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Abstract

Two-phase flow patterns of CO2 in a narrow rectangular channel or a small diameter tube are very
important in understanding heat transfer characteristics and in developing an appropriate heat transfer cor-
relation. Geometric effects on two-phase flow patterns of CO2 are very significant in many respects. In the
present study, the flow boiling process of CO2 in a horizontal narrow rectangular channel, having a width
of 16mm and a height of 2mm, is visualized at various test conditions, and then the effects of mass flux are
analyzed. Based on the test results, a flow regime map is developed and then compared with the existing
maps and flow regime transition criteria that are selected by considering physical phenomena occurred dur-
ing the flow regime transition processes of CO2. In addition, the flow transition criteria for bubbly–slug,
slug–annular, and bubbly–annular flow in a horizontal narrow channel are proposed by comparing the test
data with existing transition criteria.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

CO2 shows different convective boiling heat transfer characteristics from conventional refriger-
ants such as CFCs (chlorofluorocarbon) and HCFCs (hydrochlorofluorocarbon) (Yun et al.,
0301-9322/$ - see front matter � 2004 Elsevier Ltd. All rights reserved.
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2003; Pettersen, 2002). To explain boiling characteristics of CO2, it is necessary to know the two-
phase flow patterns of CO2. As noted, the characteristics of bubble formation can explain the phe-
nomena of nucleate boiling, and the shape of liquid film is closely related with convective boiling
heat transfer and dryout. Two-phase flow patterns in a mini tube or a narrow channel show sig-
nificant differences from those of large diameter tubes (Pettersen, 2002; Mishima et al., 1993).
However, most previous studies on two-phase flow patterns have been focused on large diameter
tubes. Therefore, it is required to investigate two-phase flow characteristics in a narrow channel,
which are important design factors in a cooling system of microelectronics and an atomic reactor
with plate type fuels.

Several studies on the characteristics of two-phase flow patterns in a narrow channel have been
performed. Fujita et al. (1995) suggested that the influence of surface tension as well as liquid vis-
cosity would be much pronounced in gas–liquid flows moving through narrow flat channels as
compared to that in larger channels. Wilmarth and Ishii (1994) investigated the vertical and hor-
izontal two-phase flows of air–water mixture through narrow rectangular channels. They reported
that the transition from bubbly to slug flow was well estimated by the Mishima and Ishii model
(1984). Xu (1999) studied air–water two-phase flow in vertical rectangular channels with the gaps
of 0.3, 0.6, and 1.0mm. By decreasing the channel gap, the transitions for bubbly–slug, slug–
churn, and churn–annular flow shifted toward left in the flow regime map with the superficial
vapor velocity as an abscissa and the superficial liquid velocity as an ordinate.

Several researchers proposed flow transition criteria for two-phase flow boiling in a narrow
channel. Xu et al. (1999) modified the Mishima and Ishii model (1984) to predict the flow transi-
tions for bubbly–slug and slug–churn flow in a narrow rectangular channel. Hibiki and Mishima
(2001) also suggested the flow transition criteria in a narrow rectangular channel by considering
the effects of narrow channel geometry on flow patterns. The studies on two-phase flow patterns
and transition criteria of CO2 in a horizontal narrow channel at heating conditions are very lim-
ited in open literature. Most flow pattern observations are focused on two-phase flow of air–water
mixture under adiabatic conditions.

The objective of this study is to investigate two-phase flow regimes of CO2 in a horizontal nar-
row rectangular channel at heating conditions. The flow transitions, such as bubbly to slug, bub-
bly to annular, and slug to annular flow, are visually and physically studied. The analysis of
visualization results and the comparison of the data with the existing flow regime maps and tran-
sition criteria will help to understand two-phase heat transfer and pressure drop characteristics of
CO2 in a mini tube.
2. Experimental setup

Fig. 1 shows a schematic diagram of the test loop for flow visualizations. The test loop consists
of a magnetic gear pump, a mass flow meter, a preheater, a test section, a control tank, and a con-
denser. The magnetic gear pump circulates CO2, and the preheater is used to adjust inlet vapor
quality of the test section. The visualization section mainly consists of a camera and a short dura-
tion light source, whose specifications are given in Table 1. The light source is located behind the
camera, which is installed vertically to the test section. A photograph for two-phase flow in a nar-
row channel is taken by making short duration light source periodically flash like stroboscope.
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Fig. 1. Schematic diagram of the experimental setup.

