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INTRODUCTION

Flooding is a phenomenon which is best described as the
transition from counter-current to co-current flow. Early notice
was taken of this phenomenon in the chemical engineering
industry. Verschoor [58] investigated flooding in packed columns
and found that there was a limiting velocity for upward flowing
vapor above which liquid could not be made to flow downward in the
column. The phenomenon of flooding is still important today in a
number of areas. In the chemical industry a number of chemical
processes rely on the counter-current flow of a gas and a liquid to
provide a highly active exchange interface for both heat and mass
transfer [24]. Flooding also plays an important role in the field
of two-phase heat transfer since it is a limit for many systems
involving counter-current flow. Practical applications of flooding
limited processes include wickless thermosyphons [28,29,35,49] and
the emergency core cooling system (ECCS) of pressurized water
nuclear reactors [3,4,14,15,16,41,42]. The phenomenon of flooding
also is involved in the behavior of nuclear reactor core materials
during severe accident conditions where flooding is one of the
mechanisms governing the motion of the molten fuel pin cladding
[37].
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In the situation of counter-current flow, there are two fluids
in motion. One of these fluids is a liquid and moves under the
influence of a body force, usually gravity. The other fluid is
usually a gas and moves due to a pressure gradient. In the case of
gravity as the only body force, the direction of the flow of the
liquid must be such that there is some component of the flow in the
direction of gravity. Therefore, for purposes of classification,
flooding may be divided into two categories: vertical and
inclined. This survey will deal only with the category of vertical
flooding. Figure 1 shows the typical topography for vertical
flooding. To simply state the condition of vertical, counter-
current flow, one could say that the liquid flows down while the
gas flows up in the same channel.

The phenomenon of flooding may then be described as the limit
point at which any increase in either the liquid or gas flow rate
results in less than all the liquid flowing downward. Several
other definitions have also been used to describe the flooding
point. One definition is that flooding occurs at the point that
any of the liquid is in upward motion, even if the overall flow is
downward. Another definition is that flooding occurs when there is
net flow reversal of the liquid. Still another definiton that has
been proposed is that flooding occurs at the onset of entrain-
ment. Flooding may also be described in terms of the geometry of
the liquid gas interface. In this case, flooding is said to occur
when the liquid bridges the flow area. With these many definitions
of flooding, it is not surprising that the experimental observa-
tions of flooding yield systematic differences in the measurement
of the flooding point.

A further complication of the definition of flooding arises
from the converse situation of transition from upward co-current
flow to counter-current flow. This is sometimes called deflooding
or the deflood point and does not usually coincide with the flood-
ing point. Ocassionally, especially in some analytical work, the
conditions for de-flood have been analyzed as the condition for
flooding.

The published literature on flooding includes both analytical
and experimental work. Many of the papers include both aspects
since usually all experimental data includes an attempt to explain
the results. For simplicity in this survey of flooding literature,
the experimental aspects of flooding will be presented first as a
summary of the ranoe of experimental data available. The analyti-
cal aspects of the experimental works will be included with the
purely analytical works.
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EXPERIMENTS

Flooding has been studied experimentally in a variety of
geometries, with several sets of fluid pairs, and over a range of
flowrates fo<- both liquid and gas. The most common geometry
studied Is that of the tuba of circular cross section. Other
geometries include rectangular channels, annulii, and multiple
channels such as those formed by the fuel pins in in a nuclear
reactor. The most common fluid pair is air and water with steam
and water second. Other fluids include glycerol, glycerol and
water solutions, isopropyl alcohol, methyl alcohol, n-neptane,



ethylene glycol, diethylene glycol, aqueous sec.-octyl alcohol,
silicon oil, and water with various surfactant agents. Nitrogen
has been also used as the gas phase. The data collected has
included: liquid holdup; pressure drop; average liquid film
thickness; liquid surface charcteristics such as disturbance wave
and ripple height, velocity, and speed; and the flow rate of both
liquid and gas at the flooding point and entrainment.

The experimental data is organized first by the geometry of
the test section. The second level of organization is by the fluid
pair. Finally, the experiments are presented in chronological
order.

Experiments in tubes

The air-water flooding in tubes has been studied over a wide
range of diameters and lengths.

Wai 1 is [59,60], Hewitt and Wallis [27] and Hewitt, Lacey, and
Nichols [26] studied flooding in a 31.8 mm ID acrylic resin
pipe. The water was introduced through a porous bronze sinter
section and removed by a second sinter section [27]. Test sections
lengths of 0.23 m, 0.46 m, 0.91 m, 1.82 m, and 3.65 m were used
[26]. The water flow rate varied from 2.5 g/s to 75 g/s. The air
flow rate varied from zero to 11.4 g/s. The experiment was
performed at pressures of 137 kPa, 275 kPa, and atmospheric. The
data recorded included air and water flow rates, pressure drop,
system pressure, and film thickness using a conductance probe.
High speed photography at 100 to 250 frames per second was used to
study the liquid film [27]. Liquid film thickness was measured
using a fluorescent dye irradiated by monochromic light [26]. The
fluorescence was separated from reflected incident light by a
spectrometer.

Clift, Pritchard, and Nedderman [12] studied flooding in a
31.8 mm ID, 3.7 m long tube, with a 76 mm long bronze sinter feed
section in the middle of the tube. The velocity of the air varied
from 8.25 m/s to 9.50 m/s. The water volumetric flow rate varied
from 1 cm3/sec to 52 cm3/sec. In addition to flow rates, the
pressure drop in the tube was also measured. Waves were visually
observed as gas velocities approached the flooding point. As the
flooding point was almost reached, the pressure drop increased
sharply and the waves on the film became sufficiently large to
bridge the tube* The bridges were broken by the air flow and the
resulting drops were carried up by the air stream. Further
increase in either the gas or liquid flow caused an increase in
both the pressure drop and the height of the liquid slugs above the
liquid entrance. The liquid below the entrance was less chaotic
after flooding. Still further increase (after flooding) caused a
slight decrease in the pressure drop.



Diehl and Koppany [17] studied flooding with water and air In
tubes with diameters of 15.8 mm, 26.6 mm, and 52.5 mm. The
flooding point was determined by noting the gas velocity at which
there was a large Increase In entrainment, and by checking the
pressure drop Increase as gas flow was Increased. The results were
reported only In terms of gas velocity and entrainment loads.

Pushkina and Sorokin [44] studied both flooding and liquid
film breakdown. Flooding was defined as the onset of entrainment
with some motion of a part of the liquid upward. This included
cases in which the entrained droplets were deposited on the wall
above the water injection point and flowed downward in a film with
no exit of fluid from the top of the tube. Film breakdown was
defined as the point at which liquid downflow ceases and all of the
liquid is carried upward. Two different sets of apparatus were
used in the study. One of these consisted of a 309 nsn ID tube with
a porous liquid feed insert. The porous section was 210 mm with a
3.75 meter section above and a 2.5 meter section below giving a
total test section length of 6.46 meters. The second apparatus
consisted of a set of varying diameter tubes which were top fed
from a reservoir through a funnel. The air was introduced into a
lower plenum. Tubes with an interior diameter of 6.2 mm, 8.8 mm,
9.0 mm, 12.2 mm, and 13.1 mm were used. The length of the tubes
varied from 0.5 meter to 0.8 meter. The water flow rate was the
minimum which would continously wet the tube around its entire
circumference. For the porous feed apparatus, the air velocity was
adjusted to produce both flooding and film flow reversal. For the
top feed apparatus, the air velocity was adjusted to produce film
flow reversal. The velocity of the air was in the range 14 m/s to
16 m/s. Measurements were made of the water and air flow rates.

Wall is and Makkenchery [66] investigated the transition region
between the flooding point and upward co-current flow. In this
region, there is no net film motion and hence the phenomenon is
sometimes called the "hanging film" phenomenon. The experiments
were carried out in tubes 6.35 mm and 140 mm in diameter. Liquid
entered from the top of the tube either by overflowing a weir or by
running down a tapered funnel. Measurements were made of the air
and water flows.

