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a b s t r a c t

Narrow rectangular channels are employed in nuclear research reactors that use plate-type nuclear fuels,
high heat-flux compact heat exchangers, and high-performance micro-electronics cooling systems. Two-
phase flow in narrow rectangular channels is important, and it needs to be better understood because it
is considerably different than that in round tubes. In this study, mechanistic models were developed for
the flow regime transition criteria for various flow regimes in co-current air-water two-phase flow for
vertical downward flow inside a narrow rectangular channel. The newly developed criteria were
compared to a flow regime map of downward air-water two-phase flow inside a narrow rectangular
channel with a 2.35-mm gap width under ambient temperature and pressure conditions. Overall, the
proposed model showed good agreement with the experimental data.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Vertical downward two-phase flow in a narrow rectangular
passage is observed in plate-type nuclear fuel of research reactors
[1e3], such as the KIJANG Research Reactor (KJRR), being developed
by the Korea Atomic Energy Research Institute (KAERI) [4,5] and
compact heat exchangers [6e8]. Thermal-hydraulic system analysis
codes are widely used for the design and safety analysis of nuclear
power plants. These system analysis codes incorporate flow regime
maps and many flow-regime-associated correlations that have
been validated against experimental data. Numerous empirical
correlations incorporated into the system analysis codes require
the thermal-hydraulic properties of a two-phase flow. To use the
system analysis codes for the safety analysis of research reactors
that have plate-type nuclear fuels, it is necessary to determine the
thermal-hydraulic properties of the vertical downward two-phase
flow inside narrow rectangular channels where the two phases
interact under the influence of gravity, surface tension, buoyancy,
wall shear, and liquid inertia forces. Thermal-hydraulic character-
istics such as void fraction, pressure drop and heat transfer are to be
determined to conduct an enhanced safety analysis of research
reactors. Study, identification and classification of flow regimes is in
by Elsevier Korea LLC. This is an
essence helpful in safety analysis of the reactor during accident
scenario such as loss of coolant accident (LOCA).

The geometric distribution or topology of the two-phase flow in
narrow rectangular channels is heavily influenced by the narrow
flow passage geometry and various interacting forces, and it is
considerably different from that in round tubes. In vertical down-
ward flow, the inertia force and gravity force act in the direction of
the flow, whereas buoyant force acts in the opposite direction.
Furthermore, because the gap width in a narrow rectangular flow
passage is very small, the wall shear is much higher. Because of
these differences, the flow regime maps and flow regime transition
lines for vertical downward flow in narrow rectangular channel are
markedly different from vertical upward and downward flow
regimemaps for round tubes. For the vertical downward two-phase
flow in narrow rectangular channels, it is also interesting to study
the gradual increase in the effect of liquid-gas inertia, interfacial
and fluid-wall friction on the phase distribution, and regime tran-
sition over gravitational force.

Most of the previous studies on downward two-phase flowwere
performed with round tubes, annulus, and sub-channels in a rod-
bundle assembly. Kim et al. [9] and Chalgeri and Jeong [10,11]
experimentally studied vertical downward and upward air-water
two-phase flow in a narrow rectangular channel with a 2.35-mm
gap width. They identified seven different flow regimes in the
vertical downward case based on visual observation and the mean
time-averaged void fraction. A summary of some of the previous
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Nomenclature

AG gas area (m2)
AL liquid area (m2)
C0 distribution parameter (*)
C∞ asymptotic value of distribution parameter (*)
f friction factor
g gravitational acceleration (m/s2)
J mixture volumetric flux (m/s)
JG superficial gas velocity (m/s)
JL superficial liquid velocity (m/s)
k coefficient
m wave number (m-1)
s test section gap width m)
SL liquid wetted perimeter (m)
SGLi gas-liquid interfacial perimeter (m)
UG gas velocity (m/s)
UL liquid velocity (m/s)
Vgj drift velocity (m/s)
w test section width (m)

