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Increasing attention has been focused on carbon dioxide (CO2) heat pump system where the temperature
level is rather low, while the operating pressure is rather high. In this system, the density difference
between vapor and liquid becomes rather small, which significantly affects flow patterns. Low surface
tension and latent heat also have significant influence on two-phase flow patterns and heat transfer. This
paper describes experimental and numerical investigation on flow patterns and heat transfer character-
istics of boiling flow CO2 at high pressure in horizontal small-bore tubes ranging from 1.0 mm to 3.0 mm
I.D. Even though the density difference is rather small at high pressure, phase stratification takes place,
which leads to the intermittent dryout at the upper wall. So far developed discrete bubble model by the
authors for vertical flows is modified so as to include horizontal flow mechanisms. The predicted flow
patterns with this new model agree on the whole with the experimental observation.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Natural refrigerants, such as ammonia, isobutene and carbon
dioxide, have attracted attention in air conditioning and refrigera-
tion technologies. Carbon dioxide (CO2, pcr = 7.383 MPa,
Tcr = 31.1 �C) among them has incombustibility and non-toxicity,
and in addition, is not in need to recover. Thus special emphasis is re-
cently put on a CO2 heat pump application. The heat transfer perfor-
mance of CO2 is as high as other refrigerants, while operating at
rather high pressure covering the trans-critical pressure region. To
develop compact heat exchanger for the CO2 heat pump system, a
mini-channel heat exchanger is preferably used because of its high
specific heat-transfer-area. In terms of thermo-physical properties
of CO2, the viscosity is small being preferable in application to
mini-channel, which results in low pressure drop but with high heat
transfer coefficient (Park and Hrnjak, 2007). Aiming at such applica-
tion, extensive works have been so far conducted on flow boiling CO2

(e.g. Thome and Ribatski, 2005; Schael and Kind, 2005; Cheng et al.,
2008) and two-phase flow in micro- and mini-channels (e.g. Mishima
and Hibiki, 1995; Kandlikar, 2002; Kandlikar and Grande, 2003;
Thome, 2006a, 2006b; Revellin and Thome, 2006). The boiling
two-phase flow and heat transfer in mini-channel, however, have
not been sufficiently understood for the heat exchanger application.

In this study, experiments were extensively conducted with
small-bore tubes of 1.0 mm, 2.0 mm and 3.0 mm to investigate
the flow pattern, the heat transfer performance including the
ll rights reserved.

zawa).
effects of tube size, the system pressure and the mass flux on the
boiling heat transfer of CO2. As the detailed discussion on the heat
transfer characteristics and the pressure drop may be found else-
where (Yamamoto et al., 2007; Ozawa, 2009), here in this paper
the flow patterns and the related heat transfer phenomenon,
‘‘intermittent dryout”, are mainly focused. The flow pattern maps
obtained in the experiment are compared with the existing criteria
as well as the predicted results with the discrete bubble model
developed by the authors. And then the regime-based modeling
of slug flow is applied to demonstrate principal mechanism of
the intermittent dryout, so that the behavior of time-averaged heat
transfer coefficient is well interpreted.

2. Experimental apparatus

Schematic diagram of the experimental apparatus is shown in
Fig. 1. Liquid CO2 supplied from a cylinder is fed through a pump,
a buffer tank, a pre-cooler, and is regulated via an expansion valve
so as to retain the predetermined pressure. Then, the liquid CO2

flows successively through a heated section, an adiabatic section
and a sight glass, and is finally released to the atmosphere after
the mass flow measurement with a laminar flowmeter.

The heated and the adiabatic sections are made of SUS304 hor-
izontal tubes. The tube inner diameters covered in this experiment
are Dp = 1.0 mm (2.0 mm O.D.), 2.0 mm (3.96 mm O.D.) and 3.0 mm
(4.01 mm O.D.), as listed in Table 1 together with experimental con-
ditions. Each tube is designated as 1-mm tube, 2-mm tube and 3-
mm tube, respectively, for convenience. AC power was supplied
to the heated tube for Joule heating, and the outer wall
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Fig. 1. Schematic of experimental system (T: thermocouple, P: pressure gauge).

Table 1
Experimental condition.

