phase flow where the components are the vapor and

liguid phases during condensation.



Two-phase flows are classified by the vapor-liquid distribu-
tion. There are three basic modes of vapor-liquid distributions
in both adiabatic and diabatic flows:

1. DBubbles suspended in the liquid stream.

2, Liquid droplets suspended in the vapor stream.

3. Liquid and vapor existing intermittently.

The typical combinations of these modes as they develop in flow
channels are called flow patterns. Figure 1 shows a schematic
drawing of the flpw patterns in horizontal adiabatic two-phase
flow. These flow patterns can develop in the following order by
changing the flow from single-phase liquid flow to single-phase
gas flow, by increasing the gas flow rate: Bubbly, plug, straiti-
fied, slug, wavy, annular, and spray flows. For adiabatic two-
phase flow there is a rather complete agreement between investiga-
tors in the descriptions of these patterns; they may disagree only
in the name given to them. For example, spray flow is frequently
called "fog or dispersed" flow and the transition from slug to an-
nular is frequently called '"churn" flow. The description given by
Alves [1]1%, for the different flow patterns of adiabatic two-phase
(gas and liquid) flow inside horizontal tubes, appears to be the
most complete one, and the most accepted in the literature of two-
phase flow.

The Following is a summary of Alves' [1] descriptions of the

different flow patterns:

*Numbers in brackets refer to references in bibliography.
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(a) Bubbly flow:

Flow 1n which bubblecs of gas move along the upper part
of the pipc at approximatecly the same velocity as the liquid.
(b) Plug flow:

Flow in which alternate plugs of liquid and gas move a-
long the upper part of the pipe.

(c) Straitified flow:

Flow in which liquid flows along the bottom of the pipe
and the gas above it over a smooth interface.
(d) Wavy flow:

Flow which is similar to straitified flow except that the
gas moves at a higher velocity and the interface 1s disturbed
by waves travelling in the direction of the flow.

(e) Slug flow:

Flow in which a wave is picked up periodically by the
more rapidly moving gas to form a frothy slug which passes
through the pipe at a much greater velocity than the average
liquid velocity. These slugs can cause a highly fluctuating
pressure characteristics and sometimes cause dangerous vibra-
tions in the equipment.

(f) Annular flow:

Flow in which the liquid flows in a film around the in-
side wall of the pipe and the gas flows at a higher velocity
at the core.

(g) Spray flow:
Flow in which most or nearly all of the liquid is en-

trained as a spray by the gas.



Figure 2 shows a schematic diagram of the flow patterns in a-
diabatic two-phasc vertical upflow. By changing the flow from
single-phase liquid flow to single-phase gas flow and by increas-
ing the gas flow rate, these flow patterns can develop in the
following order:

(a) Homogeneous bubble flow, where homogeneous bubbles are

suspended in the liquid stream.

(b} Non-homogeneous bubble flow, where bubbles start to grow

in size in a random fashion.

(c) Slug flow, where bubbles coalesce forming smooth Taylor

bubbles.*

(d) Semiannular flow, where the bubbles break down forming a

continuous unstable column of gas in the core.

(e) Same as (d).

(f) Annular flow, where the gas flows in the core while the

ligquid flows in a continuous film around the tube.

{g) Spray-Annular flow, where part of the film breaks into

droplets and becomes entrained in the gas core,

(h) Mist flow, where all the liquid phase is entrained as

droplets in the gas.
It is to be noticed that, due to the change in orientation of the
tube, from the horizontal to the vertical position, both the
stratified and the wavy flows of the horizontal flow do not appear

in vertical upflow. This is due to gravity effects.

*For the definition of Taylor bubbles, the reader is referred
to reference [13].
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Figure 3 shows a schematic diagram of flow patterns in two-
phase vertical upflow with heat transfer. These flow patterns
were reported by investigators concerned with the heat transfer
characteristics during forced convection boiling.

Thus far, it has become obvious that the orientation, and
whether the flow is adiabatic or diabatic, plays a significant
part in the development of the flow patterns of two-phase flow.
It is the objective of this investigation to cast some light on

the flow patterns that can develop during condensation inside a

horizontal tube.
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CHAPTER II
LITERATURE SURVEY

Early flow pattern studies of two-phase flow were concerned
with systems where the two-phase moving stream was a mixture of a
gas and a liguid. More recent studies were concerned with diaba-
tic two-phase flow, as in forced convection boiling of upflow in-
side tubes, where heat addition causes a continuous change in the
flow pattern. Accordingly, the literature survey will be divided
into two main parts, namely:

1. Literature survey on flow patterns of adiabatic two-phase

flow.
2. Literature survey on flow patterns of diabatic two-phase

flow.

Adiabatic Two-Phase Flow

Experimental investigations conducted in the area of adiaba-
tic two-phase flow covered flow in ducts of different geometries
(circular and rectangular), different orientations (horizontal and
vertical), and broadly covered all practical ranges of veloci-
ties, flow rates, and working fluids.

Martinelli and Coworkers [2,3] and Lockhart and Martineilll
(4], reported the earliest information about two-phase flow pat-
terns. The main concern of their investigations was the estimation
of the pressure drop of air-water mixtures flowing inside ducts.
They did not examine the hydrodynamics of the flow within each

flow pattern or the limiting conditions for the existence of these
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patterns.

Alves [1] observed the flow patterns of adiabatic flow of
water-air, and oil-air mixtures in a 1 in.diam., 19 ft. long glass
tube at atmospheric pressure. He observed the flow patterns il-
lustrated in Fig. 1. Alves also constructed a flow pattern map,
based on plotting the liquid superficial velocity versus the gas
velocity, showing transition lines between the different flow
patterns.,

Bergelin and Gazley [5] reported classifications for the flow
patterns, similar to those of Alves [1], for the flow of water-air
mixtures. However, they did not make any distinctions between bub-
bly and plug flows. In addition, Bergelin and Gazley [5] consid-
ered the bubbly, wavy, and slug flow patterns as unsteady ones,
because they were accompanied by high pressure fluctuations, while
they considered the annular flow as steady with respect to time
and axial direction. Also, they considered straitified flow as
steady with respect to time but unsteady with respect to distance
in the axial direction. This was due to its sensitivity to any
type of vibration or external disturbance. Bergelin and Gazley
presented their data by constructing a flow pattern map based on
plotting the air flow rate versus the water flow rate. On their
map they identified the transition lines between the different
flow regimes. Such a map is only applicable to air-water mixtures
flowing inside 1 in. diameter tubes at atmospheric pressure.

Hoogendoorn [6] extended the work of his predecessors to cov-

er different pipe diameters and a wider range of velocities. He
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observed the same flow patterns reported by Alves [1] and Bergelin
and Gazley [5]. Hoogendoorn prepared his flow pattern map using
the mixture velocity and the gas percentage by volume as coordin-
ates. lle considered his map as a general one for gas-o0il mixture
flows. During his study of the effect of the liquid viscosity on
the flow patterns, Hoogendoorn found that his map was also appli-
cable to water-air mixture flows except for the wavy flow which
occupied a larger region on the flow-pattern map. Considering
that the transition lines were in fact transition zones with fi-
nite widths, Hoogendoorn concluded from his experiments, using
different tube diameters, that the diameter had no effect on the
transition lines between different flow regimes. Hoogendoorn also
concluded that gas densities in the range fo 1.2 to 3.0 kgm/m3 and
pipe relative roughness in the range of 0.0012 to 0.03 had no ef-
fect on the location of transition lines.