Greek Symbols
a time-averaged void fraction (*)
s surface tension N=m
d liquid film width (m)
Dr density difference (kg/m3)
r density (kg/m3)
rL liquid density (kg/m3)
rG gas density (kg/m3)
t shear stress N=m2

tGLi gas-liquid interfacial shear stress N=m2

twLi wall-liquid interfacial shear stress N=m2

Subscripts
G gas phase
L liquid phase
GLi gas-liquid interface
WLi wall-liquid interface
WGi wall-gas interface
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works on flow regime maps and transition models for co-current
vertical downward two-phase flow is presented in Table 1. All the
studies in Table 1 except Kim et al. [9] were conducted on round
tubes. While some of these models do not distinguish between slug
and churn flow, most do not identify the cap-bubbly flow regime
and the transition of bubbly flow to it.

As briefly reviewed, almost all the previous studies have pro-
posed transition models for upward two-phase flow and fewer
have done so for rectangular channels. Furthermore, a previous
study demonstrated that the flow regime maps for two-phase flow
in circular pipes do not fit well with the flow regime map for
downward flow in narrow rectangular channel because of differ-
ence in the geometry of the channel [10]. In these regards, this
Table 1
Vertical downward two-phase flow regime data.

Test section geometry

Authors Diameter (mm) L/D Working
fluid

Superficial gas
velocity range, JG

(m/s)

Super
velocity

Golan and
Stenning [12]

38.1 73 Air-water < �2.1 < �1.8

Yamaguchi and
Yamazaki [13]

25 80 Air-water �3.6 to �84 �0.2 to �

Barnea et al. [14] 25 400 Air-water �0.01 to �30 �0.02 to
51 196

Yamaguchi and
Yamazaki [15]

40 147.5 Air-water 0 to �1.15 �0.1 to �
80 61.25

Crawford et al.
[16]

25 110 Refrigerant
113

e e

38 75
Usui and Sato [17] 16 100 Air-water �0.02 to �17.0 �0.06 to

24
Kendoush and Al-

Khatab [18]
38 105.2 Air-water �0.024 to �0.9 �0.5 to �

Ishii et al. [19] 25.4 150 Air-water �0.3 to �10 �1 to �8
50.8 75 �0.003 to �10 �0.2 to �

Lee et al. [20] 25.4 150 Air-water �0.01 to �26 �0.6 to �
50.8 75 �0.01 to �4 �0.4 to �

Bhagwat and
Ghajar [21]

12.7 e Air-water e e

Kim et al. [9] 66.6 � 2.35 x 780
rectangular

e Air-water �0.02 to �7.0 �0.2 to �
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study sought to model flow regime transition criteria for two-phase
vertical downward flow in a narrow rectangular channel. In addi-
tion, the flow regime transition to and from falling film flow and
cap-bubbly flow, which are only observed in downward flow, were
modelled in this study. Overall, bubbly to cap-bubbly, cap-bubbly to
slug, slug to churn-turbulent, bubbly to falling film as well as the
transition to churn-turbulent flowwere modelled and compared to
the experimental data of Kim et al. [9] for air-water two-phase
vertical downward flow in a narrow rectangular channel with a
2.35-mm gap width at atmospheric pressure. The main goal of this
study was to take inter-phase interactions into account to deter-
mine the flow regime transition criteria.
Operating conditions

ficial liquid
range,JL (m/s)

Temperature Pressure Identified flow regimes

21 �C Ambient Slug & bubbly, oscillatory, annular

1.3 Air-water Air-water Bubbly, slug, annular

�5.0 Ambient Ambient Bubbly, slug, annular

1.02 20 ± 5 �C 100 kPa Bubbly, slug, annular

Ambient 200& 400 kPa
absolute

Bubbly, slug, churn, annular,
dispersed, falling film, semi plug

�1.1 Ambient 101 kPa Bubbly, slug, churn-turbulent,
annular, falling film, drop

2.0 25e35 �C 140 kPa Bubbly, slug, annular

e e Bubbly, slug, churn-turbulent,
annular5

7 e e Bubbly, cap-bubbly, slug, churn-
turbulent, annular2.5

Ambient 111.46
e233.05 kPa

Bubbly, slug, froth & churn, falling
film, annular

3.5 Ambient Ambient Bubbly, cap-bubbly, slug, churn-
turbulent, annular, falling film



Table 2
Flow regime transitions with corresponding void fractions [9e11].