Table 1
Specifications of camera and short duration light source

Items Specifications

CCD 1/1.8-in. high density CCD
Lens 4· Zoom-Nikkor, f = 8–32, F2.6-5.1
Shooting distance 0.02m–1

Flash lamp Xenon flash lamp (Max. = 7W)
Light duration of the flash 0.7ls
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Shooting distance of the camera and light intensity are controlled to capture the clearest image of
bubbles. Moving images of bubble or vapor in the camera are magnified and observed by the
monitor. To prevent light interruption, the photograph is taken at the environment similar to a
dark room.

The test section consists of a thick stainless steel body and a glass. Flow channel having a
width of 16mm and a height of 2mm is machined on the body, and the glass is covered on
that channel. Cartridge heaters with an individual capacity of 100W are equally placed in
the body to supply uniform heat flux to the flow channel. To determine correct vapor quality
at the measuring point, it is necessary to know net heat input to the fluid in the channel. The
test section is heavily insulated using a rubber with a thermal conductivity of 0.04W/mK to
minimize heat loss to the ambient. The heat loss is measured by comparing electric heat input
with actual heat transfer to the fluid in terms of the enthalpy difference between subcooled inlet
and outlet fluid of CO2. The 84% of the electric heat input is transferred to the fluid in the
narrow rectangular channel, and it is taken into account in the determination of vapor quality
of CO2.
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The flow rate of CO2 is measured by using a Coriolis effect flow meter with an uncertainty of
±0.2% of reading. Heat inputs to the test section and the preheater are measured using a watt
transducer with an uncertainty of ±0.01% of full scale. The pressures of the fluid at the inlet
and outlet of the test section are monitored using a pressure transducer with an uncertainty of
±2.1kPa. The inlet and outlet temperatures of the test section are measured by thermocouple
probes with an uncertainty of ±0.1�C. The uncertainty of vapor quality at the test section inlet
is approximately ±4%.
3. Two-phase flow patterns in the horizontal rectangular channel

3.1. Flow patterns

The flow patterns in a narrow channel having a larger ratio of channel width to gap space will
significantly vary along with channel width and length. Generally, larger coalesced bubbles occu-
py most areas in the directions of channel width and length. However, the variations of flow pat-
terns along with channel depth are insignificant (Xu, 1999). Therefore, this study observes the flow
patterns in the directions of channel width and length. It should be noted that the photographs
and schematics for flow patterns are taken in the vertically downward direction.

Fig. 2 shows photographs and schematics of the flow patterns observed in this study. The dom-
inant flow regimes observed for the flow boiling of CO2 in the narrow channel are bubbly flow,
intermittent flow (slug or churn flow), and annular flow.

Bubbly flow. Generally, bubbles form and grow at the sides and bottom of the channel. Small
discrete bubbles exist at the sides of the channel, while relatively large discrete bubbles exist at the
channel center because the released small bubbles from the channel wall are merged together and
then congregated at the channel center.

Intermittent flow. This flow is characterized by a packing of small and large sized bubbles. Lar-
ger bubbles at the channel center occasionally merge together, which form longish and bigger bub-
bles. The bubbles are flattened due to the confinement of the walls. In addition, the mixture of
liquid and small bubbles exists at the channel sides. A boundary between the vapor and the mix-
ture of liquid and bubbles shows very complex shape.

Annular flow. This flow consists of a vapor core and a liquid film surrounding the core. As the
vaporization proceeds at moderate vapor qualities, the vapor region at the channel center be-
comes wider and the liquid film slowly appears at the channel sides. Finally, large bubbles at
the channel sides are absorbed into the vapor core and the nucleate boiling is gradually sup-
pressed. Entrainment of small liquid droplets into the vapor core occurs due to continuous break-
ing of the liquid wave and bubble bursting on the surface of the liquid film.