Kusuda and Imura [35] performed experiments to determine the
critical heat flux in an open two-phase thermosyphon. They con-
firmed that dryout occurs only with counter-current annular two-
phase flow as a result of flooding rather than local film boil-
ing. One tube was 1 meter in length and 28.4 mm in diameter.
Other tubes were 0.2 and 0.3 meters in length and 10.7 mm in
diameter.

Wai U s and Kuo [67] performed flooding designed to study the
interfacial effects of flooding. One experiment involved measuring



the height to which water could be supported over the lip of a tube
with air exiting the tube. Tubes of the following diameters were
used: 6.4 mm, 19 inn, 31.2 mm, 38.2 mm, 63.5 mm, 113 mm, and 145
mm. Measurements were made at the water level and air flow. A
second experiment involved the behavior of a toroidal liquid ring
hanging around the inner wall of a glass tube with gas flow. The
liquid ring was initally formed by allowing the liquid to build up
over a teflon inset which formed a step in the tube.

Dukler and Smith [23] performed flooding studies in a 50.8 mm
tube with very carefully controlled liquid and gas entry con-
ditions. Their apparatus consisted of a 3.96 m long plexiglass
tube with a 0.1 m porous, sintered metal inlet located at axial
midplane. The gas entrance consisted of 304 mm I.D. section with a
50.8 mm nozzel for gas entry and an expanding taper on the main
tube to pull the liquid film away from the stream of entering
gas. Data was collected for liquid Reynolds numbers of 329.1,
822.8, 1645.5, and 3291.0 respectively. The superficial gas
velocities varied from 6.5 m/s to 15.2 m/s and corresponded to gas
Reynolds numbers from 22,250 to 59,971. The data recorded included
liquid and gas flow rates. Pressure level and film thickness was
measured at four axial locations. The film thickness was measured
using conductivity probes. At the two lower liquid flow rates,
waves on the falling film changed only slightly in appearance with
increases in air flow. Just below the flooding point, fluctuations
were noted in the film at both the air entrance and just below the
water entrance. A small increase in the air flow caused these
fluctuations to spread over the entire film creating a highly
agitated surface. The film then climbed and entrainment took place
simultaneously. For the higher water flow rates, droplets were
observed striking the surface of the tube above the water entrance
with gas flow just below the flooding point. The droplets formed a
very thin film which ran down the tube. A small increase in the
air flow, caused a disturbance in the liquid film 150 mm below the
water entrance. At the flooding point, the upper section of the
tube filled with an aerated liquid in churn flow. A net upflow of
liquid resulted.

Imura, Kusuda, and Funatsu [28] studied flooding in 1 meter
long acrilic resin tubes with varying diameters. The ranges of
parameters studied for the air and water system are given in Table
1. The water was introduced over a bell mouth at the top of the
tube. Air and water flow rates and pressure drop data were
recorded. The flooding point was determined by visual observation
and increase in the pressure drop.



TABLE 1. Range of Parameters studied by Imura et al [28]

Tube ID Liquid Properties Gas Properties
superficial flow Re Velocity Re

(irm) (mm/s) (m/s) (103)

11.2 37.1-532. 145-1820 1.62-7.17 1.62- 7.17
16.0 17.3-470. 77-2030 4.65-8.93 4.39- 9.14
21.0 49.1-278. 316-1520 4.45-7.94 5.68-10.2

Suzuki and Ueda [55] investigated flooding in transparent
acrylic resin tubes of 10 mm, 18 mm, and 28.8 mm diameters. The
lengths of the 10 mm and 18 mm ID tubes used were 0.5, 1.0, 1.5,
and 2.0 meters. The lengths of the 28.8 mm tubes were 0.59, 1.54,
and 1.83 meters. The water was introduced through a sintered
section of all. The water flow rate was varied to provide liquid
Reynolds numbers from 240 to 8180. Air flow was ranged to cover
both the flooding point and the limit of upward co-current flow.
Transistion points were recorded for both increasing and decreasing
gas flow. Measurements were made of the liquid and gas flow
rates. The waves on the liquid film were studied by using a
contact probe to determine wave height and by using high speed
photography to determine wave velocity.

Diehl and Koppany [17] performed single-component condensation
studies in a 8.1 mm tube.

Wallis et al. [65] reported the results of experiments in a
transparent 50.8 mm pipe. The pipe was 1.5 m in length with a
large upper plenum (0.6 m high) and a large lower plenum (0.7 m
high). The system was a top flood arrangement with water
collection in the upper plenum. Both "square" and rounded
transitions were used at both the upper and lower end of the
pipe. Water at temperatures from 277 K to 372 K was supplied to
the upper plenum through a feed ring near the bottom of the
plenum. Saturated steam at a pressure of 41 kPa (gage) to 90 kPa
(gage) was supplied to the lower plenum below a demister and
turbulence suppressor. Steam was supplied at flow rates up to 23
g/s. The experiments were conducted in both steam first and water
first sequences. Measurements were made of steam flow, water inlet
flow, water flow to the lower plenum, inlet steam and water
temperature, and upper and lower plenum temperatures and pressures.

English et al. [24] investigated two phase flow in a flooded,
updraft, partial condenser. The apparatus consisted of a 1.8 m
long, 19 mm diameter tube in a condenser. The fluid was n-propyl
alcohol which entered a calming section at the lower end of the
tube as a vapor. Various fractions of the vapor were condensed and



exited the tube as condensate at the bottom and as entrained
droplets at the upper end. The parameters measured included: gas
mass flow rate; entrainment mass flow rate; l iquid to gas fract ion,
and pressure drop. The gas flow rate varied from 3.39 Kg/s. m2 to
13.56 Kg/s. m2. Liquid to gas fractions from 0.2 to 0.8 were
studied. An additional study addressed the effect of taners
(diagonal cuts across the entrance). Tapers of 0, 30, 45, and 75
degrees were studied.

C l i f f , Pritchard, and Nedderman [12] also studied flooding
using solutions of glycerol and water as shown in Table 2. With
the more viscous solutions, waves were observed in the lower part
of the tube with low or zero air flow. Increase in air flow caused
the point of inception of the waves to move upward unti l the entire
portion of the tube below the l iquid entrance was wavy.

Diehl and Koppany [17] studied flooding using a hydrogen and
diesel o i l system in tubes with diameters of 16.8 mm, 18.7 mm, and
23.7 mm.

TABLE 2.

Solution
Glycer
82
77
70
59
25

ol %Water)
18
23
30
41
75
100

Range of Glycerol/water mixtures [12]

Viscosity
(Pa-s .10-3)
82.5
46.0
23.4
10.4
2.18
1.32

Density
(g/ml)
1.21
1.20
1.18
1.15
1.06
1.00

Surface Tension
(N/m)

0.0650
0.0658
0.0664
0.0680
0.0702
0.0720

Kusuda and Imura [35] used a number of f luids in their
thermosyphon. Ethyl-alcohol, nandmal-hexane and carbon-tetra-
chlandide were used.

Imura, Kusuda, and Funatsu [28] investigated flooding with
ethyl-alcohol, ethylene-glycol, and n-Heptane. The tubes were
11.2 mm, 16.0 mm, 21.0 mm and 24.2 mm in diameter. All of the
tubes were 1 meter in length. The range of the experimental
parameters are given in Table 3.

Wall is and Kuo [67] investigated the conditions of the
"hanging f i lm" phenomenon using si l icon oi l and a i r .

Suzuki and Ueda [55] studied flooding using aqueous glycerol
solutions and aqueous sec.-octyl alcohol solutions in 18 mm and
28.8 mm tubes. Air was used as the gas in al l cases. The glycerol
solutions allowed the viscosity of the f lu id to be varied while
maintaining an almost constant surface tension. The l iqu id
Reynolds numbers varied from 7 to 3620. Table 4 gives the



viscosities and surface tension of the various solutions and the
dimensions of the apparatus used. The sec.-alcohol solutions
allowed the surface tension to be varied while maintaining a
constant viscosity equal to that of water. Table 4 give the data
concerning the range of surface tension, viscosity and liquid
Reynolds number.