Based on adiabatic flow pattern data of other investigators,
Baker [7] generated a generalized flow-pattern map in which the
principal parameters were the gas and liquid mass velocities. To
generalize the application of his map for any gas-liquid combina-
tions, he introduced two correction factors, A and vy, which are
functions of density, viscosity, and surface tension. These fac-

tors are given by:

7

a

w

[pa (8232717

=
]
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where oy and e, are the vapor and liquid densities in lbm/ft3
respectively, My is the liquid viscosity in centi-poise, and ¢
is the ligquid surface tension in dyne/cm.

Although Baker's map was developed for adiabatic horizontal v
flow, it has been applied with some success to adiabatic upflow.
Goldmann [8] prepared flow pattern maps for adiabatic flow of
steam- water mixtures, at different pressures, based on Baker's
map by using the mass velocity and the vapor quality as coordinates.

Johnson and Abou-Sabe [9] prescnted their data on air-water
flow patterns with heat transfer, and without phase change, on a
map using air and water flow rates as coordinates.

In all references reviewed so far, no attempt was made by any
of the investigators to establish, on a theoretical basis, the
criteria that distinguish one flow pattern from another. Quandt
[10] made the first attempt in this direction. His approach was
based on the assumptions that:

1. The flow was adiabatic and both the gas_ftJhe liquid

phases were flowing vertically upward.

2. The shearing stress acting on a fluid element existed

only at the wall.
These assumptions limited the acting forces on a fluid element to
three basic forces: axial pressure gradient force; gravitational
force; and surface tension force. Quandt [10] assumed that each
flow pattern was governed by a dominant force and a change in that

dominant force meant a change in the flow pattern. Quandt's cri-

teria for the existance of each flow pattern, together with the



procedure of constructing a flow regime map out of these criteria

are discussed in detail and included in Chapter IV.

Diabatic Two-Phase Flow

During the past 20 years, the problem of diabatic two-phase
flow received considerable attention by many investigators. Most
of the references cited in this area were mainly concerned with
the {low pattern and its effect on the heat transfer and pressure
drop characteristics of forced convection boiling inside ducts of
different gcometries and orientations.

Berenson and Stone [11] studied the forced convection vapori-
zation process of Refrigerant-113 inside a horizontal pyrex tube
with high_speed motion pictures. They observed flow regimes simi-
lar to those that occur in adiabatic flow. The data collected did
not cover a wide range of operating conditions. As a result, no
flow regime maps were constructed from their data.

Sheinin and Katarzhis [12] reported their data for evaporating
water inside an electrically heated, inclined pipe having a 26.9
mm I.D. and 3.414 meters long. The pipe had a glass window made
of optical quartz, and was installed at the downstream end of the
pipe in the unheated section. Flow regimes were detected by elec-
trical probes and also by visual observation. Tube inclination
ranges of 5°26' to 9°43', and velocities up to 25 meters/second
were covered by Sheinin and Katarzhis [12]. Also, their data were
taken at three pressure levels, namely: 40, 70, and 120 atmos-
pheres. Sheinin and Katarzhis constructed a set of flow regime

maps using the mixture's velocity and the vapor volumetric ratio
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as coordinates. Lach of thesc maps corresponded to a certain pres-
sure and tube inclination.

llosler [13,14] photographed the flow patterns which existed
during vertical flow of boiling water at high pressure in a narrow
rectangular channcl. lle reconstructed Baker's [7] and Quandt's
{10] maps together with a two-phase, adiabatic flow regime map
using the total mass velocity and the quality as coordinates.
When he plotted his results on these maps, Hosler [13,14] found
that none of these maps correlated adequately his own results. As
a result, he constructed a group of maps based on his results.
Each of these maps corresponded to a certain working pressure.
From these maps Hosler concluded that the increase in mass veloci-
ty tended to direct the transition lines towards lower qualities
and that the inlet temperature and heat flux had no effect on the
transition from slug to annular flow.

Staub and Zuber [15] used two identical vertical evaporators,
one metallic for taking heat transfer data and the other glass
for studying the flow regimes. Four high speed, 35 mm motion pic-
ture cameras were simultaneously used to study the flow patterns
at four diferent glass sections. Observations and photographs
identified four predominant flow regimes: bubbly, bubbly-slug,
churn, and annular for evaporating Refrigerant-22 at reduced
pressures of 0.12 and 0.22. Staub and Zuber used vapor and liquid
superficial velocities as coordinates for their flow regime map and
concluded that the local quality, total flow rate, and pressure
are the most significant parameters in determining the flow pat-

tern.



17

ilsu and Graham [16] reported the results of a visual and pho-
tographic study of the flow pattern of water, boiling inside ver-
tical glass tubes ofoutside diameters 13 and 19 mms. Bubbly,
slug, and slug-annular transition patterns werc recorded by a
high spced movie camera. Hsu and Graham concluded that flow pat-
tern maps that were developed for two-phase adiabatic flow were
not adequate for two-phase diabatic flow.

Vohr [17,18] conducted a photographic study of the flow pat-
terns of water boiling inside a vertical rectangular channel at
atmospheric pressure. His maximum mass flow rate and maximum
water inlet velocity were 100,000 lbm/hr. and 4 ft/sec., respec-
tively. He observed bubbly, slug, and slug-annular flow patterns
during the investigation.

Suo et al. [19] constructed a flow regime map for boiling
water using the mass velocity and vapor quality as coordinates.

On their flow pattern map, they reconstructed the transition lines
between any two flow patterns by using different criteria devel-
oped by different authors for adiabatic two-phase flow. Suo et
al. [19], based on their flow-pattern sutides of water boiling in-
side a vertical 0.4 in. I.D. tube, concluded that the adiabatic
two-phase flow pattern criteria were not adequate for diabatic
flow.

Zahn [20,21] studied the flow patterns of Refrigerant-22
evaporating inside horizontal tubes under pressures, temperatures,
flow rates, and heat loading conditions similar to those occurring
during the actual operation of a small air conditioning coil. The

working pressure was 95 psia. The flow regimes were correlated by
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constructing a map using the gas volumetric fraction and Froude
number as coordinates. Zahn's data will be compared later with
the data of this investigation.

Bergles and Suo [22] investigated the effect of different
flow conditions on the flow patterns of boiling water inside ver-
tical tubes. They observed that the increase in pressure or inlet
temperature tended to shift all the transition lines towards high-
er qualities, while the increase in tube length tended to shift
the transition lines towards lower qualities.

Griffith [23] studied the effect of pressure, tube diameter,
and tube length on the quality at which transition from slug to
annular flow 1s 1likely to occur. The liquid was pure water and
the test section was an unheated glass tube mounted vertically
downstream of an electrically heated metallic tube. The flow Te-
gimes were detected by two electrical probes mounted at both ends
of the glass tube. From this study, Griffith found that the slug
to annular transition occured at almost constant quality, whose
value depended only on pressure. This was the case, provided
that the condition V2pv/gDp2 > 2 was satisfied. V, o, g, D, and
p, are superficial vapor velocity, vapor density, gravitational
acceleration, tube diameter, and liquid density, respectively.

From the above literature survey, it can be emphasized that:

1. Flow pattern maps that were developed for two-phase

adiabatic flow were not adequate for identifying the
flow pattern of diabatic two-phase flow.

2. All diabatic flow-pattern studies were concerned with

boiling.



3.

No flow-pattern studies during condensation could be
found. It is the objective of this investigation to

perform such a study.