Flow regime transition Void fraction (∝)

Bubbly to cap-bubbly flow � 0.25
Cap-bubbly to slug flow � 0.45
Slug to churn-turbulent flow � 0.55
Bubbly to falling film flow 0:5 � ∝ � 0:6
Transition to annular flow 0:65 � ∝ � 0:8
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2. Existing experimental data

In the available open literature, very few studies have been done
on vertical downward two-phase flow in a rectangular channel. In
this study, the experimental flow regime map data of Kim et al. [9]
and Chalgeri and Jeong [10,11] were used. They visually observed
various flow regimes for vertical downward adiabatic two-phase
flow in a rectangular channel of 780-mm length, 66.6-mm
breadth, and 2.35-mm gap and classified them based on void
fraction data. The experiment was conducted at 28 �C room tem-
perature and using distilled water. Measurements were made for
the superficial gas velocity ranging from 0.02 to 7.0 m/s and for
superficial liquid velocity ranging from 0.2 to 3.5m/s. A flow regime
map was plotted with a set of 322 measurements. Seven flow re-
gimes, namely bubbly flow, large-bubbly flow, cap-bubbly flow,
slug flow, churn-turbulent flow, falling film flow, and annular flow
were identified. The flow regimemap of Kim et al. [9] is reproduced
here in Fig. 1. The void fractions at which flow regime transitions
were observed are presented in Table 2.
3. Flow regime transition model

Ishii [22] developed one-dimensional drift-flux model and
constitutive equations for relative motion between two phases in
various flow regimes, while Hibiki and Ishii [23] developed a cor-
relation for the distribution parameter and drift velocity of the
drift-flux model in bubbly flow for vertical upward flow in round
pipes. Hirao et al. [24] studied steam-water downward two-phase
flow in 19.7-mm and 102.3-mm diameter round tubes for up to
CJD ¼ �10 m/s, and proposed a simplified correlation based on their
experimental data. Goda et al. [25] proposed two correlations in
non-dimensional form for an approximated distribution parameter,
one for dispersed two-phase flow and other for separated two-
phase flow. They validated these new correlations with wide
experimental data of downward two-phase flow in round tubes.
The flow characteristics in upward and downward flow as well as in
round tubes and rectangular channels are significantly different as
observed by Chalgeri and Jeong [10].

In this paper, the transition criteria for bubbly to cap-bubbly
flow, cap-bubbly to slug flow, and slug flow to churn-turbulent
Fig. 1. Flow regime map for vertical downward flow in 2.35-mm test section [9].
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flow are proposed using the drift-flux model for downward two-
phase flow in a narrow rectangular channel. The two-phase flow
parameters are denoted as negative in vertical downward flow
direction and are in area-averaged one-dimensional form. In the
downward flow direction, the drift flux equation can be rewritten
as

�JG
∝

¼ UG ¼ �C0J þ Vgj; (1)

where

J¼ JG þ JL; (2)

Vgj ¼
ffiffiffi
2

p �
sgDr
rL

2

�1 =

4

ð1� aÞ1:75: (3)

The parameters J, JG, JL, UG, ∝, C0, Vgj, s, g, rL and rG are the
mixture volumetric flux, superficial gas velocity, superficial liquid
velocity, gas velocity, area-averaged void fraction, distribution
parameter, drift velocity, surface tension, acceleration due to
gravity, liquid density and gas density, respectively. Although Hirao
et al. [24] proposed correlations based on their study of steam-
water two-phase downward flow in round tubes assuming no ef-
fect of the void fraction on the drift velocity, Eq. (3) proposed by
Mishima and Ishii [26] was used in this study. This is because the
inertia and buoyancy forces acting in the opposite direction to the
gas phase contribute to the changes in the drift velocity in the low
to medium flow rates of gas and liquid flows, where the transitions
from bubbly to cap-bubbly, cap-bubbly to slug, and slug to churn-
turbulent flow occur.