TABLE 3. Parameters studied by Imura et al [28]

Tube ID Liquid Properties Gas Properties
Superficfal Flow Re Velocity Re

(mm) (mn/s) (m/s) (10"3)

Ethyl-alcohol
11
11
21

.2

.6

.0

13.9-489.
6.0-552.
11.0-389.

Ethylene-glycol
11
16
21

.2

.0

.0
24.2

n-Heptane
11.
16,
21.
24,

.2

.0

.0

.2

26.1-629.
10.8-840.
9.5-632.

12.7-539.

20.4-393.
14.3-488.
7.8-415.
8.1-375.

24
15
36

5.
2.
2.
3.

101
104
62
87

.- 971
-1580
-1380

7- 152
7- 303
7- 303
5- 182

-2080
-3750
-3610
-3610

2.84-6.
2.59-7.
3.71-7.

1.65-5.
1.10-8.
1.75-8.
2.43-7.

0.86-4.
0.56-6.
0.80-11
1.42-7.

44
70
32

67
00
48
90

60
13
.9
72

1820- 4810
2410- 8400
3710- 7320

810- 3710
900- 7810
1830-11400
3370-11700

560- 3240
510- 6070
800-11900

2070-12100

TABLE 4. Parameters studied by Suzuki and Ueda [55]

Viscosity Surface Tension Liquid Reynolds Number
(Pa.s .10"3) (N/m) 18 mm tube 28.8 mm tube

Water
0.9 0.068

Aqueous glycerol solutions
2.1 0.056
5.1 0.053
10.0 0.053
24.0 0.053

390-5240

(308K)
140-2840
30-1030
25- 380
7- 100

820-8180

320-3620
80-1200
50- 510
35- 140

Aqueous sec.-octyl alcohol solutions (298 K)
0.9
0.9
0.9

0.055
0.047
0.037

390-3280
390-3930
390-2620

820-4010
320-8180
820-8180



Grolmes, Lambert, and Fauske [25] investigated flooding in a
nitrogen and water system. The tube diameters ranged from 4 mm to
25 mm ID. Length to diameter ratios from 10 to 100 were studied.
Measurements included gas and liquid flow rates and pressure
drop. The onset of flooding was determined by both visual obser-
vation and pressure drop. For the larger tubes (6, 13, 25 mm), the
liquid film waviness grew steadily in amplitude over the entire
length of the tube as gas velocity increased. However, for the 4
mm tube, the transition to flooding was described as "a closing of
the gas annulus by a single wave crest." Intermittent slug flow
developed following the flooding transition.

Flooding in anulli

Stainthorp [52,53] investigated both co-current and counter-
current air-water flow with emphasis on the effect of the air flow
on the wave properties of the falling liquid film. The test
section consisted of a tube 34.5 mm ID and 0.7 m long. A second
19.8 mm 0D tube concentrically mounted formed an annular region and
provided a housing for photo-transistors located on the tube
axis. Since the inner tube was approximately half the diameter of
the outer tube and water was introduced only on the surface of the
outer tube, the goemetry c^uld also be considered that of a tube
with a "probe". It is considered annular here for comparison with
other work done in annular geometries which also have similar
diametrical ratios. Water was introduced through the outer wall by
using a 0.1 m long section of porous ceramic tubing of the same
bore as the tube. Liquid flow was adjusted to provide liquid
Renolds from 10 to 180. Air velocities ranged from zero to 10
m/s. Measurements were made of the air and water flow rates. Film
thickness and wave velocity was measured using a 1.5 g/1 solution
of Nigrosine and the change in light transmittance was measured by
a pair of photo-transistors illuminated by a pair of 0.25 mm
diameter beams 16.5 mm apart.

Naff and Whitbeck [40] invesitgated counter-current flow in an
annular geometry using a plexiglass vessel with aluminum inserts to
simulate the reactor core barrel and downcomer region of a pressur-
ized water reactor (PWR). Figure 2 shows the geometry. Tests were
conducted for radial gaps of 9.4 mm, 12.4 mm, and 16.0 mm with
downcomer lengths of 0.15 m, 0.63 m, 0.86 m, and 1,72 m. The gas
wcis introduced into the top of the "core barrel" and entered the
lower plenum through bottom perforations. Water entered through a
nozzel located near the top of the vessel wall and the air-water
mixture exited through another nozzel located 180 degrees oppo-
site. The incoming liquid velocity varied between 0.54 m/s and 2.2
m/s. The gas velocities were adjusted to obtain flooding by coii-
trolling the exit pressure so that a constant lower plenum pressure
could be maintained. Tests were conducted at a system pressure of
69 kPa and 206 kPa (gage) to provide gas densities of 16 and 32



kg/m3 Measurements were made of the air and water flow rates and
the filling rate of the lower plenum. Visual observations were
also made.

A similar set of experiments were performed at Battelle
Columbus Laboratories by Segev and Collier [48]. In these experi-
ments a 2/15 scale model of a PWR plenum was used. Table 5 shows
some of the physical dimensions of both the 2/15 scale model and a
1/15 scale model as well a the dimensions of the PWR.

BYPASSED FLOW.

INTACT COLD LEG

FILM FLOW

DOWNCOMER

STEAM AND
WATER OUT

BROKEN LEG

Figure 2.

TABLE 5. Geometric Dimensions used By Segev and Collier [48]

Reference Geometry 1/15 scale 2/15 scale PWR

Annular Gap, mm
Downcomer length, m
Average Circumference, m

15
0
0

«
.41
.918

31
0
1

»
.82
.845

254
5
12

•
.33
.85



The 1/15 scale model data was suplimented by data from experiments
at Creare [2,3,4,5,14]. In addition to steam water experiments,
some experiments with air and water were performed for compari-
son. The resultant data was used to evaluate the effect of phase
change. Various length core barrels were used to create different
length downcomers.

Ueda and Suzuki [57] studied flooding in annular geometry with
the flow on the inside wall of the annul us. The inner diameter of
the annul us was 10.0 mm. The outer shroud diameters were 28 mm, 35
mm, and 40 mm which produced annular gaps of 9.0 mm, 12.5 mm, and
15.0 mm, respectively. The test section length was 1 meter. Liq-
uid was supplied through a 80 mm long sintered bronze section at
the top of the inner wall. The liquid flow rates varied from 3.3
to 16 ml/s. This corresponded to liquid film Reynolds numbers of
472 to 2360. The air velocity varied from 5.5 to 9 m/s. Measure-
ments were made of the liquid and gas flow rates. The maximum
liquid film height was measured using a contact probe at locations
0.3 m, 0.6 m, and 0.9 m below the sinter section. Single phase air
velocity distribution was measured using a pitot tube. Visual
observations were also made.

Kusuda and Imura [35] investigated flooding in annular geo-
metries by using inserts in their thermosyphon to produce an
annular, open, top flooded configuration. Inserts of diameter
12.1 mm, 19.1 mm, and 25.2 mm were inserted into the 28.4 diameter,
1 meter long, tubes to produce annular gaps of 8.2 mm, 4.7 mm, and
1.6 mm, respectively. Inserts were also used in the 0.3 meter
long, 10.7 mm ID tubes. Inserts of 6.5 mm and 8.0 mm produced
annular gaps of 2.1 and 1.4 mm, respectively.

Crowley, Block, and Cary [14] investigated flooding in a
1/15-scale PWR downcomer geometry. This experiment was aimed at
predicting lower plenum filling rates in postulated reactor
accidents. As a result, flooding was only one of the effects
studied. Other effects included lower plenum voiding, cold leg
steam, and superheated downcomer walls. The experimental facility
consisted of a thick walled steel vessel. Variable core barrels
were used to provide annular gaps of either 12.7 mm or 25.4 mm.
The water was injected to simulate an emergency core cooling system
(ECCS). Water flow up to a maximum of 6.3 1/s per cold leg was
supplied. The maximum total water flow was 18.9 1/s. The total
available steam flow was 1.4 kg/s. The water injection temper-
atures varied from 289 K to 322 K. The steam injection temperature
varied from 373 K to 444 K. System operation pressure was 0.86
MPa. Measurements were made of the lower plenum filling rate,
pressure drop, and flow rates.