As shown in Fig. 3, the experimental data of CO2 in the narrow rectangular channel are then
represented in the flow regime map as a function of mass flux G and vapor quality x. When the
mass flux is smaller than 500kg/m2s, the flow transition from bubbly to slug occurs at a quality of
approximately 0.03 due to an easy coalescence of adjacent bubbles. As the mass flux increases, the
identities of bubbles and slugs can be maintained up to the transition boundary to annular flow.
Therefore, for mass flux greater than 868kg/m2s, the flow regime directly transits from bubbly to
annular flow without having intermittent flow. Generally, the vapor quality for annular flow tran-



Fig. 2. Flow regimes in horizontal narrow channel flow: (a) bubbly flow, (b) intermittent flow, and (c) annular flow.
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sition becomes lower with a rise of mass flux. In addition, when the mass flux is greater than
868kg/m2s, the vapor quality for annular flow transition becomes nearly constant.

The effects of mass flux on the flow regimes of CO2 are also investigated by varying mass flux
from 217 to 868kg/m2s at a heat flux of 100kW/m2 and a vapor quality of 0.18. The vapor region
at the channel center increases with a rise of mass flux, while the liquid film thickness at the chan-
nel sides is reduced. Liquid droplet entrainment into the vapor core increases with a rise of mass
flux due to a higher vapor velocity with wavy interface. As the mass flux increases, the flow tran-
sitions of bubbly–slug and slug–annular flow occur at a lower vapor quality. These early transi-
tions are closely related with the large liquid droplet entrainment.

Fig. 4 shows the schematics of the flow patterns during the transition process from bubbly to
annular flow. With an increase of vapor quality, all regions of the channel are packed with spher-
ically uniform bubbles. Then, bubble boundaries become more uncertain at the channel center
and annular flow pattern starts to appear. This flow transition occurs when small bubbles having
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Fig. 4. Schematics of bubbly to annular flow transition: (a) bubbly, (b) bubbly–annular, and (c) annular.
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their identities induced by liquid turbulent fluctuations are merged by bubble fluctuations and
packing. Therefore, the superficial liquid velocity whose magnitude determines the bubble identi-
ties is a dominant parameter for this flow transition.
3.2. Comparison with existing flow pattern data and maps

The present data are compared with the flow patterns obtained from the literature as shown in
Table 2. The visualization tests in these studies were conducted in small gap sized channels and a
small diameter tube with different working fluids: CO2, steam–water, air–water, and N2–water
solution of ethanol. Pettersen (2002) and Hosler (1968) observed flow patterns at heating condi-
tions, while Wambsganss et al. (1991), Wilmarth and Ishii (1994), and Fujita et al. (1995) meas-
ured flow patterns at adiabatic conditions.

Fig. 5(a) compares the present data with Pettersen�s (2002) data as a function of superficial liq-
uid velocity jf and superficial vapor velocity jg. Although there is big difference in test section
geometries, the annular flow regime observed in this study is consistent well with that visualized
by Pettersen (2002). Elongated bubbles or slug flow patterns observed by Pettersen (2002) corre-
spond to the intermittent flow regime in this study.



Table 2
Data source used in this study

Fluids Pressure
(MPa)

Flow rate
(kg/m2s)

Heat flux
(kW/m2)

Geometry and
orientation (mm)

Present CO2 4.0 217–868 0–250.0 Horizontal, rectangular
channel 2.0 · 16.0

Pettersen (2002) CO2 3.5, 5.7 93–584 0, 13 0.98mm horizontal,
transparent tube

Hosler (1968) Steam–water 1–13.8 136–5424 5678.0 (max.) Vertical, rectangular
channel 3.4 · 25.4

Wambsganss et al. (1991) Air–water Atmosphere 50–2000 Adiabatic Horizontal, rectangular
channel 3.18 · 19.05

Wilmarth and Ishii (1994) Air–water Atmosphere Adiabatic Vertical, horizontal,
rectangular channels,
1 · 20, 2 · 15