19
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CHAPTER III
EXPERIMENTAL INVESTIGATION

The objectives of this experimental investigation are:

1. To visually and photographically study the flow patterns,
during forced convection condensation inside a 0.5 in.
I.D. horizontal tube, under different flow conditions.
The condensing fluid to be used is Refrigerant-12.

2. To construct flow-pattern maps for condensation and to
compare them with the flow-pattern maps available in

literature.

Experimental Facility

The experimental test facility that was used by Abis [24] was
modified to permit taking the required data of the present inves-
tigation. The test facility contained the essential components of
a Refrigerant-12 vapor compression refrigeration system. Figure 4
shows a schematic diagram of the Refrigerant-12 flow circuit, and
Plate I shows a photographic view of the test facility. The main
components of the system were:

1. 2-h.p. Copeland compressor

2. Main test condenser

3. Vapor-liquid separator

4. After condenser

5. Liguid receiver

6. Water chiller (evaporator)

7. Hand operated expansion valve
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EXPLANATION OF PLATE I

Photographic view showing the experimental facility used in
this investigation. Numbers on the photograph are to iden-
tify the following components:

[

—

= OWRo-ITOUnaWN

Test condenser
Vapor-liquid scparator
After-condenser

Condenscd vapor flow meter
Condensate flow meter
Cooling water flow mecter
Liquid accumulator
Evaporator

Expansion valve

Compressor

Multi-channel precision potentiometer
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The auxillary components were:

1. Refrigerant drier-filter

[g]

Suction accumulator
5. Suction filter
4. 01l separator
5. Discharge muffler
6. Low and high pressure safety switch
7. Coolant filters
8. Coolant circulating pump
The instrumentation of the test facility included:
1. Integrating type flow meter for coolant flow measurements

2. Refrigerant flow meters of the variable area type

(3]

Multi-channel indicating potentiometer to measure the
thermocouples e.m.f. output

Figure 5 shows the flow diagram of the cooling water circuit.
The cooling water circuit was designed to permit the control of
the temperature of the cooling water to the test condenser. This
could be achieved by mixing the return water from the after-
condenser, the test condenser, and the water chiller with the city
water (in a mixing tank) before the water was recirculated by the
pump. By this method, it was possible to control the condensing
pressure of the refrigerant, in the test section, as well as the

mass flow rate of the refrigerant.

Test Condenser and Instrumentation

Figure 6-a shows a schematic diagram of the experimental test

condenser that was designed and constructed essentially for this
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investigation. Basically, it consisted of three separate double
pipes, counter flow condensers labeled a, b, and c in Fig. 6-a.
Each of these condensers was constructed separately. The inner
tube of each condenser was a copper tube having 1/2 in. I.D. and
5/8 in. 0.D. The outer jacket was also a copper tube having a 1
in. I.D. and 1-1/8 ins. 0.D. Condensers a, b, and ¢ had overall
lengths (from water inlet to water outlet) of 20, 24, and 24 ins.,
respectively. Figure 6-b shows the construction details of one of
these condensers. Condensers a, b, and c were joined together by
three transparent glass tubes, labeled A, B, and C in Fig. 6-a,

to form the entire test condenser. Plate II shows a photographic
view of the entire test condenser. Each glass tube had a 1/2 in.
I.D. and 3/4 in. 0.D. and an overall length of 8-1/2 ins. The
cooling water entered the cooling jacket of condenser c in a count-
er flow direction to the refrigerant flow, then entered condensers
b and a successively after leaving condenser c. Figure 7 shows
the construction details of the transparent sections. Each
transparent section was made of standard clear, high pressure tu-
bular gage glass, and was fitted between two adjacent condensers
by two stuffing boxes. Three 3/8 in. diameter tie rods were used
to secure together the two stuffing boxes at the ends of each
transparent section to prevent leakage.

Each of the three visual sections was leak-proof tested indi-
vidually, for 24 hours, under pressures as high as 200 psig. Such
a pressure was higher than any pressure encountered during the ex-
periments. They were also leak-proof tested under vacuum as low

as 1000 microns. The three condensers a, b, and c and the three
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EXPLANATION OF PLATE 11

Photographic view showing the test condenser. Numbers on
the photograph are to identify the following components:

. Condensing unit a
. Visual section A
Condensing unit b
Visual secction B
Condensing unit ¢
Visual section C

B AN
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transparcnt sections A, B, and C were mounted individually on sup-
ports. While being supported in a horizontal position, they were
drawn together and then welded. Before welding, all condensers
and transparent sections were checked individually by a liquid
level, to make sure that they were all mounted horizontally and
coaxially aligned. An expansion joint was added at one side of
the condenser to accomodate any expansion, due to heating, during
operation. With the entire condenser assembled, it was checked
again for leaks under pressurized and evacuated conditions. The
entire system was then evacuated down to 1000 microns and charged
with refrigerant-12.

Each of the condenser sections a, b, or ¢ was instrumented to
measure the inlet and outlet temperatures of the cooling water
through each condenser. The inlet and outlet temperatures of the
refrigerant to the entire test condenser were also measured. All
temperatures were measured by copper-constanan thermocouples of
24 B and S gage wire. Inlet and outlet pressures of the refriger-
ant were also measured. The cooling water flow rate was measured
by the flow meter mounted on the cooling water circuit. All
thermocouples were calibrated against the temperatures of boiling
water and melting ice. Their e.m.f. output was measured by
Honeywell Electronic-18 multi-channel potentiometer. The liquid
refrigerant flow rate from the liquid-vapor separator represented
the amount of refrigerant condensed in the test condenser. Its
flow rate was measured by a Fisher-Porter variable area type flow-

meter. The vapor from the separator which was condensed in the
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after condenscer was also measured by a second Fisher-Porter vari-
able arceca type flow meter. The combined flow rate readings of the
two flow meters represented the total mass flow rate of the re-
frigerant through the test condenser. Condenser sections a, b,
and ¢ were insulated with 2-1/2 ins. thick rubber insulation. The
liquid-vapor separator was also insulated with 3/4 in. thick fiber

glass insulation.

Visual and Photographic Study of Flow Pattern

In this investigation 42 runs were performed covering a wide
range of condensing pressures, mass velocities, and included all
possible flow patterns. During each run, the flow pattern during
condensation could be visually observed and identified in any of
the transparent sections A, B, and C, which are shown 1in Fig.
6-a. For economical reasons, no attempt was made to take high
speed motion pictures for each run at each transparent section of
the test condenser. However, one high speed motion picture was
taken for each of the nine flow patterns that could be identified.
It was mainly relied on visual observation to identify the flow

pattern, at any of the transparent sections, during all the runs.

Photographic Equipment

Figure 8 shows a schematic diagram of the photographic equip-
ment used in this investigation. It includes a high speed motion
picture camera, a control or 'goose'" unit, and lighting equipment.

The camera was a Fastax WF3 type camera which used 100-ft

reels of 16 mm film. It had a maximum speed of 8000 frames/sec.
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Different film spceds could be obtained by controlling the voltage
applicd to the motoré of the camera through the ''goose'" unit. The
speed of the camera was registered on the film edge by a timing
device which consisted of a neon glow lamp enclosed in the camera
housing. The lamp was energized by A-C current and the light
cmitted from both plates of the lamp was focused on the edge of
the film., Lamp operations resulted in timing marks which appeared
as a 2.5 mm wide black line along one edge of the developed film
outside the picture area. When the timing light was connected di-
rectly to a 60 cycle A-C power supply, which was the case during
the whole experimental investigation, and there were 33 pictures
between two successive timing marks, the camera's speed was 4000
frames/second. Eastman 4-x, black and white negative films (type
7224) were used. The lighting sources used for illumination were
two 375-watt lamps placed on the camera side of the transparent
section and two 125-watt lamps placed behind the test section.