In two-phase flow, the dispersed phase profile across the flow
channel can be approximated using the distribution parameter. The
distribution parameter approaches unity when the dispersed phase
flow profile is uniform across the flow channel. When the distri-
bution parameter approaches unity, it implies that the two-phase
flow is homogeneous with negligible local drift, Vgj. Generally,
distribution parameter C0 and drift velocity Vgj are either deter-
mined from the plot of CJD and CCUGDD or from the constitutive
equations. In Fig. 2, the mixture volumetric flux CJD and gas velocity
CCUGDD data are plotted. In a homogeneous fully developed bubbly
flow in which the drift velocity is either constant or negligibly
small, the data points on a CJD - CCUGDD plot cluster around a straight-
sloped line. From Eq. (1), the value of distribution parameter C0 is
the slope of this straight line, and the value of the drift velocity Vgj is
the Y-intercept. From Fig. 2, the values of C0 and Vgj are determined
as follows:

C0 ¼0:92 (4)

Vgj ¼0:24 m
�
s (5)

To observe the correlation of the distribution parameter with
the non-dimensional mixture volumetric flux J*, the distribution
parameter calculated using the drift flux Eqs. (1) and (3) with the



Fig. 2. Distribution parameter, C0 (slope), and drift velocity, Vgj (Y-intercept), deter-
mination in a fully developed bubbly flow.

Fig. 4. Comparison of Ishii's model for distribution parameter with present experi-
mentally determined distribution parameters.

V.S. Chalgeri and J.H. Jeong Nuclear Engineering and Technology 54 (2022) 546e553
void fraction, the superficial gas and liquid velocities measured by
Kim et al. [9] and Chalgeri and Jeong [10] was plotted against the
non-dimensional mixture volumetric flux in a fully developed
bubbly flow at a low superficial liquid velocity JL as shown in Fig. 3.
As seen in the figure, the distribution parameter and drift velocity
values are not constants as determined in Eqs. (4) and (5). Up to J* �
� 15, the distribution parameter value constantly increases. This is
the dispersed bubbly flow region. The distribution parameter value
then approaches an almost constant value after J* � � 15. This
approximate constant value is in the separated flow region. Because
of varying values of the distribution parameter with variation of the
mixture volumetric flux, it is prudent to devise a correlation for the
distribution parameter based on the void fraction.

Experimentally determined distribution parameters calculated
using Eqs. (1)e(5) with the void fraction and superficial gas and
liquid velocities measured by Kim et al. [9] and Chalgeri and Jeong
Fig. 3. Experimentally determined distribution parameters for low liquid flow.
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[10] are plotted in Fig. 4 against themeasured void fraction in a fully
developed bubbly flow at a low superficial liquid velocity JL. Ishii
[22] developed a correlation for the distribution parameter for a
fully developed bubbly flow in a round tube assuming its depen-
dence on the density ratio rG=rL, and on the Reynold's number. This
correlation models the tendency of gas phase to migrate into the
high-velocity core region. Ishii's correlation for the distribution
parameter is plotted in Fig. 4. As can be observed, Ishii's model does
not satisfactorily fit with the present data. This is because the
physical process of migration of gas phase to the core is different in
narrow channels compared to round tubes owing to the compar-
atively large fluid-solid interface. Therefore, there is a need to
develop a new distribution parameter correlation for downward
flow in a narrow rectangular channel.