Kusuda and Imura [35] used inserts with a few combinations of
other fluids. Ethyl-alcohol was used in the 28.4 mm ID thermo-



syphon with inserts of 12.1 nm, 19.1 tmn and 25.2 mm to produce
annular gaps of 8.2 mm, 4.7 mm, and 1.6 mm, respectively. Nortnal-
hexane was used with 6.5 mm and 8.0 mm diameter inserts in the 10.7
mm ID, 0.3 meter long tube to produce annular gaps of 2.1 and 1.4
mm.

Ueda and Suzuki [57] used an aqueous sec.-octyl alcohol solu-
tion in annular flooding studies. The tube diameters for these
studies were the same as their water-air studies, 10 mm ID, 28 mm,
35 mm and 40 mm 0D.

Simulated annular geometries

Crowley [15] investigated steam and water counter current flow
in a 1/30 scale, flat-plate plastic model of a pressurized water
reactor downcomer. The simulated annul us consisted of two 305 mm x
457 mm polycarbonate plates separated by a 9.5 mm gap. The water
entrances were 43 mm holes that bridged the annul us. The water was
supplied at rates up to 940 g/s at temperatures of 286 K, 311 K,
and 333 K. The steam flow was in the range of 15 to 105 g/s at
atmospheric pressure and a temperature of 375 K to 376 K. The
variables measured included steam and water flow rates and steam
pressure in the supply barrel up to a maximum of 13 kPa.

Other geometries

Verschoor [58] investigated the limiting velocity of vapor in
packed columns.

Shearer and Davidson [51] investigated the standing wave
generated by upward flow of air through an orifice with a rod with
downward flowing water film in the center of the orifice. Although
not flooding in the classical sense, this counter-current flow
situation was used to study the forces on large disturbance waves
which are often associated with flooding. A 25.4 mm diameter rod
was used. The orifice was 38.1 mm in diameter on the upper side
and expanded to 68.3 mm on the lower side of a 4.8 mm thick
plate. The air and water rates were varied over a very small range
of stability. If the air rate decreased slightly, the wave dis-
appeared. If it increased slightly, droplets were ripped off the
crest of the wave. If the water flow rate was reduced slightly,
the tube did not wet fully. If it increased slightly, rippling
occured and made the wave unstable. Once a stable wave had been
produced, it was photographed and a brass model of the wave was
constructed and fitted with internal pressure taps. By using the
brass replica, it was possible to obtain pressure readings at the
interface.

Ueda and Suzuki [57] performed flooding experiments in
simulated nuclear reactor rod bundles of three and four rods. All



the rods were 10.0 mm in diameter and 1.0 meter in length with a
sintered section for fluid entry at the top. It was possible to
vary the amount of liquid to each rod independently. The set of
three or four rods was contained in one of a set of shrouds of
diameters either 28 mm, 35 nm, or 40 mm. This allowed a variety of
rod to rod spacings.

Naitch, Chino, and Kawabe [41] studied the restrictive effect
of ascending steam on falling water during top spray emergency core
cooling in a rectangular array of fuel pins. The test section
consisted of 64 rods, 12.5 mm in diameter, arranged in a square
lattice with 16.3 mm pitch. The length of the test section was
4.508 meters. Steam was injected into the lower plenum to simulate
generation of steam in a BWR. Water with various degrees of sub-
cooling was injected in the top of the test section. Therefore
several effects were studied in addition to flooding. These
effects included condensation and type of water injection nozzel.
The flow rate of steam supplied to the test section varied from 43
to 83.3 g/s. The spray water rate varied from 117 to 1033 g/s.
Temperature of the spray water varied from 300 K to 370 K.
Measurements were made of the water and steam flow rates. The
amount of condensation was based on a separate set of measurements
with steam only and no spray.

ANALYTICAL METHODS

The phenomenon of flooding has not yet yielded to a complete
analytical explanation. The various attempts at explanation and
prediction of flooding fall under three general categories:
empirical; semi-empirical or semi-analytic (depending or point of
view); and analytical.

Empirical correlations

Purely empirical correlations for flooding generally have a
weak physical basis are no longer in wide use.

English et al. [24] developed a correlation for gas and liquid
flow in a vertical upright partial condenser. A total of 56 flood-
ing determinations were plotted as a function of the liquid to gas
ratio. The other variables, tube diameter, liquid density, surface
tension, gas viscosity, liquid viscosity, and the angle of the tube
taper, were combined using fractional exponents to produce minamal
scatter on a log-log plot. The best straight line was then fitted
through these points and the slope calculated to determine the
fraction exponent for the liquid to gas (L/G) ratio. The results
were rewritten in terms of the maximum allowable gas superficial
mass flow rate. The equation given below is recursive in the gas
superficial mass flow rate.
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where

D = tube diameter, inches

e = taper angle

j £ , j g = superficial velocity of l iquid and gas, f t / s

The weak dependence on G requires a one or two time i terat ion.

Diehl and Koppany [19] developed a correlation of the form:

Vg = F l < W ~ ° ' 2 5 ( a / p g ) 0 ' 5 {Z)

where
(QOO/a^'1* 80D/a < 1.0

1.0 80D/a > 1.0

V = gas velocity, f t / s

The determination of the Fl constant is based on a equation for the
cr i t i ca l diameter presented in the paper. This equation, however,
is not consistent in units and a mixed form of units persists
throughout the paper. Therefore, this correlation is suspect as to
the correct units.

Semi-empirical correlations

These correlations include the Wall is Correlation and the
Kutateladze Correlation. Both of these correlations enjoy wide use
as predictive methods and are often used without regard to the
l imits of their data.

The approach used in the Wall is [63,64] correlation is to
reduce the superfical velocity of both the gas and the l iquid to
i ts respective dimensionless velocity. The dimensionless veloci-
ties are:

- Pg)]



and

n 1 / 2 i

J. • l- l
 m (4)

* [gD{p£ - Pqn
1/Z

The dimensionless velocities are then combined in the form:

J*g
1/2 • > \ U Z - C (5)

The value of the constants are then f i t t ed to the data. The value
of C varies from 0.88 to 1.00 when m=l.

Kutateladze [36] developed a correlation similar to the Wall is
correlation. The l iquid dimensionless velocity is of the form:

The gas dimensionless velocity is:

V
The final form of the equation is:

+ m KlJ2 = C (8)

The Wall is and Kutateladze correlations are not complete
solutions of the flooding phenomenon, but rather are usable tools
for finding solutions to specific cases without knowing the
complete solution. Therefore, it is not surprising that in a given
case, one correlation may perform better than the other when
compared to experimental data. Such differences should always be
understood in the context of the relation of the specific problem
under study to the ranges and limitations of each of the
correlations.

Pushkina and Sorokin [44] emphasized the differences between
the Wall is and the Kutateladze correlations with two sets of
experiments. One set was performed in a 309 mm tube as described
previously. The other set of experiments was performed in a series
of small tubes with internal diameters of 6.2 mm, 8.8 mm, 9.0 mm,
12.2 mm, and 13.1 mm. All of the sm?ll tubes used a funnel as a
top liquid feed. Both sets of experiments investigated flooding at
the lower limit of liquid flow on the flooding curve (i.e. the
point just above film breakdown). The analysis focused on
determining a critical air velocity for flooding. The results
presented show a critical velocity for air of 14 m/sec to 16
m/sec. In the analysis, an arbitrary 0.2 mm correction for film
thickness was used for all tubes less than 12.2 mm. The results do



show that a decrease in critical velocity occurs ever whsR using
the film correction. If the smaller and larger tubes had been
corrected the same, there would have a slight slope to the critical
velocity versus tube diameter curve. The Wall is correlation
predicts a straight line but with a positive slope when applied to
the same cases. Pushkina and Sornkin claimed this data that
demonstrated the superiority of th_' Kutateladze correlation to the
Wall is correlation.