Dp (mm) 1.0 2.0 3.0
p (MPa) 4.0–6.7 5.0–6.7 4.5–6.5
TS (�C) 5.3–26.8 22.0–26.8 10.0–25.4
LH (mm) 800 1850 1700
G (kg/m2s) 200–700 200–500 100–300
q (kW/m2) 10–50 5–35 5–25
DTsub (K) 1–13 9–17 5–10

Dp: tube diameter, p: pressure, TS: saturated temperature, LH: heated length, G:
mass flux, heat flux, DTsub: inlet subcooling.

Fig. 2. Observed flow pattern of CO2, Dp = 2.0 mm.
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temperatures were measured at every 100 mm along the heated
tube both on the upper and lower walls with K-type thermocouples
(accuracy 0.1 K) of 0.025 mm (for 1-mm tube) and 0.1 mm (for 2-
mm and 3-mm tubes) in diameter. The adiabatic section was used
only for the pressure drop measurement, otherwise removed. The
pressure drop measurement was conducted by means of a differen-
tial pressure transducer with a measurement error less than 0.075%
of full scale (0–50 kPa). The pressure transducer used in this exper-
iment had an accuracy of 0.5%. The accuracy of the flow rate was
around 1.5% of full scale. The temperatures and the pressure drops
were recorded simultaneously via data acquisition system. The heat
transfer coefficient was calculated by using time-averaged value of
120 data of the measured temperatures. All the test section and the
adiabatic section were thermally insulated, while the saturation
temperatures in most of the cases were around the room tempera-
ture, even slightly lower at low pressure, and thus a heat loss or
heat intrusion from the ambient were almost negligible. The sight
sections were made of a quartz glass with inner diameters of
1.0 mm, 2.0 mm and 3.0 mm, and outer diameter of 16 mm. The
two-phase flow pattern was recorded by a digital camera and a
high-speed video-camera.

The dimensional tolerance of inner diameter may have a signif-
icant influence on the experimental data in a small-bore tube. The
inner diameter was measured with a microscope and the surface
roughness of the inner wall was detected by using a laser micro-
scope and a tracer method. The roughness on the inner walls were
at most 8 lm, and the single-phase friction factor well coincided
with the Hagen–Poiseuille equation in laminar flow and with the
Blasius equation in turbulent flow. Thus the tube inner walls were
considered hydraulically smooth enough.
3. Flow pattern

Typical flow patterns in 2-mm tube at 5.0 MPa and 6.5 MPa are
shown in Fig. 2 as a function of vapor quality and mass flux. The
present discussion is conducted focussing on the 2-mm tube, while
covers whole range of experimental findings including the results
in 1-mm and 3-mm tubes. Thus some typical flow patterns and
flow pattern maps are contained in the Appendix for reference.

The observed flow patterns are characterized as follows:

Bubbly flow: dispersed small bubbles or cloud of small bubbles,
Plug flow: elongated slow-moving bubbles with relatively low

void fraction,
Slug flow: intermittent large-scale liquid lumps, i.e. liquid slugs,

and large bubbles,
Annular flow: gas core, often with entrainments, surrounded

with liquid film,
Mist flow: dispersed small droplets or mist,
Wavy flow: stratified flow with wavy interface,



Fig. 3. Flow pattern map of CO2 in 2-mm tube. Solid lines: Cheng et al. (2008) and
dashed lines: Revellin and Thome (2006), IB: isolated bubble, CB: coalescing bubble,
A: annular flow.
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Slug–annular flow: gas flow penetrating through the liquid slug,
which includes churn flow in the classifica-
tion of Triplett et al. (1999),

Wavy–annular flow: annular flows with thick and wavy liquid
layer at the bottom, and

Wavy–mist flow: wavy flow with liquid entrainment above the
liquid layer.

The first six categories are almost consistent with the conven-
tional-sized tube, i.e. macro-channel, while the last three are all
transition categories between slug-to-annular, wavy-to-annular
and wavy-to-mist, respectively.

The flow patterns observed in the 2-mm tube at 5.0 MPa
(density ratio qL/qG = 827.9/156.6 = 5.28) are quite similar to
macro-channels, while in 1.0-mm tube as shown in Fig. A1, the
geometrical configuration of, typically, slug flow is clearly different
from that in 2-mm tube, i.e. the gas–liquid interface or large
bubble shape is seemingly axi-symmetric, and is close to those
observed by Serizawa et al. (2002) with a micro-channel of 20–
100 lm in diameter. There exists no substantial difference on flow
configuration between 2-mm and 3-mm tubes.