All light sources were placed at an enclined angle as shown in
Fig. 8. The decision on this type of lighting arrangement was
reached after a number of trial runs until the best motion pic-
tures could be produced. Plate III shows a photographic view of

the photographic equipment.

Test Procedure

Before the compressor was started, the cooling water mixing
tank was filled to the overflow level, and city water was allowed
to flow into the tank continuously. The compressor and the circu-

lating water pump were put into operation simultaneously after
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EXPLANATION OF PLATE TIII

Photographic view of the high speed motion
picture camera and the supporting equipment.
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equalizing the pressure of both compressor sides through the by-
pass valve. The system was allowed to run while necessary adjust-
ments were being made to get the required operating conditions
such as refrigerant flow rate and condensing pressure. The
adjustments of the cooling water flow rates to the test condenser
and after coacdeiser, the cheaing of the hand-operated expansion
valve, the opening of the compressor by-pass valve, and the water
flow rate to the evaporator were used to change the refrigerant
mass flow rate and condensing pressure from one run to the other.
Steady state conditions were established when the readings of all
pressure and temperatures measuring instruments and the liquid re-
frigerant level in the vapor-liquid separator remained unchanged
for an extended period of time. The liquid level in the separator
could be determined by the sight glass attached to the separator
and could be controlled by the opening of the upstream valves of .
the refrigerant flow meters. Steady state conditions could be
reached in any run within two hours, however, the system was al-
lowed to run for a period of three hours before any readings and
visual or photographic data were recorded. During each run, the
following measurements were taken: _

1. Water flow rates to the test condenser and after con-

denser

2. Refrigerant's inlet and exit gage pressures

3. Refrigerant's inlet and exit temperatures in millivolts

4, 1Inlet and exit coolant temperatures, of the test conden-

ser sections a, b, and ¢ in millivolts. There were six

readings in each run
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5. Flow rates of the two refrigerant flow meters in gallons/

minute

In addition to the above readings, the ambient temperature
and the barometric pressure were recorded during each run. Also,
for each run, the flow patterns were observed and recorded at
cach of the transparent sections. Nine flow patterns were identi-
fied during this investigation. These flow patterns were:. spray,
spray-annular, annular, semiannular, annular-wavy, semiannular-
wavy, wavy, slug, and plug flows. These flow patterns will be
discussed in a later section.

As it was mentioned earlier in this section, high speed mo-
tion pictures were taken for certain runs covering all the nine
different flow patterns that could be identified visually in this
investigation. For the specific runs that were chosen for taking
the motion pictures, and while waiting for the system to reach the
steady state condition, the camera was loaded, focused, and the
lighting and the lens aperature were adjusted. When steady state
conditions were established, the camera was started and the flow

pattern of interest in that particular run was photographed.
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CHAPTER IV

EXPERIMENTAL RESULTS AND DISCUSSION

Experimental Results

The range of conditions covered in this investigation can be

summarized as follows:

1. Condensation pressure, 90-127 psia

2, Condenser tube diameter, 0.5 in.

3. Condenser over-all length, 100 ins.

4, Refrigerant mass velocity, 18,860-223,600 1bm/hr.ft2

5. Inlet superheat, 53-126°F. (55‘72 - 304§ “”/én )

6. Vapor exit quality, 0.00-0.95 ( o429 — 0508 beff i o

7. Coolant flow rate, 410-2,698 lbm/hr.

8. Average heat removal rate from condensing Refrigerant-12,
based on condenser's inner diameter, 2,500-16,600 Btu/hr.
ft2

The transparent sections were located at 20, 60, and 100 ins.

downstream from the vapor inlet as shown in Fig. 6-a. Table B-1
of Appendix B includes a summary of the operating conditions of
the forty-two runs covered by this investigation. The values of
the pressure listed in this table represent the average pressure
between inlet and outlet conditions. The temperatures listed are
the saturation temperatures corresponding to the average condensa-
tion pressures. Refrigerant's mass flow rate was estimated from
the sum of the two flow meters located after-the liquid separator

and the after condenser., Refrigerant's mass velocity was based
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on the total cross-sectional area of the condenser's tube inner
diameter. The heat rate gained by the cooling water was calcula-
ted from the water flow rate and the overall temperature difference
between inlet and outlet of each of the condensing sections a, b,
and c¢. The heat rate lost by the condensing fluid was estimated
from the total mass flow rate of the refrigerant and its overall
enthalpy change between inlet and outlet. The heat balance error
was calculated from the ratio of the difference between the heat
‘rates of the coolant and the refrigerant, to the heat rate of the
coolant. It is to be noticed that the heat balance error was with-
in #13% in almost all runs except in run 4 where the heat balance
error was 52%. This may be attributed to an error in the refrig-
erant flow rate.

Table B-2 summarizes the thermophysical properties of Refrig-
erant-12 corresponding to each run. They are based on the satura-
tion temperatures corresponding to the average condensation pres-
sures. All properties were taken from the ASHRAE Handbook of
Fundamentals [25]. In the same table, Baker's [7] correction fac-
tors » and v, which are functions of the condensing fluid proper-
ties, are also listed. Reference will be made later to these two
parameters.

Tables B-3 and B-4 list the significant flow parameters that
were used in constructing the different flow pattern maps that
will be discussed later in this chapter. These parameters were
calculated for each of the flow conditions in the transparent sec-

tions A, B, and C. A sample of the calculations, based on the
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data of run 16, is included in Appendix C. The last columns of

Tables B-3 and B-4 list the flow patterns observed during all the

runs at the different transparent sections. Nine different flow

patterns werc observed. The descriptions and characteristics on

which basis the flow pattern was visually identified were:

L

Lt

Plug Flow: This flow was formed of a continuous liquid
phase with large plugs of vapor that appeared intermit-
tently at the top of the tube.

Slug Flow: This flow was formed of liquid flowing in the
lower part of the tube and vapor flowing at a relatively
higher speed on top of it. The relative speed between
liquid and vapor was high enough to form frequent slugs
of liquid which wetted the top of the tube.

Wavy Flow: In this flow pattern, the two phases were
separated, with the liquid flowing at the bottom of the
tube. The difference in velocity between liquid and va-
por caused the interface to be wavy.

Annular Flow: A layer of liquid covered the entire tube
wall while the core was filled with vapor which usually
contained some liquid droplets.

Semiannular Flow: The flow had the same appearance as
the annular flow, but the amount of condensed liquid was
not enough to cover the entire tube periphery. Part of
the upper half of the tube appeared dry.

Annular-Wavy Flow: The flow had an annular appearance

with the top part of the tube becoming occasionally dary
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and the liquid thickness at the tube bottom was relatively
bigger.

7. Semiannular-Wavy Flow: The flow had the semiannular ap-
pearance except that the liquid thickness at the tube
bottom was relatively bigger.

8. Spray Flow: No liquid layer was apparent around the tube,
and almost all the liquid was entrained within the vapor
as a mist.

9. Spray-Annular Flow: The layer of liquid that existed in
the annular flow around the tube became very thin and was
continuously swept and entrained within the vapor as a
Mist.