Wall is and Makkenchery [66] offered a partial explanation of
the differences in the Wall is and the Kutateladze correlations
regarding the data of Pushkina and Sorokin. They empasized that
the Wall is correlation was originally based on data taken in tubes
ranging from 12.7 mm to 50.8 mm. They stated that since the
Kutateladze correlation contained no characteristic dimension of
the apparatus, that it would be best suited for large diameter
tubes provided the liquid film remained thin. For small tubes
surface tension effects would be important. To support this claim,
Wall is and Makkenchery presented data showing the difference in
velocity required to support a hanging film compared to that
required for flow reversal was a factor of two greater in small
tubes compared to large tubes. Wall is and Makkenchery proposed
that the range of surface tension effects could be expressed in
terms of a dimensionless tube diameter by using the Bond number.

D* = D[g{Pjl - P g ) M
1 / 2 (9)

In addition, the critical dimensionless gas velocity used by Wallis
[83] and that used by Pushkina and Sorokin [61] could be related as
the square root of the Bond number.

An additional factor, not mentioned by either Pushkina and
Sorokin or Wallis and Makkenchery was the method of fluid entry
used in Pushkina and Sorokin's experiments. The large 309 mm tube
used an extended midsection fluid entry consisting of severs'
thousand drilled holes simulating to the porous entries used by
many researchers. Flooding in this large tube was best represented
by the Kutateladze correlation as expected. The smaller tubes used
an overflowing funnel liquid entrance. Thus, there was no rigid
wall supporting the reservor of fluid in the event that it was
above the lip of the funnel. Any instability created in this
region may be transferred down the tube. The Kutateladze corre-
lation is based on a physical geometric parameter representative of
a wavelength similar to a Taylor instability rather than a geo-
metric parameter like the Wallis correlation. Therefore, the
Kutateladze correlation may have better represented the effects of
any instabilties generated. This is a excellent example of consi-
dering all of the the varying parameters which may influence the
applicability of a specific correlation to a given situation.



Alekseev et al. [1] developed a correlation based on the
Kutateladze, Froude, Weber, and Galileo numbers.

Kg = 1.13 Fr-°'
20 We"0'21 Ga"0-09

where

Fr =

We =

3/4

3/4

- Pg)

(10)

(11)

(12)

Ga = -»
3/2

(13)

Q = mass flow/wetted perimeter

Grolmes et al [25] use the Nusselt solution for average film
thickness in the falling^ film without gas flow as a basis to calcu-

> late the critical gas velocity for flooding.

V g • 1-15

where

200 6,
0.006 +

1/2

(14)

= ratio of liquid viscosity to that of water

and 6M is the Nusselt film thickness, calculated as follows:

\ ,1/3 (15)

Imura et a l . [28] also produced a correlation based on
Nusselt1s film thickness solution.

p f C T

r l



where

S = TID2/4 (17)

SL = irD6N(l - <5N/D) (18)

Sg = UD
2/4)(1 - 26N/D)

2 . (19)

.2 „ 0.3 0.12d P-, g u,
c = 0.046 (-j-L) U) . (20)

N g

Suzuki and Ueda [55] used four nondimensionai groups to form a
flooding correlation. The Froud number,

Fr = [pG(VQ + Y ^ / p ^ ] 1 ' 2 , (21)

where P g(
v
q + V^)2 represents the kinetic energy of the gas based

on relative motion of the phases, is defined interms of the other
three nondimensionai groups.

Fr - Cl Log10 [ReL"
1/3 (-H-) (^) ] + C2 (22)

The modified surface tension a1 is defined as:

01 = oN + 1.5|a - 0.05|N/m . (23)

Crowley et al. [14] based a correlation on the Wallis corre-
lation but modified it to account for condensation of steam. This
represents an extention of the ourely hydrodynamic aspects of
flooding to cases involving heat transfer and phase change. How-
ever, since the steam-water system is of much importance, it is
included in this summary. The gas dimensionless velocity is
modified as follows:

Jg • V " f(Tsat " V ( ^ ' °?,in • (24)

where Jt refers to the Wall is equation, J * is the value with
condensation, and f is a measure of the condensation efficiency

P. p 1/4 i
f - (r

J=f-) ( -^—)
atmos 1 + 30Jf in



The m and C constants in the Wall is equation are then determined
experimentally to be:

m = exp (-5.6(J* . ) 0 ' 6 (26)
i ) l n

C = 0.32 (27)

A number of correlations have been developed for specialized
geometries. Many of these geometries apply to those found in
either boiling water reactors or pressurized water .-^actors.

Sun [54] correlated data for both the tieplates and bottom
side-entry orifices of boiling water reactors. The Kutateladze
correlation was used, but a different set of constants was
established for each case. For the tieplates with three different
methods of steam injection,the constant m=l, but the constant C
depended on method of steam injection. For the capped steam
sparger.

(K ) 1 / 2 + (Kf)
1/2 = 1.89 ± 6% (28)

g T

For the clarienet steam sparger.

(K ) 1 / 2 + (K f)
1 / 2 = 2.10 ± 13% (29)

For the lower tieplate steam sparger.

(K ) 1 / 2 + (K f)
1 / 2 = 2.07 /- 8% (30)

For the bundle side-entry orifices, the constant, m=0.59 and the
constant, C, was calculated in terms of the Bond number.

K 1/2 + 0.59 K-1/2 = 2.14 - 0.0080 D* (31)
g f
Dilber [18] presented a correlation based on counter-current

injection of water above a peforated plate. He defined a
dimensionless flow which combined features from both the Wall is
and Kutateladze correlations. The correlation is in the form:

H* 1/2 + H; W - C (32)

where the dimensionless flow, H, is defined as :

Hf,g = [ ' f . g ^ ' f - pg ) ] 1 / 2 j f ,g ( 3 3 )

and w is :

( 1 a ) */2 (34)



h

2* D.
6 = tanh [-r-i (Ah/At)] (35)

p

An/At = perforation ratio

D^ = hole diameter

tp = plate thickness
The use of the hyperbolic tagential function, a, results is a
smooth transition between the Wallis (e=0) and Kutateladze (6=1)
correlations. The value of C is given !n terms of the Bond number.

1.07 + 4.33 x 10~3 D* (36)

where

D* = rnr Dh[g(PA - Pg>/]

Analytical models

Flooding may never yield to a purely analytical approach due
to the statistical nature of the turbulence present. However,
analytical approaches, even with their often gross simplifications,
provide insight and direction into the process.

Richter [45] proposed a correlation which is n̂ extention of
the Wall is correlation in an attempt to resolve the differences
between the Wallis and the Kutateladze correlations. The approach
used by Richter is to set up control volumes for both entire pipe
and for the gas bounded by the interface. This allowed him to
eliminate the pressure drop by combining the equations for each
control volume.

T W = wall shear

T.J = interfacial shear

a = void fraction

The three remaining unknowns are the wall shear stress, T , the
interfaci>l shear, T^, and the void fraction, a. The wall and
interface shear is transformed to wall and interface friction
factors, respectively. The wall and interfacial friction factors



are then related through Wall is1 correction for wavy annular flow
[62].

f. + fw (1 + 300 £) (39)

fw = wall friction factor

f̂  = interfacial friction factor

<5 = film thickness

The above is in terms of the film thickness and pipe diameter. The
void fraction can also be expressed in the same terms. Therefore,
it is possible to eliminate one variable. Experimental data by
Wall is regarding the ratio of d/D for the case of little inter-
facial shear is used to arrive at a wall friction factor of
fw=0.0O3. At this point, Richter makes several assumptions con-
cerning the large disturbance waves that have been observed prior
to the onset of flooding. First, the wave is assumed to have a
semicircular shape. Second, it is assumed that the pressure
difference between the base and crest of the wave is due to the
dynamic head of the gas flow. Third, the mechanism of flooding is
considered to be total entrainment with onset of entrainment
coincident with flooding. Using this assumption, stability
requirements on the wave require the dynamic head of gas flow to
be less than or equal to the ratio of wave heigth to surface
tension. The final form of the correlation is of the form:

fw *Q *c *? * *A *?