Fujita et al. (1995) N2–water solution
of ethanol

Atmosphere Adiabatic Horizontal,
rectangular channels
0.2 · 10, 1.2 · 10, 2 · 10
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Fujita et al. (1995), Wambsganss et al. (1991), Wilmarth and Ishii (1994) developed flow regime
maps in vertical/horizontal narrow channels and a capillary tube at adiabatic conditions. Based
on their flow maps, the transition boundaries for bubbly–slug, slug–annular, and plug–slug flow
are drawn as a function of superficial liquid and vapor velocities in Fig. 5(b), and those are com-
pared with the present data. Although their test sections have a similar hydraulic diameter with
this study, the transition boundaries show large deviations from the present data except the bub-
bly flow region suggested by Wilmarth and Ishii (1994). These significant deviations may be due to
the differences in heating conditions and the boiling characteristics of CO2. The flow transition at
heating conditions can occur at a lower superficial vapor velocity as compared with that at adi-
abatic conditions. This trend is closely related with chaotic bubble formation and unstable move-
ment of detached bubbles under heating conditions, which increases the probability of contacts
between bubbles. CO2 shows more active bubble formation and larger liquid droplet entrainment
than air–water mixture due to a lower surface tension, which also causes an easy flow transition at
a lower superficial vapor velocity.

Fig. 5(c) shows the comparison of the Hosler map (1968) at 2.1MPa and 13.8MPa with the
present data. Generally, the transitions of the Hosler map exist at a higher superficial vapor veloc-
ity as compared with the present data. As the saturation pressure increased, a direct transition
from bubbly to annular flow was observed in Hosler�s data (1968). When Hosler�s data (1968)
were compared with those for air–water mixture tested under adiabatic conditions, the flow re-
gime transitions occurred at a lower superficial vapor velocity, which were relatively close to those
of CO2. These trends can be caused by the differences in fluid properties. As shown in Table 3, the
density ratio of liquid to vapor, surface tension, and liquid viscosity of CO2, which are important
fluid properties determining flow regimes in a small sized tube (Fujita et al., 1995), show the sim-
ilar order of magnitude as those of steam–water. However, there are large differences in these fluid
properties between CO2 and air–water. In addition, the heating conditions significantly affects the
flow regimes.
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Table 3
Properties of CO2, steam–water, and air–water

Fluids ql � qv (kg/m
3) ql/qv r (N/m) ll (Pas)

CO2 at 5 �C 783 7.85 0.0036 9.6 · 10�5

Steam–water at 13.8MPa 540 7.32 0.0065 7.23 · 10�5

Air–water at 20 �C and 1atm 997 864 0.072 1.0 · 10�3
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4. Transition criteria of flow regimes

The flow transitions of bubbly–slug, slug–annular, and bubbly–annular for CO2 are distinctly
observed in the test data of this study and Pettersen (2002). Possible flow transition criteria of CO2

in a narrow rectangular channel are proposed by comparing the existing transition criteria with
the present data and considering physical phenomena during the transition process.

The transition from bubbly to slug flow in vertical upward flow has been generally estimated by
using the drift-flux model as given by
jg=e ¼ C0jþ f ðv1; eÞ ð1Þ
where j and jg are mean volumetric flux and superficial vapor velocity, respectively. C0 is distribu-
tion parameter and f(v1, e) indicates relative bubble velocity as a function of bubble rising velocity
v1 and void fraction e. However, the bubble rising velocity v1 in horizontal narrow channel flow
is negligible due to the constraint of gap space.

Hibiki and Mishima (2001) suggested a void fraction of 0.2 for the flow transition from bubbly
to slug flow in a narrow channel, while Spindler and Hahne (1999) proposed a void fraction of
0.25 in horizontal large diameter tubes. Wilmarth and Ishii (1994) also reported that the bubbles
were evenly distributed and the transition void fraction became lower with a decrease in the gap
size. Based on the present data for CO2 and C0 reported by Zuber et al. (1967), this study proposes
a distribution parameter C0 of 1.11 and a void fraction e of 0.2 for estimation of the transition
boundary between bubbly and slug flow in a narrow rectangular channel.