Figure 9 illustrates the above patterns as they were observed
during the experimental runs. Six of these nine flow patterns can
be considered as major ones while the others can be considered as
transitions between these major patterns. The major patterns are
the plug, slug, wavy, semiannular, annular, and spray flows. It
was possible to identify the nine flow patterns by visual obser-
vations. However, after taking high speed movie pictures for these
flow patterns, only the major patterns could be identified. The
remaining three looked exactly alike. The high speed movie pic-
tures of the major flow patterns were included in a 6-minute mo-
tion picture film and have been filed at the Kansas State Univer-
sity Department of Mechanical Engineering library. Figure 10 in-
cludes six photographic pictures of the major flow patterns.

These pictures were reproduced from the motion picture film.
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Spray Flow Wavy Flow
Run No. 42 Run No. 40
Visual Section A Visual Section C

Semiannular Flow Slug Flow
Run No. 24 Run No. 26
Visual Section B Visual Section C

Annular Flow Plug Flow
Run No. 38 Run No. 13
Visual Section C Visual Section C

Fig. 10. Photographic Views for the Major Flow Patterns.
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Data Representation

It has been pointed out earlier, in the literature survey,
that there is generally no standard way for presenting the data of
two-phase flow-pattern studies. Baker's [7] flow-pattern map was
one of the earliest maps used, and is still being used, in adiaba-
tic two-phase, two-component (gas and liquid) flow. Flow pattern
parameters, different from those used by Baker, were used by dif-
ferent investigators [12,14,15,20,21,22] in constructing flow pat-
tern maps for diabatic two-phase flow, specifically for boiling.
No flow pattern maps are available, at the present time, for con-
densation. The attempt was made in this section, to present the
data of the present investigation by constructing several flow
pattern maps using flow pattern parameters that were used by other
investigators. Also comparison between flow pattern maps, devel-
oped for condensation, and those that were developed by other
investigators, for adiabatic and diabatic two-phase flow, was made.

Figures 1l-a and 11-b show the data of the 42 runs plotted on
maps using the same parameters used by Zahn [20,21], namely:
Froude number and the gas volumetric ratio. Frounde number NFR’

is defined by

2
N 5 [VVS ¥ Vis)
FR gD

and, the gas volumetric ratio R, is defined by

Q, (V, o/ V) *

= VS Vi
Q+Q, ~ W, /v, 1

R =

*See Appendix A for the definition of symbols.
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In his visual study of two-phase flow of Recfrigerant-22 evap-
orating inside a horizontal tube, Zahn [20,21] pointed out the
fact that these two parameters have the advantage, over Baker's
[7] parameters, of being dimensionless. In addition, both param-
cters are compatible with the physical interpretations of the
boundaries between the different flow regimes.

It is to be pointed out that the results were deliberately
plotted on two different plots, namely Figs. 11-a and 11-b. The
first includes the spray, annular, semiannular, and wavy patterns.
The second includes the wavy, plug, and slug patterns. Both plots
differ in the scale used for the gas volumetric ratio. Had all
the results been plotted on a single plot, the results would have
crowded at the extreme ends of the abscissa. On each of the two
figures the boundaries between the main flow patterns (plug, slug,
wavy, annular, semiannular, and spray) were arbitrarily drawn. It
is to be emphasized that, in actuality, there is no sharp boundary
between any two flow patterns, but there is, rather, a transition
zone. A great deal of personal judgment was involved in drawing
these boundaries. It is also to be noticed that there is a wide
transition zone between the annular or semiannular and the wavy
flow. These are the annular-wavy and semiannular-wavy regimes.
However, the transition zone between wavy and slug or slug and
plug is not as wide. The boundary lines between wavy-slug and
slug-plug flows were drawn as solid lines in the regions where
data were available and were arbitrarily extended as dotted lines

in the region where data points were not available.
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The results of Figs. 11-a and 11-b seem to indicate that the
flow pattern is a function of Froude number and gas volumetric
ratio. It is to be recalled that Froude number is a measure of
the ratio of inertia forces to gravitational forces and that the
gas volumetric ratio is a measure of the ratlio of the vapor super-
ficial velocity to the liquid superficial velocity. Annular,
semiannular, and spray filows seem to occur at relatively high
Froude numbers (NFR > 10), and high wvapor volumetric ratios (R >
0.96). In these types of patterns, the inertia forces dominate
the gravitational forces. In addition, the superficial vapor vel-
ocity is high enough, compared to the superficial liquid velocity,
to sustain a liquid film of a finite thickness as in the case of
annular or semiannular flow. Beyond a certain vapor superficial
velocity, the liquid film breaks into a uniform spray without any
liquid film being evident.

The transition between the spray and annular flows can be re-
lated to the dimensionless parameter known as Weber number. Weber
number is defined by:

2
_ (Vys * Vyg)orayD

N =
WE 8.0

It represents the ratio of inertia forces to surface forces. The
annular flow pattern is characterized by the presence of a stable
liquid film around the tube. The liquid film remains stable as
long as the surface forces are in equilibrium with inertia forces.
Data in Table B-3 indicate that the transition between annular and

spray flows occurred at a critical Weber number having a value of



L
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(NWE)critical = 2,300-2,400. Annular flow has a lower Weber num-
ber, while spray flow has higher values than the critical Weber
number.

Slug, plug, and wavy flow seem to occur at lower Froude num-
bers (NFR < 10). The results indicate that these flow patterns
occurred in the following ranges of Froude numbers and vapor vol-

umetric ratios:

wavy flow: 0.4 < Ngp < 7
0.86 < R < 0.993
slug flow: 0.l % NFR < 0.8

0.56 < R < 0.86

plug flow: N < 0.1

FR
R £ §u78

It is the combined effect of these two parameters that deter-
mines the flow pattern. In all three patterns (slug, plug, and
wavy), the gravitational forces are significant and cause the li-
quid to flow at the bottom of the tube and the vapor at the top.

Figure 12 shows a flow pattern map reproduced from the results
of Figs. 11-a and 11-b. No data points are shown in this figure.
Only the transition lines between the spray, annular, semiannu-
lar, and wavy flows are shown in solid lines. In the same figure,
the transition lines between the different flow regimes, that
were developed by Zahn [20,21] from his visual study of flow pat-
terns of Refrigerant-22 evaporating in horizontal tubes, were drawn

as dotted lines. Several remarks about the results of Fig. 12 are

in order. First, at the same value of vapor volumetric ratio,
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Zahn's [20,21] transition lines occur at slightly higher values of
Froude number. Second, at the same value of Froude number, Zahn's
[20,21] transition lines occur at slightly higher gas volumetric
ratios. Considering the fact that these transition lines are ac-
tually transition zones, it can be said that the agreement between
Zahn's results and the results of the present investigation is
faizv.,

Figure 13 shows a flow pattern map constructed from the re-
sults of the present investigation using Baker's [7] parameters.
These parameters were calculated for all the runs and are given
in Table B-3 of Appendix B. The transition lines between any two
flow patterns were arbitrarily drawn. To compare the flow pattern
map of Fig. 13 with Baker's [7] flow pattern map, all the main
different flow pattern areas of Fig. 13 were transferred to cross-
hatched areas on Baker's [7] map of Fig. 14. For the sake cf com-
parison, Fig. 15 was reproduced from reference [20] to compare the
flow regime areas of evaporation to Baker's [7] flow regime areas.
Figures 14 and 15 show that the two-phase flow pattern map devel-
oped by Baker for adiabatic flow, is not adequate for predicting
the flow pattern for diabatic flow (evaporation and condensation).
Also, it is to be noticed that certain flow patterns during con-
densation or evaporation, occupy approximately the same areas on
Baker's map. These are the spray, annular, semiannular, and wavy
patterns.