T- D Jg V ~ fw D Jg + 15° fw Jg = 1 (40)

Maron and Dukler [39] present an analysis based on the
structure of the film flow. Additional details of the analysis can
be found in a report in which Dukler assumes that the liquid inlet
is located below the top of the test section so that a liquid may
exist both above and below the inlet depending on flow conditions
[21]. This analysis assumes tne film to be an incompressible
Newtonial fluid in laminar motion. The fluid interface is assumed
to be smooth for the development of the fluid equations. However,
the interface is assumed to be wavy when considering the gas. This
allows the introduction of larger pressure gradients and inter-
facial shear forces. Th' fluid motion is then solved for one
dimensional flow for three limiting cases. The first of these is
the free falling film with no interfacial shear. The solution is
the well known Nusset profile with a zero velocity gradient at the
interface. The second reference case is a falling film with zero
velo:ity at the interface. This represents the limiting condition
for complete downflow, since any increase in interfacial shear and
hence interfacial velocity will result in upflow in part of the



film. The third reference case is a rising film with a zero
velocity gradient at the wall. This represents a limiting con-
dition for complete upflow, since any decrease in interfacial shear
and hence interfacial velocity will result in downflow in part of
the film. The film thickness at each reference case can be related
to that at the other two cases. Also the interfacial shear for the
second and third cases can be related but the exact value of inter-
facial shear is unknown except in the first case where it is
zero. Therefore, the interfacial shear for any flow condition is
defined in terms of a shear parameter, F, which is the ratio of the
interfacial shear to that of the second case with zero interfacial
velocity.

Rather than using a correlation for interfacial shear, Dukler
and Maron define the shear in terms of the interfacial shear for
the case of zero interfacial velocity.

(41)

T Q = interfacial shear for case with zero liquid velocity
at interface

5Q = film thickness with zero velocity at interface

By relating the film thickness to that for the freely falling film,
Dukler and Maron solved the one dimensional flow equations for
three cases: downflow, split flow, and upflow. The solutions of
these respective cases are given below.

RjJ - 0.75 3/4RJj F - 1 = 0 (42)

R3 . 7F 2F

R^ - 0.75 3/4 FR*N N

where

+ 1 = 0 (44)

(45)

Figure 3 shows that a single value of film thickness exists for
values of F < 1.0. This corresponds to a state of total down-
flow. Two solutions of film thickness are possible for 1 < F <
1.59. Thus the flow may be either downflow with circulation or
split flow. For a value of 1.59 < F < 1.65, three solutions are
possible which correspond to upflow with circulation, split flow,
and downflow with circulation. For F > 1.65, three solutions are



possible. These are upflow with circulation, tccal upflow, and
downflow with circulation. Dukler and Maron use the existence of
multiple solutions of film thickness to suggest that a variety of
film states are likely at the flooding point and hence the states
are by nature unstable. The large disturbance waves observed at
the flooding point are explained as transitions between states.
Dukler and Maron then speculate that a feedback from film thickness
to capillary waves may exist. This would cause small changes in
the interfacial shear and thus changes in the flow states. Such a
feedback would be a type of limit cycle.
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Figure 3. (From Reference 21)

SUMMARY

Since the early research in the 1930's, the approach to
flooding has consisted of several stages. The early papers on
flooding are somewhat sparce and confined mainly to chemical



engineering until the 1950's. In the late 1950's and early 1960's
a large number of expermental studies were performed. The early
work seemed to be directed tov/ard empirical relations for packed
columns. Analytical attempts to explain packed columns seemed to
present an intractable problem and therefore a simpler geometry was
sought which would yield to analysis. As a result, a number of
studies were conducted in cylindrical tubes. By chance, all of the
studies involved tubes in the diameter range from 25 mm (1 inch) to
50 ran (2 inches). A number of other parameters were studied such
as water inlet configuration, gas inlet configuration, length to
diameter ratio, and phase change effects.

The next major step in understanding the phenomenon of flood-
ing came in the 1960's with the development of semi-empirical
correlations which attempted to replace pure data fitting with
somewhat of a physical basis. The Wall is correlation and the
Kutateladze correlation are the most widely used semiempirical
correlations. The correlations, however, are often misused by
those attempting to apply them beyond their applicable ranges.

In the 1970's, a large amount of research in the form of large
scale modeling was performed. Most of this work was done in
support of reactor safety studies by either the nuclear industry or
regulatory agencies. This work often was integral in that many
effects in addition to flooding were studied in a combined
experiment.

In the last few years, more detailed correlations such as
those of Richter [44] have attempted to expand the original semi-
empirical correlations and provide additional physical basis.
Other work, especially by Dukler, has investigated the statistical
nature of flooding and examined the structure of both large
disturbance waves and small ripples. Dukler and Maron [21,39]
have proposed a film model for flooding.

At this point, the authors would like to propose some suggest-
ions for further research and speculate on possible approaches to
flooding.

Dukler et al. [21] and Maron and Dukler [39] discuss the
importance of the location of the liquid feed entrance relative to
the top of the test section. Dukler1s analysis assumes flooding to
be a film phenomenon versus an entrainment phenomenon with "split
flow" as one of the solutions for film thickness at the flooding
point. The location of the liquid inlet must be different than the
exit for internal recycle to take place in the film. By assuming
that flooding is related but not identical to entrainment, it
should be possible to reconcile the end effects due to a length of
test section above the liquid feed. In this case, the entrained
flew is responsible for the internal recycle. For a given



distribution of droplets at a given axial location, it should be
possible to apply the results of research on droplet deposition to
develop a distribution of droplets along the entire downstream
section of the tube. The droplet distribution would be a function
of gas velocity, droplet size, radial position (in polar geo-
metries), and axial position. In addition, phase change effects
may be added. The distribution of any internal recycle due to
entrainment then becomes a convolution of a droplet deposition
function and an entrainment source function such as given in
references 30,33,34. The use of such an approach may require a
relaxing of the criteria of no liquid out the top of the tube
before flooding since droplet deposition implies only an asymptotic
limit once a finite amount of liquid has been entrained.

Levy and Healzer [38] have proposed applying mixing length
theory to a wavy, turbulent liquid-gas interface for cocurrent,
annular flow. The analysis divides the flow into three regions:
gas core, wall film, and wavy gas-liquid transition region. It may
be useful to combine such an approach with Dukler's analysis
[21,39]. In such an analysis, Dukler's analysis could provide the
equations of liquid motion in the film. Work on droplet, deposi-
tion, discussed above may aid in the analysis of the gas core. The
transition region would present the remaining and perhaps most
difficult element of the analysis. In this region, entrainment
could be based on a model such as that of Ishii and Grolmes [31]
modified for counter-current flow. Some statistical data on the
shape of the film would then provide the final part of the
solution.