At higher pressure, i.e. 6.5 MPa, qL/qG = 703.6/248.3 = 2.83, the
flow pattern in 1-mm tube becomes more like macro-channel with
special reference to the phase-stratification tendency. The flow
patterns in 2-mm and 3-mm tubes are still close to macro-channel
mode, while vapor–liquid interface becomes even smooth at high-
er pressure like a thin thread of vapor, as typically shown in 3-mm
tube at low mass flux (ref. Fig. A2). It is worthy to note that even at
such a high pressure, phase stratification or effect of gravity dom-
inates the flow pattern. This is typically exemplified with an
existence of wavy, wavy–annular or wavy–mist flows in 2-mm
and 3-mm tubes at low mass flux and high quality.

Supposing an air–water system near atmospheric pressure, the
flow pattern essentially becomes axi-symmetric as Triplett et al.
(1999) for micro-channel of 1.1–1.45 mm in diameter and
Serizawa et al. (2006) for 20–100 lm due to the effect of surface
tension even with a large density difference between gas and
liquid. In the present experiment, such axi-symmetric flow pat-
tern was observed only in 1-mm tube at 5.0 MPa, and the cases
otherwise were more like macro-channels in their geometrical
configurations, as shown in the flow pattern at 6.5 MPa even in
the case of 1-mm tube (ref. Fig. A1). This may be caused by a
weak effect of surface tension of high-pressure CO2 relative to
the effect of gravity. The combined effects of these parameters
and the tube dimensions may be scaled with the help of the Bond
number as given below.

The flow pattern maps of 2-mm tube are shown in Fig. 3. The
solid lines are transition boundaries given by Cheng et al. (2008),
which is a revised version of Thome and El Hajal (2003) for ca.
8–14 mm in diameter, based on the CO2 data from smaller-bore
to ordinarily sized tube, being also a revised version of Kattan
et al. (1998) for ca. 10- to 12-mm tubes. Thus the map by Cheng
et al. (2008) is applicable to macro-channels. Comparing the
observed flow pattern at 5.0 MPa with the transition curves by
Cheng et al. (2008), the bubbly and intermittent flows including
plug and slug flows are nearly involved in or close to the respective
region, while the slug–annular flow regime penetrates into the
predicted annular flow region. The annular flow region extends to-
ward lower quality at high mass flux, and the mist flow appears
reasonably at high quality. In the case of 3-mm tube, the data
are rather limited within rather low mass flux, plug flow and a part
of slug flow involved in the predicted intermittent region. Another
flow pattern transition shown by dashed lines of Revellin and
Thome’s (2007) for micro-channel, are drawn as well. Over-all fea-
ture is consistent with those predicted, i.e. the bubbly and plug
flows well corresponds to isolated bubble (IB) regime, and coalescing
bubble (CB) regime well includes the slug flow. The slug to slug–
annular boundary well corresponds to coalescing bubble-to-annular
(CB-A) boundary, while the transition mode, i.e. slug–annular, is
not considered in the Revellin and Thome’s flow pattern criteria.
This is also the case in 1-mm tube (see Fig. A3).

Referring to the map for 6.5 MPa, the bubbly flow region
expands toward lower mass flux, while the slug flow is not
observed in 2-mm tube. Instead, the slug–annular regime
extends toward lower and higher quality regions, which is not
the case of 1-mm tube. The bubbly and intermittent flows in
1-mm tube agree with the boundary of Cheng et al., while not
in 2-mm tube. The wavy–annular flow and wavy–mist appeared
at low mass flux and high quality, which may correspond to the
stratified–wavy regime of Cheng et al. (2008). The flow pattern
prediction by Revellin and Thome’s is not appropriate through-
out the examined tubes.

In viewing the flow patterns maps including Figs. A3 and A4 in
the Appendix, it is suggested that all the examined tubes ranging
1.0–3.0 mm show, at lower pressure, similar characteristics to
the micro-channel with respect to an agreement with the IB and
CB boundaries of Revellin and Thome (2007) for micro-channel,
and show, at higher pressure, macro-channel characteristics of an
appearance of wavy, wavy–annular or wavy–mist flow. The agree-
ment, even though a limited part, with the Revellin and Thome’s
diagram, however, does not simply mean a similarity with mi-
cro-channel mode in the geometrical configuration. The geometri-
cal configurations or phase distribution in the tube cross section,
being an important factor in heat transfer phenomena, show con-
sistently the macro-channel characteristics, except the case at
5 MPa in 1-mm tube in the present experiment. In this respect,
the flow of CO2 in 1-mm tube at 5 MPa is classified as or close to
the micro-channel flow and those in 2 mm- and 3-mm tubes as
well as 1-mm tube at higher pressure, 6.5 MPa, are classified as
the macro-channel flow.
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The criteria for micro-mini-macro classification of flow have
been given with various parameters. The simplest one is the
Kandlikar’s criterion (Kandlikar, 2002; Kandlikar and Grande,
2003) with tube diameter Dp,