Some flow pattern maps were developed by different investiga-

tors for adiabatic [1], and diabatic [15] two-phase flow, using
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the vapor and liquid superficial velocities as coordinates. These
flow maps have the disadvantage of being useless unless they are
used to predict the flow patterns for systems similar to those
that were used in constructing them. This is why Baker's [7] map
or a map using Froude number and vapor volumectric ratios arec pre-
ferable because of their more general use. The ordinates of the
first map include parameters that depend on the properties of the
two components (gas and liquid) of the flow. The latter has di-
mensionless coordinates. Figure 16 shows a flow pattern map con-
structed from the data of the present investigation using the
vapor and liquid superficial velocities as coordinates. On the
same figure the transition lines between the main flow patterns
were arbitrarily drawn. Results of Fig. 16 indicate that if the
superficial liquid velocity is maintained constant and the super-
ficial vapor velocity is increased, the flow patterns develop in
the following order: plug, slug, wavy, annular.or semiannular,
and spray. Increasing the vapor superficial velocity while main-
taining the liquid superficial velocity constant is equivalent to
increasing the quality of the condensing vapor. The main disad-
vantage of such a map is the fact that it cannot be generalized
for use with other condensing fluids, or other condenser diameters.

Quandt [10] made a simplified analysis of adiabatic two-phase
upflow and examined some of the controlling forces which influence
the transition between two-phase flow patterns. He assumed that
all flow regimes are controlled by the same forces, namely:

pressure gradient forces, gravitational forces, and surface tension
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forces. Certain flow patterns occur when certain forces dominate
the flow. For example, annular, spray, and bubbly flow patterns
occur when the pressure gradient force dominates the other two
forces. On the other hand, slug, wavy, and straitified flow pat-
terns occur when the gravitational force dominates the flow.
Quandt's [10] analysis lead to the following criteria for transi-
tion between pressure gradient controlled and gravity controlled

regimes in horizontal channels:

Ner * £o 5 (1)

where fTP is a friction factor for the two-phase mixture and Py

is the average mixture density given by:

Pav ~ T (2)

Combining Eqns. (1) and (2), it can be shown that:

G2 2 D ———i&——~ (3)
= g =
ETP X, 1-x
Py ¥

Equation (3) can be used in constructing a transition line
between pressure gradient controlled and gravity controlled flow
regimes, on a flow pattern map, using G and x as parameters. With-
in the gravity controlled region, Quandt [10] described the trans-

itions between slug and wavy flow by the following criterion:

Ner T F (4)
where f is a single-phase friction factor. It can be shown that

Eqn. (4) can be written as follows:



2 - 2 gD
G Ir )C_ l"X)z {5)
°v Py

Equation (5) can be used in constructing the transition line
between slug and wavy flows on a flow pattern map, using G and x
as coordinates. In constructing a flow pattern map for air-water
mixtures, Quandt [10] arbitrarily assumed fTP = f = 0.02 in Eqgns.
(4) and (5), respectively. 1In this investigation, Fig. 17 was
constructed using Eqns. (4) and (5), and by arbitrarily assuming
fTP = f = 0.2. It represents a flow pattern map for Refrigerant
-12 condensing inside a 0.50 in. I.D. horizontal tube at a pres-
sure of 90 psia.

A flow pattern map also can be constructed for the results of
this investigation using the mass velocity G and the dryness frac-
tion X as coordinates. The transition lines of such a map can be
generated from their corresponding lines on the flow pattern maps

of Figs. 1ll-a and 11-b. This can be achieved from the following

relations:
2
e m (G, /e, * G, /p ;)
FR gD
R - G,/
Cyloy * &yley (6)
G = Gv + G2
X = GV/G

A flow pattern map, using G and x as coordinates, can be con-
structed from Figs. 11-a and 11-b only if the tube diameter and the

condensation pressure are specified. For the sake of comparison,
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transition lines of Fig. 1l-a and 11-b were recproduced in Fig. 17
by using Eqns. (6). They were plotted for Refrigerant-12 condens-
ing inside a 0.50 inch I.D. horizontal tube at 90 psia. No mean-
ingful conclusions could be made from the results of Fig. 18 for
two reasons. Tirst, Quandt [10] developed his criteria of trans-
ition for adiabatic two-phase flow. Second, the friction factors,
fTP and f, were arbitrarily chosen to plot Fig. 17.

A flow pattern map using G and x as coordinates has the dis-
advantage that it would be limited to certain tube diameters and
certain pressures. As a matter of fact, any flow pattern map
having dimensional coordinates has a limited application. For
example, Fig., 17 was plotted for a certain tube diameter and a
certain condensing pressure. If the diameter or the pressure
were changed, the transition lines would also change. This is
due to the fact that the properties of the condensing fluid, par-
ticularly o, and Py change with the change of the pressure.

The Effect of Cooling Rate and Inlet Superheat on the Flow
Patterns

To establish the effect of the rate of cooling; on the de-
velopment of the flow pattern during condensation, a group of
runs having nearly the same mass velocity, working pressure, and
inlet superheat were chosen and tabulated in Table I. These runs
differ only in the rate of cooling applied to the test condenser
between the vapor inlet and any particular visual section. The
following observations can be made from the results of Table I:

(a) Comparing the observations at the visual section B
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during runs 23 and 30, one observes that the flow
pattern at that section varied from spray-annular to
annular when the rate of heat removal was increased
from 3,523 to 6,319 Btu/hr.

The flow pattern, at visual section B, during runs 34
and 42 changed from spray to annular due to a change in
the rate of heat removal from 3,823 to 9,485 Btu/hr.

A comparison between run 25 on the one hand, and runs
30 and 34 on the other, indicates similar results to

those recported in parts (a) and (b) above.

The above discussion suggests that the rate of cooling is

one of the factors that affects the flow pattern development.

To establish the effect of the inlet superheat, a group of

runs, having nearly the same mass velocity, working pressure, and

rate of heat removal were chosen and tabulated in Table II.

These runs differ only in the inlet superheat temperature of the

vapor at the condenser inlet. The following observations can be

made from the results listed in Table II:

(a)

(b)

During run 5, the inlet superheat temperature was
105.7°F, and the observed flow patterns at the three
successive visual sections were: semiannular-wavy,
wavy, and wavy. An increase in the superheat tempera-
ture to 120.3°F during run 7 changed the sequence of
flow patterns to semiannular, semiannular-wavy, and
then wavy.

Comparins runs 7 and 8 leads to a result similar to that
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reported in part (a) above.
The general trend is that the increase in inlet superheat

will move the flow pattern towards a single-phase vapor flow.
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CHAPTER V

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Summary and Conclusions

Flow patterns were visually and photographically studied
during condensation of Refrigerant-12 inside a 0.5 in. I.D. hori-
zontal tube. A wide range of operating conditions was covered.
The flow patterns were studied at three different transparent
sections located at 20, 60, and 100 ins. from the vapor inlet.
The results of this investigation may be summarized as follows:

1. Nine flow patterns could be identified during condensa-
tion. Six flow patterns were considered as major ones
and those were: spray, annular, semiannular, wavy, slug,
and plug flows. The other three were considered as
transitions between the major ones. The transition flow
patterns were: annular-wavy, semiannular-wavy, and
spray-annular.