In closing, the authors wish to state that, although flooding
may never yield to a complete analytical solution, there are
several areas of research which should reduce the uncertainty in
the present level of knowledge such that accurate predictions may
be made. The most useful areas of experimental research appear to
be in the development of diagnostic techniques to determin; the
interface shape and liquid velocity profile within the film.
Analytically, this is a good time for reflection to determine if
solutions to other fluid problems might be applied to flooding.
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NOMENCLATURE

Symbols

A^ area of holes in perforated plate, ̂ 2

Aj. area of perforated plate, m 2

C,Cj,C2 experimentally determined constants

Cj interfacial friction factor

C w wall friction factor

C p specific heat capacity, J/kg.K

D tube diameter, m (unless otherwise specified)

D h hole diameter (in perforated plate), m

D* Bond number

F dimensionless shear factor

Fr Froude number

g acceleration of gravity, m/s2

gc gravitational constant

Ga G a l i a n o number

hj,g heat of vaporization, J/kg.K

H dimensionless velocity defined by Richter

j superficial velocity, m/s

J* dimensionless velocity defined by Wai 1is

K dimensionless velocity defined by Kutateladze

;•* experimentally determined constant

P pressure, Pa

R ratio of film thickness to Nusselt film thickness

Re Reynolds number

QA liquid mass flow rate divided by wetted perimeter, kg/m

S.S^.Sg flow areas defined by Imura, m2

T temperature, K

V velocity, m/s

We Weber number

a void fraction

6 film thickness, m
6N Nusselt film thickness, m



C factor involving experimental constant used by Imura

e angle of cut of tube entrance, degrees

p viscosity, Pa.s

» Kinematic viscosity, m2/s

p density, g/m3

a surface tension, N/m

cr modified surface tension used by Suzuki and Ueda, N/m

T shear, N/m2

Subscripts

atmos atmospheric
9 gas
h hole (used for perforated plate correlations)
i i nterface
in inlet
l liquid
LP lower plenum
o reference state used by Dukler (no interfacial velocity)
N reference state for falling film with no gas velocity

(Nusselt solution)
R referenced to water
sat saturation
w wall

REFERENCES

1. Alekseev, V. P., Poberezkin, A. E., and Gerasimov, P. V.
1972. Determination of flooding rates in regular packings. Heat
Transfer - Soviet Research 4,6:ppl59-163

2. Bishop, Thomas A., Collier, Robert P., and Kurth, Robert
P. 1981. Statistical Analysis of ECC Bypass Data Using a Nonlinear
Constrained Maximum Likelihood Estimation Technique. Nuclear
Engineering and Design 64:pp87-91

3. Block, James A., and Crowley, Christopher J. 1975. Hot
wall experiments in a simulated multiloop PWR geometry. Creare
Inc. Technical note TN-2O2



4. Block, James A., Rothe, Paul H., Fanning, Margaret W.,
Crowley, Christopher J., and Wallis, Graham B. 1976. Analysis of
ECC delivery. Creare Inc. Technical note TN-231

5. Block, James A., and Wallis, Graham B. 1974. Effect of
hot walls on flow in a simulated PWR downcomer during a LOCA.
Creare Inc. Technical note TN-188

6. Block, James A., and Wallis, Graham B. 1975. Heat
transfer and fluid flows limited by flooding. Creare Inc.
Technical note TN-213

7. Block, James A., and Wallis, Graham B. 1978. Heat trans-
fer and fluid flows limited by flooding. American Institute of
Chemical Engineers Symposium Series 174 Heat Transfer: Researcn" and
Application 1/4:pp/3^82

8. Cetinbudaklar, A. J., and Jamerson, G. J. 1969. The
mechanism of flooding in vertical countercurrent two-phase flow.
Chemical Engineering Science 24:ppl669-1680

9. Chang, F. W., and Dukler, A. E. 1964. The influence of a
wavy interface on pressure drop in conduits. Int. J. Heat Mass
Transfer 7:ppl395-1404

10. Chu, K. J., and Dukler, A. E. 1974. Statistical
characteristics of thin, wavy films: Part II. Studies of the
substrate and its wave structure. A.I.Ch.E. Journal 20:pp695-706

11. Chu, K. J., and Dukler, A. E. 1975. Statistacal
characteristics of thin, wavy films: Part III. Structure of the
large waves and their resistance to gas flow. A.I.Ch.E. Journal
21:pp583-593

12. Cliff, R., Pritchard, C. L., and Nedderman, R. M. 1966.
The effect of viscosity on the flooding conditions in wetted wall
columns. Chemical Engineering Science 21:pp87-95

13. Cook, D,, Bankoff, S. G., Tankin, R. S., and Yuen, M. C.
1981. Countercurrent Steam-Water Flow in a Vertical Channel.
United States Nuclear Regulatory Commission Report NUREG/CR 2056

14. Crowley, Christopher J., Block, James A., and Cary, C. N.
1977. Downcomer effects in a 1/15-scale PWR geometry - experi-
mental data report United States Nuclear Regulatory Commission
Report NUREG-0281

15. Crowley, Christopher J. .Wallis, Graham B., and Ludwing,
D. L. 1974. Steam/water interaction an a scaled pressurized water
reactor dowmcomer annul us. Dartmouth College Report C00-2294-4



16. Crowley, Christopher J., Wei, S., and Rothe, P. H.
1981. Analysis of Flashing Transient Effects During Refill.
United States Nuclear Regulatory Commission Report NUREG/CR-1765
CREARE TN-321

17. Diehl, J. E., and Koppany, C. R. 1965. Flooding Velocity
correlation for gas-liquid counterflow in vertical tubes. Chemical
Engineering Symposium Series 92/65:pp77-83

18. Dilber, I., Bankoff, S. G., Tankin, R. S., and Yuen, M.
C. 1981. Countercurrent Steam/Water Flow Above a Perforated Plate-
Vertical Injection of Water. United States Nuclear Regulatory
Commission NUREG/CR-2323

19. Dukler, A. E. 1977. The Role of Waves in Two Phase
Flow: Some New Understandings. Chemical Engineering Education
1977:ppl08-117!138

20. Dukler, A. E., Chopra, A., Maron, D., and Semiat, R.
1979. Two-Phase Interactions in Countercurrent Flow. Annual
Report November 1977 - December 1978. United States Nuclear
Regulatory Commission NUREG/CR-0669

21. Dukler, A. E. and Smith, L. 1979. Two-Phase Interactions
in Countercurrent Flow: Studies of the Flooding Mechanism. Annual
Report November 1975 - October 1977. United States Nuclear
Regulatory Commission NUREG/CR-0617

22. Dukler, A. E. and Smith, L. 1977. Two-Phase Interactions
in Countercurrent Flow Studies of the Flooding Mechanism. Progress
Report November 1, 1975 - September 30, 1976. United States
Nuclear Regulatory Commission NUREG-0214

23. Dukler, A. E., and Smith, L. 1976. Two phase inter-
actions in countercurrent flow. Studies of the flooding mech-
anism. Summary report no. 1 under United States Nuclear Regulatory
Contract AT(49-24)0194

24. English, K. G., Jones, W. T-, Spillers, R. C. and Orr, V.
1963. Flooding in a vertical updraft partial condenser. Chemical
Engineering Progress 59,7:pp51-53

25. Grolmes, M. A., Lambert, G. A., and Fauske, H. K. 1974.
Flooding in vertical tubes. Symposium on Multi-Phase Flow Systems,
University of Strathclyde, Glasgow, Scotland, April 2-TTT97A
A4:ppl-15



26. Hewitt, G. F., and Lacey, P. M. C. 1965. Transistions in
f i lm flow in a vertical tube. United Kingdom Atomic Energy
Authority Report AERE - R 4614

27. Hewitt, 6. F.9 and Wallis, Graham B. 1963. Flooding and
associated phenomena in fa l l ing f i lm flow in a vertical tube.
United Kingdom Atomic Energy Authority Report AERE - R - 4022

28. Imura, H., Kusuda, H., and Funatsu, S. 1977. Flooding
velocity in a counter-current annular two-phase flow. Chemical
Engineering Science 32:pp79-87

29. Imura, H.5 Kusuda, H., Ogata, J . , Miyazaki, T., an.1

Sakamoto, N. 1979. Heat Transfer in Two-Phase Closed-Type
Thermosyphons. HEAT TRANSFER - Japanese Reasearch 8,2:pp41-53

30. I sh i i , Mamoru and Mishima, Kaichiro 1981. Correlation
for Liquid Entrainment in Annular Two-Phase Flow of low viscous
f l u i d . Angonne National Laboratory ANL/RAS/LWR 81-2

31. I s h i i , M., and Grolmes, M. A. 1975. Inception cr i ter ia
for droplet entrainment in two-phase concurrent f i lm flow.
A.I.Ch.E. Journal 21:pp308-318