Macro-channel : 3:0 mm < Dp

Mini-channel : 200 lm < Dp < 3:0 mm
Micro-channel : Dp < 200 lm

ð1Þ

This criterion might be deduced based on the experimental
observation with air–water and/or refrigerant at relatively low
pressure. Based on the present flow pattern observation at high
pressure, where the density ratio is close to unity, the criterion
may be modified so as to include fundamental flow mechanisms.
When a horizontal flow is the case, one of the important features,
having a substantial influence on the heat transfer, is the phase
stratification, leading to a difference in heat transfer at the upper
and lower walls of the tube.

Kew and Cornwell (1997) proposed the threshold diameter
between macro-to-micro tubes given as a function of the Bond
number Bd by

Bd �
qLGgD2

p

r ¼ 4 ð2Þ

where g denotes the gravitational acceleration,qLG = qL � qG the den-
sity difference between gas and liquid, r the surface tension. The
gravity force tends to enhance phase stratification and the surface
tension force promotes axi-symmetric geometry of the interface
especially in a narrow channel. Fig. 4 represents the simplified
boundary by Kandlikar (2002) and the boundary predicted with Eq.
(2) for CO2 as a function of pressure. Based on the concept by Kew
and Cornwell (1997), 0.5-mm and 1-mm tube, used so far conducted
experiment by Yamamoto et al. (2007), are included in the range suf-
fering from a significant influence of geometrical confinement and
surface tension below 5 MPa, while the 1-mm tube suffers less influ-
ence above 6 MPa. Actually, the 1-mm tube is very close to the macro-
to-micro boundary. The present 2-mm and 3-mm tubes belong to the
macro-channel group beyond 4.5 MPa. The flow patterns shown in
Fig. 2 and maps support this classification.

Schael and Kind (2005) presented flow pattern map of CO2

obtained in Dp = 8.62-mm tube at p = 3.97 and 2.64 MPa with mi-
cro-fin on a inner surface. Although the pressure level of their
experiment is lower than the present case, the slug–annular
regime penetrates into the predicted annular flow region similarly
to the present case, and moreover the flow pattern map by Schael
and Kind is on the whole similar to the present 2-mm tube data,
which also support that 2-mm tube is included in the macro-tube
category. Based on Eq. (2), Schael and Kind’s data range in Bond
number from 104 to 161. In cases of air–water system, on the other
hand, the Bond number becomes 0.132 in 1-mm tube, and reaches
Fig. 4. Boundaries of macro-to-micro channel by Kandlikar (2002) and Kew and
Cornwell (1997).
only just 2 in 4-mm tube. Triplett et al. (1999) belongs to this
range. Weisman’s diagram (Weisman et al., 1979) is based on
macro-channels ranging 11.5–94 mm and the Bond number ranges
17–1170, although Weisman’s intermittent-annular boundary is
close to Revellin and Thomes’s curve for 5.0 MPa CO2.

As described above, so far proposed flow pattern transition cri-
teria have a difficulty in predicting slug–annular flow being a quite
important in interpreting the intermittent dryout at the upper wall
as described below. In this regard, the presented data of the flow
patterns of high-pressure CO2 may be useful in possible improve-
ments of the transition criteria. In this paper, however, alternative
approach, i.e. pattern dynamics approach, is conducted to realize
void fraction fluctuation pattern, so that the flow pattern identifi-
cation becomes possible based on a statistical properties of void
fraction fluctuation, similarly to Jones and Zuber (1975).

4. Pattern dynamics approach to horizontal two-phase flow

Authors have developed a pattern dynamics model being referred
to as ‘‘discrete bubble model” aiming to simulate inherent fluctua-
tion of two-phase flow (Ozawa et al., 2007; Ami et al., 2007). This
model applied to an isothermal vertical flow has been verified in sta-
tistical and time-averaged characteristics of two-phase flow. The
discrete bubble model consists of a mass conservation equation of
gas phase and a limited number of momentum effects, and has a pos-
sibility of a variety of applications. An application to a horizontal
two-phase flow is also one of the cases. As the detailed description
of the model may be found elsewhere (Ami et al., 2008), here in this
paper only a draft is described in the followings.