As shown in Fig. 6, both the present and Pettersen�s data (2002) are compared with Hibiki
and Mishima�s (2001) flow regime transition criteria for upward gas–liquid flow in vertical nar-
row rectangular channels. For the bubbly to slug flow transition in vertical narrow channels,
the relative velocity was set to zero. Therefore, their flow transition criterion for bubbly to slug
flow is well consistent with the present flow patterns measured in the horizontal narrow
channel.
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The flow transition from slug to annular in a narrow horizontal channel is resulted from a
breaking of interface between frothy slugs due to fluctuation of the slugs. As noted, the interface
is maintained by surface tension, and the fluctuation is related with inertial force of vapor. As the
channel size decreases, the effects of surface tension on flow patterns increase and the horizontal
orientation with a small gap makes the forces related with the gravitation, such as buoyancy force,
negligible. Zhao and Rezkallah (1993) reported that the influence of surface tension and inertial
force were very significant at micro-gravity conditions. They predicted slug–annular flow transi-
tion at micro-gravity conditions using the Weber number based model. Generally, the slug–annu-
lar flow transition of CO2 in a narrow horizontal channel is very similar to that at micro-gravity
conditions (Akbar et al., 2003). Based on this analogy, the Weber number based model (Eq. (2)) is
adopted for prediction of the slug to annular flow transition in a narrow horizontal channel.
Wegs ¼ qgj
2
gdh=r � 20 ð2Þ
In Eq. (2), qg is vapor density, dh is hydraulic diameter of test channel, and r is surface tension. As
Wegs is close to 20, the density of liquid droplets in frothy slugs decreases, and the frothy slugs
become thinner until the flow is fully developed (Zhao and Rezkallah, 1993; Bousman et al.,
1996).

As shown in Fig. 6, Hibiki and Mishima (2001) also proposed slug–annular flow transition cri-
teria using a constant value of superficial vapor velocity. However, their transition superficial
vapor velocity for slug–annular flow is much higher than the measured data because the physical
phenomena for gas–liquid flow in vertical narrow channels are much different from those ob-
served in the horizontal narrow channel. Therefore, the proposed Weber number based model
as given in Eq. (2) yields better agreement with the present and Pettersen�s data (2002) as com-
pared with the Hibiki and Mishima transition criteria.

As mentioned earlier, the superficial liquid velocity is dominant parameter in maintaining bub-
ble identities. When the superficial liquid velocity is higher than some limit value, a direct transi-
tion from bubbly to annular flow can occur. Since an appropriate criterion for this direct
transition is not provided in open literature, the flow transition criterion for bubbly–annular is
proposed based on the present data along with Weber number, including the superficial liquid
velocity. Eq. (3) shows the lower limit of superficial liquid velocity jf to maintain small bubbles
when the superficial vapor velocity jg for agglomeration satisfies the limit given in Eq. (2)
Wefs ¼ qj2f dh=r > 100 ð3Þ

In this study, Eq. (1) is used in prediction of the bubbly–annular transition with a void fraction

e of 0.35 and a distribution parameter C0 of 1.05, which are determined based on the present data
and Zuber et al.�s data (1967), respectively. The proposed transition criteria of bubbly–annular
flow show good agreement with the test data.
5. Conclusions

Two-phase flow regimes of CO2 in the horizontal narrow rectangular channel are visualized at
heating conditions, and then analyzed by comparing the present data with the existing flow regime
maps and transition criteria. CO2 shows mainly bubbly, slug, and annular flow patterns during
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the flow boiling process in the narrow rectangular channel. Based on the present data, a flow re-
gime map is developed for the horizontal narrow rectangular channel. Among the existing flow
regime maps for vertical or horizontal narrow channels and a capillary tube, the maps developed
for CO2 and high-pressure steam–water show similar results with the present data. However,
other maps developed for air–water mixture show large deviations from the present data due
to the differences in heating conditions and the boiling characteristics of CO2. The proposed tran-
sition criterion of bubbly–slug flow, which is adopted from the Hibiki and Mishima transition cri-
terion (2001), shows good agreement with the data. The Weber number based model yields
relatively good predictions for the slug–annular transition of CO2 in the narrow rectangular chan-
nel. Vapor inertial force and surface tension play an important role in the transition of slug–annu-
lar flow. When the superficial liquid velocity is higher than some limit value, the direct transition
of bubbly–annular flow occurs.
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