2. The nine flow patterns could be observed and identified
visually. However, only the six major flow patterns
were distinguishable after the high speed motion pictures
were taken.

3. Four different flow pattern maps were constructed from
the results of this investigation; namely:

i. Flow pattern map using Froude number and vapor
volumetric ratio as coordinates.

ii. Flow pattern map using Baker's [7] parameters as
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coordinates.
iii. Flow pattern map using the superficial velocities
of the liquid and the vapor as coordinates.
iv. Flow pattern map using the total mass veloclty and
the quality as coordinates.
When the first flow pattern map was compared with the
one developed by Zahn [20,21] for evaporating Refriger-
and-22, the agreement was fair. However, when the re-
sults of the present investigation were plotted on
Bakers [7] map, which was developed for adiabatic two-
phase flow, the agreement was poor. A similar result
was observed by Zahn [20,21]. Such a result indicates
that the flow pattern map of Baker, developed for adia-
batic two-phase flow, is inadequate for diabatic two-
phase flow. A new flow pattern map, using Baker's
parameters was developed. It differs from Baker's orig-
inal map in the location of the boundaries between the
different flow patterns. The remaining two flow pattern
maps could not be compared with similar maps due to the
fact that no such maps are available in the literature
for condensation.
The rate of heat removal and the inlet superheat had an
effect on the development of the flow pattern during
condensation. Their effect was demonstrated qualita-
tively by the results of this investigation.
The flow pattern map developed by using the Froude num-

ber and gas volumetric ratio, as coordinates, can be



considecred as the most general one, among the ones de-
vcloped from this investigation. Its coordinates re-
flect the effect of the various significant parameters,
namely: the condensation pressure, the mass velocity,
the quality, and the condenser's diameter. In addition,
the physical interpretations of Froude number and the gas
volumetric ratio seem to be compatible with the boundar-

ies between the major flow patterns.

Recommendations for Further Studies

The attempt was made in this investigation to develop a flow
pattern map for condensation inside a horizontal tube. Four flow
pattern maps were developed from the results of this investiga-
tion. Different coordinates, used by other investigators, were
used in constructing these maps. The flow pattern map construc-
ted by using Froude number and gas volumetric ratios seemed to be
the most general one because both coordinates used are dimension-
less and reflect the effect of the various parameters, namely:
the condensation pressure, the mass velocity, the tube diameter,
and the vapor quality. It is recommended that the general use of
such a map be verified by performing similar studies using dif-
ferent refrigerants and tube diameters. If the general use of
such maps is established, all the empirical and semi-empirical
correlations available in the literature for predicting the heat
transfer coefficients and the pressure drop during condensation,
should be reevaluated to determine the flow pattern to which they

can be applied.
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APPENDIX A
NOMENCLATURE

Symbol Definition

Cp, water specific heat, Btu/lbm°R

D tube diameter, ft
g gravitational acceleration, ft/sec?
Ee correction factor, 32.19 1bmft/1bfsec2
G total mass velocity of Refrigerant-12, lbm/hr.ft2
G, vapor mass velocity, lbm/hr.ft2
G2 liquid mass velocity, lbm/hr.ft2
Mg total mass flow rate of Refrigerant-12, lbm/hr.
M, vapor mass flow rate, 1bm/hr.
Mz liquid mass flow rate, lbm/hr.
Mw cooling water mass flow rate, 1bm/hr.
NFR Froude number = (VVS ;DVgs)z
2

NWE Weber number = (VS +g:§sl pavD
P saturation pressure, psia
Q, vapor volume flow rate, ft3/hr.
QL liquid volume flow rate, ft3/hr.
R gas volumetric ratio = ———81——

Q* Y
TS Refrigerant-12 saturation temperature, °F
Vis superficial vapor velocity, ft/sec

¥, superficial liquid velocity, ft/sec



AT
AT

AT

dryness fraction

dryness fraction at visual section A

dryness fraction at visual section B

dryness fraction at visual section C

saturated vapor density, 1bm/ft3

saturated liquid density, lbm/ft3

average mixture density, 1bm/ft3

saturated liquid viscosity, centi-poise or 1bm/ft.hr
liquid surface tension, dyne/cm
V{p,/0.075) (o, /62 3)
(73/0)n,(62.3/p,) 211/ 3

Baker's [7] parameter

Baker's [7] parameter
cooling water temperature rise across condenser a, °F
cooling water temperature rise across condenser b, °F

cooling water temperature rise across condenser ¢, °F

2.3
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TABLE B-2: THERMOPHYSICAL PROPERTIES AND BAKER'S [7] FLOW PARAMETERS
Run Vapor Liquid Liquid Liquid Baker's [7] Baker's [7]
No. density, density, viscosity, surface parameter parameter
1b_/ft® 1 /ft b _/ft.hr tension,
m m m-
dyne/cm
e o, U o A &
v L 3
1 2.634 80.929 0.610 8.518 6.754 4,548
2 2.663 80.797 0.609 8.446 6.786 4,587
3 2.622 80.982 0.611 8.546 6.741 4,532
4 2.560 81.264 0.614 8.698 6.673 4.450
5 2.441 81.883 0.621 9.008 6.539 4,293
6 2.469 81.700 0.619 8.935 6.570 4,329
7 2.414 81.967 0.622 9.082 6.508 4.257
8 2.469 81.700 0.619 8.935 6.570 4,329
9 2.549 81.319 0.615 8.728 6.660 4,435
10 2.416 81.958 0.622 9.077 6.510 4.259
11 2.441 81.833 0,621 9.008 6.539 4,293
12 2.366 82.212 0.625 9.217 6.451 4,193
13 2.441 81.833 0.621 9.008 6.539 4,293
14 2,469 81.700 0.619 8.935 6.570 4,329
15 2,416 81.958 0.622 9.077 6.510 4.259
16 2.560 81.264 -0.614 8.698 6.673 4.450
17 2.469 81.700 0.619 8.935 6.570 4.329
18 2,441 81.833 6.621 9.008 6.539 4,293
19 2.494 81.577 0.618 8.868 6.599 4,362
20 2.663 80.797 0.609 8.446 6.786 4,587
21 3.018 79.331 0.593 7.678 7.159 5.065
22 3.055 79.192 0.592 7.606 7.196 5.114
23 3.090 79.059 0.591 7.538 a2 31 5.163
24 2.753 80.404 0.604 8.238 6.883 4.708
25 2.848 80.005 0.600 8.028 6.983 4,836
26 2,848 80.005 0.600 8.028 6.983 4,836
27 2.416 81.958 0.622 9.077 6.510 4.259
28 2,692 80.671 0.607 8.380 6.817 4,625
29 2.784 80.272 0.603 8.168 6.916 4.749
30 2,948 79.603 0.596 7.818 7.087 4,970
31 3.055 79.192 0.592 7.606 7.196 Sedld
32 2.521 81.448 0.616 8.798 6.629 4,398
33 2,605 81.058 0.612 8.587 6.723 4.510
34 3.055 79.192 0.592 7.606 7.196 5.114
35 34055 79.192 0.592 7.606 7.196 5.114
36 3.055 79.192 0.592 7.606 7.196 5 oLy
37 3.055 79.192 0.592 7.606 7.196 5.114
38 3.055 79.192 0.592 7.606 7.196 5.114
39 3.055 79.192 0.592 7.606 7.166 5.114
40 2:321 81.448 D.616 8.798 7.629 4,398
41 3.065 79.154 0.591 7.587 7.200 5.128
42 3.004 79.386 0.594 7.706 7.144 5.046
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APPENDIX C

CALCULATIONS SAMPLE FOR RUN NUMBER 16

Recorded Data

The following readings were recorded for Run 16:

Reference (ambient) temperature = 82°F
Atmospheric pressure = 14.7 psi
Condenser 1inlet pressure = 86.9 psig
Condenser exit pressure = 85.7 psig
Refrigerant-12 inlet temperature = 2.73 m.v.
Refrigerant-12 exit temperature x <Pld MWV
Condensate flow rate at exit = 0.075 gpm
Condensed vapor flow rate = 0,100 gpm

Water 1inlet temperature of condenser c -0.510 m.v.