The discrete bubble model is constructed based on the frame of
reference, being referred to as unit cell in this paper, having a
dimension of tube diameter Dp as illustrated in Fig. 5. Then the
two-phase flow is represented as a series of discrete bubbles, hav-
ing a geometrical similarity with the unit cell, along the tube,
where only one bubble of Db in diameter and also in length is
defined in each cell. Then the void fraction eG is given simply by
eG = (Db/Dp)3. In the figure, p denotes pressure, and i the cell num-
ber. Applying the void propagation equation, i.e. mass conservation
equation of gas phase, as a global rule, bubble movement is traced
with the help of several local rules demonstrating momentum con-
tributions, e.g. a volume expansion by pressure change, a wake
Fig. 5. Discrete bubble train.

Fig. 6. Flow pattern image and corresponding discrete bubble model.



Fig. 7. Slug flow model, Ozawa et al. (1985).
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effect of ascending bubble, a pressure drop, a slip relationship of
bubble, and phase re-distribution over neighbouring cells due to
the geometrical constraint.

Fig. 6 illustrates respective flow pattern in a horizontal flow and
corresponding images of the discrete bubble model. In each image,
the position of the bubble is slightly shifted towards upper boundary
considering the actual phase distribution shown in Fig. 2, while the
flow model is, in principle, one-dimensional, and thus the eccentric-
ity of the bubble in the tube has no significance. The principal con-
cept of this model is that actual bubbles are integrated or
disintegrated to form a hypothetical bubble train so as to meet the
requirement of the model. Then the large (or long) bubble in a slug
flow is represented by a series of discrete bubbles along the tube
as shown in Fig. 6, and annular flow is also represented by a bubble
train with the highest void fraction. So far proposed model is for a
vertical flow, and thus in application to a horizontal flow, at least
the pressure jump condition across each cell and the slip relationship
must be newly given so as to represent a principal feature of the hor-
izontal flow.

The pressure jump condition is formulated based on the regime-
based modeling of slug flow with well-known scooping–shedding
mechanism of a liquid phase by Dukler and Hubbard (1975). This
mechanism has been properly formulated by Ozawa et al. (1985),
Ozawa and Sakaguchi (1985) and Sakaguchi et al. (1987) by applying
Leibniz rule (Delhaye and Achard, 1976; Delhaye et al., 1981). Fig. 7
shows the flow model used in the analysis by Ozawa et al. (1985). The
flow field is subdivided into a large bubble section (left side of 1 and
right side of 4) and a liquid slug region (2-to-3). Boundary regions are
set at each of liquid slug nose (3-to-4) and tail (1-to-2), through
which liquid is scooped and shed, respectively. UL, UL1 and UL4 repre-
sent liquid velocity in the slug, liquid velocities beneath the bubble
at the slug tail and nose, respectively. The interface velocities, i.e. a
large bubble velocity and a liquid slug velocity, are denoted by UGS

and ULS, respectively. The hold-ups, i.e. liquid fraction (�1 � eG), in
the slug and of large bubble are denoted by eL, eL1 and eL4 as shown
in Fig. 7. In formulating the momentum balance across the large bub-
ble and the liquid slug, an accumulation of mass and momentum is
ignored in the boundary regions, 1–2 and 3–4, so that the mass
and momentum jump conditions are given by (Ozawa et al., 1985;
Ozawa and Sakaguchi, 1985)

p1 � p2 ¼ 0 ð3Þ

p2 � p3 ¼ dðqLeLULLSÞ=dt þ Dpf þ eLqLULðUL � ULSÞ
� eLqLULðUL � UGSÞ ð4Þ

p3 � p4 ¼ eL4qLUL4ðUL4 � ULSÞ � eLqLULðUL � ULSÞ ð5Þ

where t denotes time, Dpf a frictional pressure drop, LS the liquid
slug length, and suffixes 1–4 represent values corresponding to
each boundary.