A new correlation for the distribution parameter for the present
data is obtained by a polynomial data line fitted in the functional
form of Ishii's equation and is plotted in Fig. 4 as a dashed line. Eq.
(6) is the fit equation determined from the plot, and it is used
subsequently in the following sections:

C0 ¼
�
1:0�49

ffiffiffiffiffiffi
rG
rL

r ��
1� e�70ð∝Þ

�
: (6)
4. Flow regime transition criteria

In the following sections, experimental flow regime data for air-
water two-phase flow in the downward direction inside a narrow
rectangular channel with a 2.35-mm gap width developed by our
research group [10,11] are used. This includes the flow regimemap,
and identification and classification of various flow regimes based
on the area-averaged void fraction. These studies are referred to as
previous experimental studies in the following sections.
4.1. Bubbly flow to cap-bubbly flow

In bubbly flow, at a constant superficial gas velocity with
increasing superficial liquid velocity, the bubble density increases
substantially while moving downwards very closely. With
increasing gas flow rate, more and more adjacent bubbles coalesce
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to form large distorted bubbles, which look like inverted caps. This
transition to cap-bubbly flow was observed to occur at a void
fraction of 0.25, as observed in the previous experimental study.
Utilizing the drift-flux Eqs. (1)e(3) for the downward flow direc-
tion, the following transition equation is proposed:

�JG ¼∝
�
� C0ðJL þ JGÞþ

ffiffiffi
2

p �
sgDr
rL

2

�1 =

4

ð1� aÞ1:75
	
; (7)

∝ � 0:25: (8)

4.2. Cap-bubbly flow to slug flow

The transition from cap-bubbly to slug flow is proposed utilizing
Eq. (7). In the previous experimental study, this regime transition
was observed to occur at 0.45. Using Eq. (7), the transition from
cap-bubbly to slug flow can be obtained with

∝ � 0:45: (9)

4.3. Slug flow to churn-turbulent flow

In the high superficial gas and liquid velocity region where slug
flow to churn-turbulent flow transition occurs, little to no lateral
movement of bubbles was observed.With increasing superficial gas
velocity, two or more consecutive Taylor bubbles and the high
density of bubbles in the wake region of Taylor bubbles coalesce.
The resultant flow is disorderly and frothy churn-turbulent flow.
The transition from slug flow to churn-turbulent flow is obtained
using Eq. (7) under the following condition:

∝ � 0:55: (10)

4.4. Bubbly flow to falling film flow

The falling film flow is characterized by a slow-moving gas core
and an equally slow-moving liquid film on both sides of the test
section. The liquid-gas interface is comparatively much less wavy
than annular flowwith no entrained liquid droplets in the gas core.
At a constant superficial gas velocity with decreasing liquid flow,
adjacent large bubbles coalesce and form a continuous gas core at
the center of the test section and liquid film sliding down on both
sides. In the downward flow direction, inertia and buoyancy force
act in opposite directions. At low superficial velocities, these
opposing forces acting on the gas bubbles together with gravitation
force are observed to be the important factors in the bubbly to
falling film flow transition.

Fig. 5 shows the schematic of the narrow rectangular flow
Fig. 5. Top-view schematic of the narrow rectangular flow channel with liquid film on
two sides and gas core.
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channel top view with liquid on both sides as shaded area and the
gas core at the center. The width of the liquid film is denoted as d,
while s and w are the gap width and breadth of the test section,
respectively. Applying the one-dimensional momentum balance
equation on two phases yields

twLi
SL
AL

� tGLiSGLi

�
1
AL

þ 1
AG

�
� gðrL � rGÞ¼0; (11)

where.

AG ¼ gas area (m2) ¼ sw∝,
AL ¼ liquid area ðm2Þ ¼ swð1 � ∝Þ;
SL ¼ liquid wetted perimeter (m) ¼ 2ðsþ2dÞ,
SGLi ¼ gas-liquid interfacial perimeter ¼ 2s,
tGLi ¼ gas-liquid interfacial shear stress (N=m2),
twLi ¼ wall-liquid interfacial shear stress (N=m2);

twLi¼ fwLi

�
1
2
rL

��
JL

1� ∝

�2
; (12)

fwLi ¼ friction factor ¼ 0.05.
Because the transition occurs at low gas and liquid flow rates,

assuming a negligible gas-liquid interfacial shear stress (tGLi) and
substituting twLi from Eq. (12), Eq. (11) becomes