32. uamerson, G. J . , and Cetinbudaklar, A. 1968. Wave
inceeption by air flow over a l iquid f i lm . Proceedings of the
International Symposium on Research in Co-current Gas LiquiTTlow
University of Waterloo

33. Kataoka, I . , I s h i i , M., and Mishima, K. 1981. Generation
and Size Distribution of Droplet in Gas-Liquid Annular Two-Phase
Flow. Argonne National Laboratory - Reactor Analysis and Safety
Division Report AML/RAS/LWR 81-3

34. Koestel A., Gido, R. G., and Gilbert, J . S. 1980. Film
Entrainment and Drop Deposition for Two-Phase Flow. United States
Nuclear Regulatory Commission - NUREG/CR-1634, LA-8475-MS

35. Kusuda, W., and Imura, H. 1974. Stabi l i ty of a l iquid
f i lm iti a counter-current annular two-phase flow (Mainly on a
cr i t i ca l heat flux in a two-phase thermosyphon). Bul l . JSHE
17:ppl613-1618 [original Trans. JSME 40;ppl082-108Bl

36. Kutateladze, S. S. 1972. Elements of the hydrodynamics
of gas-liquid systems. Fluid Mechanics - Soviet Research 4:pp29-
103



37. Kuzay, T. M., Chen, W. L., and I s h i i , M. 1979. Eval-
uation of Incoherency Effect on Cladding Motion in LMFBR Loss-of-
Flow Accident Experiments Based an a Multichannel Model. Proceed-
ings of the Multi-Phase Flow and Heat Transfer Symposium-Workshopings or tne Mum-Phase HOW and Heat Transfer sym
Miami~Beach, Flordia, edited "ByTTlI i jat VezirogTii 1519-1546

38. Levy, $., and Healzer, J. M. 1981. Application of Mixing
Length Theory to Wavy Turbulent Liquid-Gas Interface. ASME Journal
of Heat Transfer 103:pp492-500

39. Maron, D. Moalem and Dukler, A. E. 1981. New Concepts on
the Mechanisms of Flooding and Flow Reversal Phenomena. Letters in
Heat and Mass Transfer 8:pp453-463

40. Naff, S. A., and Whitbeck, J. F. 1973. Steady State
Investigation of Entrainment and Countercurrent Flow in Small
Vessels. Proceedings ANS Topical Meeting on Water Reactor Safety,
Salt Lake City, Utah

41. Naitoh, M. 1979. Heat Removal by Top Spray Emergency
Core Cooling. Proceedings of the Multi-Phase Flow and Heat
Transfer Symposlum-Workshop""R"iami Beach, Flordia, edited by
T. Nejat Yeziroglu 1695-1712

42. Naitoh, M., Chino, K., and Kawabe, R. 1978. Restrictive
effect of ascending steam on falling water during top spray
emergency core cooling. J. Nuclear Science and Technology
15:pp806-815

43. Nedderman, R. M. and Shearer, C. J. 1963. The motion and
frequency of large disturbance waves in annular two-phase flow of
air-water mixtures. Chemical Engineering Science 18:pp661-670

44. Pushkina, 0. L., and Sorokin, Yu. L. 1969. Breakdown of
liquid film motion in vertical tubes. Heat Transfer - Soviet
Research l,5:pp56-64

45. Richter, H. J. 1981b. Flooding in Tubes and Annuli.
International Journal of Multiphase Flow 7,6:pp647-658

46. Salazar, Ronald P., and Marschall, Ekkehard 1978a. Time-
average local thickness measurement in falling liquid film flow.
Int. J. Multiphase Flow 4:pp405-412

47. Salaza^, Ronald P., and Marschall, Ekkehard 1978b.
Three-dimensional surface characteristics of a falling liquid
film. Int. J. Multiphase Flow 4;pp487-496

48. Segev, A., and Collier, R. P. 1980a. A Mechanistic Model
for Countercurrent Steam-Water Flow. A.S.M.E. Journal of Heat
Transfer 102:pp688-700



49. Seki, N., Fukusako, S., and Koguchi, K. 1981. An
Experimental Investigation of Boiling Heat Transfer of Flourocarbon
R-ll Refrigerant for Concentric-Tube Thermosyphon. ASME Journal of
Heat Transfer 103:pp472-477

50. Sekoguchi, K.f Hori, K., Nakazatomi, M., Nakano, K., and
Nishikawa, K. 1977. On ripple of annular two-phase flow - 1.
Stat ist ical characteristics of ripples. Bul l . JSME 20:pp844-851
[original Trans. JSME 42:pp3551-3559 (197FT1

51. Shearer, C. J . , and Davidson, J . F. 1965. The investi-
gation of a standing wave due to gas blowing upwards over a l iquid
f i lm ; i ts relation to flooding in wall-wetted columns. J . Fluid
Mech. 22:pp321-335 Shuler, P. J . , and Krantz, W. B. 19777
Spatially growing three-dimensional waves on fa l l ing f i lm flow.
Int . J . Multiphase Flow 3:pp606-614

52. Stainthorp, F. P. 1965. The development of ripples on
the surface of a l iquid f i lm flowing inside a vertical tube.
Trans. Instn. Chem. Engrs. 43:ppT85-T91

53. Stainthorp, F. P. 1967. The effect of co-current and
counter-current air flow on the wave properties of fa l l ing l iquid
f i lms. Trans. Instn. Chem. Engrs. 45:ppT372-T382

54. Sun, K. H. 1979. Flooding Correlations for BWR Bundle
Upper Tieplates and Bottom Side-Entry Orif ices. Proceedings of the
Multi-Phase Flow and Heat Transfer Symposium-Workshop Miami~Beach,
Flordia, edited by T. Nejat Veziroglu lblb-1635

55. Suzuki, S., and Ueda, T. 1977. Behavior of l iquid films
and flooding in counter-current two-phase flow. Part 1. Flow in
circular tubes. In t . J . Multiphase Flow 3;pp517-532

56. Telles, A. S., and Dukler A. E. 1970. Stat ist ical
characteristics of th in, ver t ica l , wavy, l iquid f i lms. Ind. Eng.
Chem. Fundam. 3:pp412-421

57. Ueda, T. and Suzuki, S. 1978. Behavior of l iquid films
and flooding in counter-current two-phase flow. Part 2. Flow in
annuli and rod bundles. In t . J . Multiphase Flow 4;ppl57-170

58. Verschoor, H. 1938. Limiting vapour velocity in packed
columns. Trans. Instn. Chem. Engrs. 16:pp66-76

59. Wall i s , Graham B. 1961. Flooding Velocities for Air and
Water in Vertical Tubes. United Kingdom Atomic Energy Authority
Report AEER-R123



60. Wai 1 is, Graham B. 1962. The transition from flooding to
upwards cocurrent annular in a vertical pipe. United Kingdom
Atomic Energy Authority Report AEEW - R 142

61. Wall is, Graham B. 1968. Phenomena of liquid transfer in
two-phase dispersed annular flow. Int. J. Heat Mass Transfer
ll:pp783-785

62. Wallis, Graham B. 1969. One Dimensional Two-Phase Flow
McGraw-Hill, New York

63. Wallis, Graham B. 1970a. Annular two-phase flow. Part 1:
A simple theory. ASME J. Basic Engineering 92:pp59-72

64. Wall is, Graham B. 1970b. Annular two-phase flow. Part 2:
Additional effects. ASME J. Basic Engineering 92:pp73-82

65. Wallis, Graham B., deSieyes, D. C , Rosselli, R. J., and
Lacombe, J. 1980. Countercurrent annular flow regimes for steam
and subcooled water in a vertical tube. Electric Power Research
Institute Report EPRI-NP-1336

66. Wallis, Graham B., and Makkenchery, S. 1974. The hanging
film phenomenon in vertical annular two-phase flow. J. Fluids
Engineering 96:pp297-298

67. Wallis, Graham B., and Kuo, Jing Tzong 1976. The
behavior of gas-liquid interfaces in vertical tubes. Int. J.
Multiphase Flow 2:pp521-536