Eqs. (3)–(5) are, in principle, applicable to the large bubble and
liquid slug system in a macroscopic framework, while we need
cell-to-cell jump condition in the unit-cell system shown in
Fig. 5. Then provided that these macroscopic relationships hold
even in the present unit-cell system, and in addition under a qua-
si-steady assumption, the pressure jump condition across the unit
cell is given by
pi�piþ1¼Dpf þeL;iþ1qLUL;iþ1ðUL;iþ1�UG;iþ1Þ�eL;iqLUL;iðUL;i�UG;iÞ ð6Þ

It should be noted here that the nose velocity UGS and the tail veloc-
ity ULS in Eqs. (4) and (5) are assumed to be equal to the bubble
velocity UG under the quasi-steady hypothesis.

The pressure drop across the liquid part between two-succes-
sive bubbles are calculated as a single phase flow of liquid,

DpfL ¼ k
Dp � Db

2Dp
qLULjULj; where k ¼ 0:3164Re�0:25 ð7Þ

The friction factor k is determined with the Blasius equation for tur-
bulent flow based on the experimental evidence and the examined
mass flux range (Reynolds number Re � 4000–19,000). The pressure
drop across the annular part around the large bubble is given by
(Wallis, 1969)

DpfB ¼ 4kw
Db

Dp

1
2
qLULjULj; where k ¼ 0:005 ð8Þ

A hydrostatic pressure difference, i.e. a liquid height difference,
affects the flow behavior, which becomes important in horizontal
stratified and wavy flows. Then the equivalent static head Heq,
which is determined based on a holdup and the hydrostatic pres-
sure distribution in the cross section (Sakaguchi et al., 1987), is
introduced into Eq. (6) in calculating pressure difference (Ami et
al., 2008) as

pi � piþ1 ¼ðDpfL þ DpfBÞ þ qLgðeL;iþ1Heq;iþ1 � eL;iHeq;iÞ=2

þ eL;iþ1qLUL;iþ1ðUL;iþ1 � UG;iþ1Þ � eL;iqLUL;iðUL;i � UG;iÞ ð9Þ

In a vertical flow focused in the previous papers (Ozawa et al.,
2007; Ami et al., 2007), the slip velocity is given based on a balance
between the drag and buoyancy forces exerted on a bubble, while
in the horizontal flow model it is necessary to introduce alternative
concept or equation as the local rule. In this paper, the slip velocity
is determined with the help of gas cavity velocity in emptying of
liquid-filled horizontal tube closed at one end (Zukoski, 1966).
Benjamin (1968) analyzed such emptying process of liquid as a
gravity current phenomenon and derived following relationship:

VB=
ffiffiffiffiffiffiffiffi
gDp

q
¼ 0:542 ð10Þ

where VB denotes the gas cavity velocity. This cavity velocity in a
stationary liquid corresponds to the slip velocity ur of the gas phase
relative to the liquid phase. In a flowing liquid, as the momentum
flux affecting on the cavity velocity is different from the stationary
liquid, the cavity velocity, i.e. the slip velocity in the present case, is
given by the modified formula by Weber (1981) and Sakaguchi et al.
(1990) as

urffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gDpqLG=qL

q ¼ 0:542� 1:76Bd�0:56 ð11Þ

This equation implies that the slip velocity is not only a function of
tube diameter, but also of the density difference and the surface
tension. Below a certain limiting diameter, the slip velocity
becomes zero, being well corresponding to the experimental obser-
vation of two-phase flow in a small-bore tube. Eq. (11) is thus appli-
cable only to the tube diameter beyond Bd = 8.19, e.g. 1.574 mm at
5.0 MPa of CO2. The zero cavity velocity corresponds to the case that
emptying does not occur from the liquid-filled horizontal tube, i.e.
phase stratification or phase-mal-distribution toward upper wall
does not occur. Then the flow pattern tends to be axi-symmetric be-
low Bd = 8.19. This critical value shown in Fig. 4 by dot-dash line is
about twice the threshold of Kew and Cornwell (1997). It should be
noted that the critical value Bd = 8.19 was obtained by extrapolation
based on the experimental data with air–water and larger sized
tubes. Thus the critical value may be modified and approach toward
the critical value of Kew–Cornwell. Below this critical value, the slip



Fig. 8. Void fraction fluctuation and respective probability density function (PDF), p = 5.0 MPa, Dp = 2.0 mm.
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velocity ur is set at zero. Applying these relationships, the pattern
dynamics simulation was conducted in the same manner as in the
previous paper (Ozawa et al., 2007; Ami et al., 2007), where the
other local rules and corresponding parameters or constants remain
unchanged from the vertical flow model. The obtained results were
statistically analyzed and the flow pattern was identified.