JL ¼14ð1� ∝Þ3

=

2
� sw
sþ 2d

�1 =

2

: (13)

The transition from bubbly flow to falling flow was observed in
the following range of void fraction:

0:5�∝ � 0:6: (14)

The above developed transition criteria presented by Eqs.
(7)e(8), (7)-(9), (7)-(10), (13)-(14) for BFeCBF, CBF-SF, SF-CTF and
BF-FFF, respectively, are plotted in the flow regimemap of Kim et al.
[9] as shown in Fig. 6.
Fig. 6. Overlay of the developed BFeCBF, CBF-SF, SF-CTF, and BF-FFF transition criteria
on the flow regime map of Kim et al. [9].
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4.5. Transition to annular flow

4.5.1. Wave propagation on the liquid film surface
In this approach, the transition from annular flow to churn-

turbulent flow was assumed to occur with the formation of a
liquid bridge between liquid films flowing down on both sides of
the test section. This transition was observed to follow different
mechanisms in the low and high liquid flow regions. In the lower
liquid flow region, the gas-liquid interface is relatively smooth with
less disturbance and liquid in gravity flow. This lower transition
region can be well modelled with the wave propagation on the
liquid film surface approach. The interface becomes increasingly
wavy with increasing liquid flow rate until the amplitude of the
waves becomes large enough that the opposite side waves merge to
initiate the start of liquid bridge formation across the gas core.
Using this approach and from previous experimental observations
it can be said that the transition from annular flow to churn-
turbulent flow region (also, undefined region) happens when (a)
the gas-liquid interface is wavy enough to initiate the liquid bridge
formation and (b) the liquid holdup is sufficient to sustain the liquid
bridge against the fast moving gas core at the center.

Milne-Thomson [27] proposed Eq. (15) for the velocity of
propagation of a wave travelling at a constant velocity of c at the
interface of two fluids flowing horizontally. Here, r, h, V and r0, h0, V 0

are the density, depth of the fluid, and velocity of flow, respectively,
for the two fluids:

mrðV � cÞ2 cothðmhÞþmr0ðV 0 � cÞ2 cothðmh0Þ ¼ gðr� r0Þ
þ sm2:

(15)

Eq. (15) can be simplified for the vertical downward flow di-
rection by (a) neglecting gravitation force because it acts perpen-
dicular to the wave amplitude, (b) assuming perfect symmetry of
the propagating waves at the interface and (c) assuming the depth
of gas phase as infinity. Substituting the depth of the fluid with the
width of the liquid film d and adapting the equation for the vertical
downward flow direction, Eq. (15) is simplified to

mrLðUL þ cÞ2 cothðmdÞþmrGðUG þ cÞ2 ¼sm2; (16)

where m is the wave number (m ¼ 2p=l; l ¼ 10d) [28]. Eq. (16) is
quadratic. As the condition for stability, the waves can only prop-
agate if c is real. This implies that

UG �UL �
�
smðrL cothðmdÞ þ rGÞ

rLrG cothðmdÞ
	1 =

2

; (17)

where

UG ¼
JG
a
; UL ¼

JL
ð1� aÞ: (18)

No and Jeong [29] derived the neutral stability condition for
wave instabilities by studying hyperbolicity breaking in a counter-
current two-phase flow to obtain a correlation for counter current
flow limitation (CCFL or flooding). It should be noted that they
considered the gravitation force and wall shear as well in a set of
momentum conservation equation for a vertical annular two-phase
flow and obtained a similar solution as Eq. (17), a type of onset
condition of Helmholtz instability. Finally, we get the following
transition criteria:
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JG �
1
2

�
smðrL cothðmdÞ þ rGÞ

rLrG cothðmdÞ
	1 =

2

þ JL: (19)

The undefined region in the flow regime map essentially ex-
hibits a mix of slugs, very large bubbles, and continuous liquid.
From the derivation of Eq. (19), it can be said that the transition
criteria should fit well with the transition region between this
undefined region and the annular flow region.