Water exit temperature of condenser ¢ = -0,495 m.v.
Water inlet temperature of condenser b = -0.495 m.v.
Water exit temperature of condenser b = -0.475 m.v.
Water inlet temperature of condenser a = -0.475 m.v.
Water exit temperature of condenser a = -0.455 m.v.
Water flow rate through the condenser = 3.85 gpm

The observed flow patterns of this run, at the three visual

sections, A, B, and C are listed in Tables B-3 and B-4.

Step 1: Thermophysical Properties and Flow Parameters

The working pressure for this run was assumed as the average

between the inlet and exit values, then



86.9 + 85.7
2

1}

86.3 psig

I

101 psia

90

All properties were taken from reference [24], consequently

Saturated vapor enthalpy

Saturated liquid enthalpy

1 1bm/hr.ft

My

o

Heat Balance Error

Mf (0.075 + 0.100)

lbm
x 81.204 f{j

114.1 1bm/hr

1}

gallons
minute

81.5°F
3
2.560 lbm/ft
3
81.264 lbm/ft
0.614 1bm/ft.hr
8.698 dyne/cm
85.43 Btu/lbm
26.75 Btu/lb
[2 560
0. 075

5075

81 264)
62.3

0.414 centi-poise
0.614 x 0.414
0.2545 centi-poise

62 .3
5. 698[0 2545 (grsgy) 211/3

4.450

60 minutes

T x 0.13368

ft3

gallon



951

M = 5.85 S2Lloms . g minutes . ¢ 15sge fE o, gy 3 m
W ! minute hour ' gallon e T
= 1923.8 1b_/hr
m
- 114.1  _ - 5 2
G T’_\(TS—- = 0.837 x 10 lbm/hr.ft
4412

Conversion of Temperature Measurements From m.v. into °F

Refrigerant-12 inlet temperature = 1.94.2°F
ATC = 0.683°F
ATy = 0.907°F
L = 0.878°F
. _ 0.100
c 0.175
= 0.57

The mixture enthalpy at condenser exit

0.57(85.43) + 0.43(26.75)

= 60.3 Btu/lbm

Enthalpy of refrigerant at inlet 104.7 Btu/lbm

Heat lost by refrigerant = 114.1(104.7 - 60.3)
= 5068 Btu/hr

Total water temperature difference across the condenser
= 2.468°F

Heat gained by water = 1923.8 x 2.468 x 0.999
= 4773Btu/hr

Percentage heat balance error 506§0é84773 x 100

= 508%



Step 3:

Flow Pattern Parameters at Each Visual Section

Visual Section C

L}

0.57 x 114.1
65.2 1b_/hr
m
0.43 x 114.1
48.9 lbm/hr

0.5
65.2/%(T7—)2

0.478 x 105 1bm/hr.ft2

(0.5

48.9/ Vi

J2= 0.359 x 10° 1bm/hr.ft2

FNp
[

GodM¥  0.350 x 105 x 6.673 x 4.45

G, 0.478 10°
= 22.27

Sy _ 0.478 x 105

X 5.673
= 7.163 x 103

M

A

pV

65.2

2.560

25.460 ft3/hr

f&

Py

48.9
§1.264

0.600 ft3/hr

25.460

75460 + 0600 - 0-977

92



- 25.460
Vs T, 0.5y
E( > 1< (3600)

|

o

= 5,19 ft/sec
0.600

) 0.5
> (332 (3600)
= 0.123 ft/scc
2
Neg - (5.19 + 8.%23)
32.2(332)
= 21.01
p = L
av X _ s 1-x
Pv Py
1

0.57 , 0.43
2.560 B81.2064

3
4.377 lbm/ft
1 dyne/cm = 6.87 x 1073 lbc/ft

8.698 x 6.87 x 10°°5

Q
]

]

5.98 x 10-°*% lbf/ft

o [5.18 * 0.123)2(4.377)(0.5/12)
WE 32.2 x 5,98 x 10°°

267.9

Visual Section B

N
e s JTprw:‘_\TC
B C MfL
where L = refrigerant latent heat 1in Btu/lbm
o = 0.57 4 1823.8 x 0.999 x 0.683 _ 4 .4

B 114.1 58.08

93
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The following caun be calculated for Section B:

M = 87.4 1b /hr

v m
MQ = 26.7 lbm/hr

= 5 i, Pl B

Gv 0.641 x 10 lbm/nA.ft
G2 = 0.196 x 10° 1bm/hr.ft2
G, Ay
- = 5.09

v
GV
= = 0.960 x 10"
Q, = 34.110 f+¥/hx
Q, = 0.329 ft3/hy
Vvs = 6.95 ft/sec
Vns = 0.067 ft/sec
NFR = 36.70
NWE = 354.09
R = 0.991

Visual Section A

M, Cp, (AT, + aT)

Xy = Wpw ¥
A= Xc M L
i 1923.8 x 0.999 x (0.683 + 0.907)
0.57 + T4 T % 5588
= 1.025

Such a result indicates that the vapor in Visual Section A

was still superheated.
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ABSTRACT

Flow patterns werc visually and photographically studied
during condensation of Refrigerant-12 inside an 0.50 in. I.D. hor-
izontal tube. A wide range of condensing conditions was covered.
The flow patterns were studied at three different transparent sec-
tions located at 20, 60, and 100 ins. from the vapor inlet. Nine
flow patterns were identified. Six of these flow patterns were
considered as major ones and the remaining three were considered
as transition patterns. The six major patterns were: spray,
semiannular, annular, wavy, slug, and plug flows. The transition
patterns were: semiannular-wavy, annular-wavy, and spray-annular
flows. The nine flow patterns could be identified visually. How-
ever, only the major ones were distinguishable by the high speed
movie pictures taken.

Four flow pattern maps were constructed from the results of
this investigation as follows:

i} Flow pattern map using Froude number and the gas volu-
metric ratio as coordinates.
ii) Flow pattern map using Baker's parameters as coordinates.

iii) Flow pattern map using the liquid and the vapor super-

ficial velocities as coordinates.
iv) Flow pattern map using the total mass velocity and the
vapor quality as coordinates.

It was concluded that Baker's map developed for adiabatic
two-phase flow was not adequate for predicting the flow patterns

of diabatic two-phase flow in general and during condensation in



particular. The flow pattern map constructed by using Froude num-
ber and the vapor volumctric ratio as coordinates is beinz rccom-
mended for predicting the flow pattern during condensatinn. It is
also rccommended that the general use of such a map be verified by
a similar study using differcnt condensing refrigerants and other
tube diamecters. The effect of the rate of heat removal and the

inlet superhecat on the development of the flow patterns was quali-

tatively established.