4.5.2. Onset of droplet entrainment in the continuous gas core
Our research group experimentally observed the behavior of a

two-phase flow in an annular flow pattern inside a narrow rect-
angular channel [9e11]. We reported that waves were developed
on the air-water interface, and small liquid entrainments were
observed in the central air core. Taitel et al. [30] suggested that an
annular flowwas formedwhen the gas velocity in the corewas high
enough to entrain liquid droplets from the interface and push them
into the gas core. It was assumed that the transition of churn-
turbulent flow into annular flow happens with the onset of
droplet entrainment in the continuous gas core. High-velocity gas
flowing at the center of the channel shears off liquid droplets from
the gas-liquid interface and carries them into the gas core. It is
assumed that this shearing off phenomenon happens when the
interfacial shear is sufficient to overcome the gas-liquid interface
surface tension force. Mathematically this can be expressed as

fGLi
1
2
rGðUG � ULÞ2 ¼

s

2s
; (20)

fGLirG

�
JG
∝
� JL
ð1� ∝Þ

�2

¼s

s
: (21)

Assuming a rough wavy gas-liquid interface, the gas-liquid
interfacial friction factor, fGLi, is expressed as the following equa-
tion using Wallis correlation:

fGLi ¼0:005
h
1þ300

d

D

i
¼0:005

h
1þ150

�
1� ffiffiffiffi

∝
p �i

: (22)

By rearranging Eq. (21), we get the following transition criteria:

JG ¼ ∝
�

s

fGLirGs

�1 =

2

þ aJL
ð1� aÞ: (23)

In this analysis, liquid velocity is considered the frame of
reference because the phase velocities are comparable in the
downward flow direction as opposed to the upward flow direction.
Hence, the velocity difference of ðUG �ULÞ is considered to be
pivotal in the liquid droplet shearing off.

4.5.3. Combined force balance on the liquid bridge
In this analysis, it was assumed that the transition from churn-

turbulent flow to annular flow takes place when the liquid bridge
formed between the separated liquid surfaces is broken by fast
moving gas at the center of the channel. Liquid velocity is consid-
ered the frame of reference here as well.

For the liquid bridge to break, the force exerted by the fast
moving gas should be greater than the surface tension force of the
liquid that is holding the bridge intact. The combined force balance
on two phases at the liquid bridge, as shown in Fig. 7, yields the
following equation:

1
2
rGðUG � ULÞ2 � fwGi

1
2
rGðUG � ULÞ2 �

s

w
þ fwLi

1
2
rGUL

2: (24)

The first term in Eq. (24) is the kinetic energy applied by the



Fig. 7. Force balance on the liquid bridge with gas flow at the center.

Fig. 8. Overlay of the developed transition criteria for the transition to annular flow on
the flow regime map of Kim et al. [9].
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moving air onto the liquid bridge per unit volume. By simplifying
this equation, we get the following transition criteria:

JL �

�
1�∝
∝

�� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rG � fwGirG

p �
JG � ð1� ∝Þ

ffiffiffiffiffi
2s
w

q
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rG � fwGirG
p

þ fwLirL

� : (25)

Eq. (25) is balanced with a coefficient, k, such that

JL ¼ k

�
1�∝
∝

�� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rG � fwGirG

p �
JG � ð1� ∝Þ

ffiffiffiffiffi
2s
w

q
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rG � fwGirG
p

þ fwLirL

� ; (26)

where k ¼ e0:8 as obtained from the experimental results.
The above developed transition criteria presented in Eqs. (19),

(23) and (26), for the transition to annular flow are plotted on the
flow regime map of Kim et al. [9], as shown in Fig. 8, and they are
represented by transition lines CTF-AF 1, CTF-AF 2, and CTF-AF 3,
respectively. It can be observed that the transition criteria devel-
oped using wave propagation theory agree well with the transition
region at a lower superficial liquid velocity, where the undefined
region transitions into the annular flow region. They fit poorly with
the churn-turbulent to annular flow transition region. When it was
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assumed that the transition of annular flow to churn-turbulent
flow happens with the onset of droplet entrainment in the
continuous gas core, the developed transition criteria predict the
transition at a much higher superficial gas velocity. From the visual
observation of this transition region, it can be noted that with
increasing superficial gas velocity, fewer and fewer suspended
liquid droplets are present inside the gas core until the core is dry.
Hence, this transition line defines the region up to which the
transition of churn-turbulent flow into annular flow is complete.
Finally, the transition criteria developed using the combined force
balance on the liquid bridge show good agreement with the
experimental data. This transition criteria include an experimen-
tally deduced coefficient k because the transition criteria were
developed using simplified assumptions. On the contrary, the
actual flow conditions in the CTF-AF transition zone are more
chaotic with rapidly shifting interfacial geometry.

Xu et al. [31] tried to develop churn to annular flow transition
criteria in a vertical upward flow in a narrow rectangular channel
by applying the force balance for the gas core and the liquid film
including the superficial liquid velocity. Their method when
applied with the present downward flow condition gives a transi-
tion line far to the right side of the transition region. In the com-
parison of the flow regime maps for the vertical upward and
downward flow directions of Chalgeri and Jeong [10], it can be
observed that the churn-turbulent to annular flow regime transi-
tion occurs at a much lower superficial gas velocity, JG, in the case of
downward flow condition in comparison to an upward flow. One
reason for this behavior could be the difference in flow conditions
of upward and downward flow. An annular flow in upward flow
direction is heavily pulsating because of the opposite direction of
gravity. Hence, the liquid films in the channel aremore unstable at a
lower gas velocity and have the tendency to break and disperse as
droplets, which fall back, accumulate, and form a bridge, forming a
churn-turbulent flow. To avoid this and to keep the phases sepa-
rated, the transition from churn-turbulent to annular flow happens
at a considerably higher gas velocity compared to what happens in
the vertical downward flow direction.
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5. Conclusions

In the available open literature, most of the two-phase flow
studies on narrow rectangular channels are in the upward flow
direction, and even fewer studies have considered downward flow
direction. In this study, mechanistic models were developed for the
flow regime transition criteria for co-current vertical downward
flow in a narrow rectangular channel with a gap width of 2.35 mm.
In this study, three different correlations were derived for the
transition from churn-turbulent flow to annular flow. They are
based on wave propagation at the air-water interface, the onset of
droplet entrainment in the continuous gas core, and the combined
force balance on the liquid bridge. The main goal in developing
these three methods was to gain a better understanding of the
differences in transition criteria approaches in upward and down-
ward flow directions. Various approaches used previously in pro-
posing transition criteria for upward flow cannot be used for
downward flow because of the difference in which gravity, buoy-
ancy, and inertia forces act. Although the transition criteria devel-
oped with force balance on gas and liquid phases gives a better fit
for churn to annular flow transition in a vertical upward flow in a
narrow rectangular channel, the criteria developed using force
balance on the liquid bridge shows a better fit with the experi-
mental data for a vertical downward flow in a narrow rectangular
channel.

The transition from one flow regime to another happens grad-
ually. Hence, the transition lines between adjacent flow regime
regions are essentially narrow bands. Because most of the flow
regime maps proposed employ visual observation in the identifi-
cation and classification of flow regimes, there is an inherent sub-
jective error in identifying the transition area as a line between
flow regimes. The newly developed flow-regime transition models
were compared with the experimental data obtained in our pre-
vious study. The proposed transition model showed good agree-
ment with the experimental data under ambient pressure and
temperature conditions.

Due to the absolute lack of experimental data for downward
flow in narrow rectangular channels in the open literature, the
authors were able to compare only one set of experimental data
with the proposed models. We intend to generate more experi-
mental data for rectangular channels with various dimensions in
the future and compare present transition criteria with those data.
Because downward co-current air-water two-phase flow inside a
narrow rectangular channel is encountered in many applications as
summarized earlier, it is crucial for future research in this area to
devise uniform flow regime identification and classification
methods.
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