Fig. 8 shows typical void fraction fluctuation and respective
probability density function (PDF) obtained in the pattern dynam-
ics simulation. When the mass flux is low and the vapor quality is
also low, small triangular waves appear (upper left column). The
PDF represents almost single peak at very low void fraction.
Increased vapor quality, the amplitude of the void fraction fluctu-
ation increases and resultant PDF shows twin peaks at low and
high qualities (upper middle). Further increase in the vapor quality
is followed by almost constant void fraction and single peak at high
quality (upper right). These three typical patterns correspond to
bubbly, slug and annular flows, respectively. Such a feature is the
same as in the vertical flow (Jones and Zuber, 1975; Ozawa et al.,
2007; Ami et al., 2007). In the vertical flow simulation, churn flow,
corresponding to slug-to-annular flow transition, appeared, while
the void fraction fluctuation in the present horizontal flow is differ-
ent from those in a vertical flow, i.e. void fraction has also fluctua-
tion but is limited in an intermediate range of void fraction as
shown in the first two figures in the lower column of Fig. 8. This
flow pattern is considered as slug–annular flow in comparison
with the experimental observation. In the case of low mass flux
and relatively high vapor quality, another type of void fraction fluc-
tuation, being limited in rather high void fraction range, appeared
as in the last figure in the lower column. The highest void fraction
in this pattern reaches the limited value predetermined in the sim-
ulation, and thus the geometrical configuration is considered as an
annular flow but with very high waves on the liquid film. This pat-
tern corresponds to the wavy–annular flow.

In the present discrete bubble model the highest void fraction is
limited to 0.95, being reasonable for annular flow. In addition, the
present model deals with the movements of discrete bubbles in the
continuous liquid phase. Then droplets or entrainment of the liquid
and perfectly separated flow are out of scope. Moreover the
present model for horizontal flow takes into account the surface
tension effect not in determining bubble geometry but in the slip
velocity relationship. This makes it difficult to apply the present
model to so-called ‘‘micro-channel” in the range less than
Bd = 8.19, e.g. 1-mm and 0.5-mm tubes at 5.0 MPa (Yamamoto et
al., 2007; Ozawa, 2009). In reality, the simulation conducted for
1-mm tube with ur = 0 gave only an annular flow pattern. This dis-
crepancy from the experimental observation shown in Figs. A1 and
A3 may be improved by bringing a stability/instability mechanism
due to surface tension and flow into the model, which is a future
work left behind.

The flow pattern identification in the present simulation was
based on the characteristic feature of PDF of the void fluctuation
specified for each flow pattern as well as the following criteria:
Bubbly
 eGL < 0.1, eGH < 0.6, mainly single peak.

Slug
 eGL < 0.1, eGH P 0.6, twin peaks.

Annular
 eGL P 0.8, single peak at highest void fraction.

Slug–annular
 0.1 < eGL < 0.8, eGH < 0.95, twin peaks but is limited

in an intermediate region of the void fraction.

Wavy–annular
 0.1 < eGL < 0.4, eGH ffi 0.95, twin peaks but is

limited in a narrow region of the void fraction.
where eGL and eGH denote minimum and maximum void fractions
during the fluctuation, respectively.

The resultant flow pattern maps are shown in Fig. 9. The solid
and dashed lines are the boundaries by Cheng et al. (2008) and
Revellin et al. (2006) as in Fig. 3. Referring to the case of 2-mm
tube, the flow pattern maps are, on the whole, in good agree-
ment with the experimental results in Fig. 3, especially in regard
to slug–annular and annular flows. In the simulation, plug flow
is not identified, and is partly included in bubbly flow and the
rest in slug flow. Then the bubbly flow regime is relatively wide
compared with the experimental results. The wavy–annular flow
region in the simulation is nearly consistent with the experi-
ment, although the low mass flux condition was not fully exam-
ined in the experiments due to a limitation of experimental
apparatus. The present simulation is inappropriate, as mentioned



Fig. 9. Flow pattern map of 2-mm tube by simulation, solid lines: Cheng et al.
(2008), and dashed lines: Revellin and Thome (2006), see Fig. 3 for legend of each
region.

Fig. 10. Heat transfer coefficient at the upper and bottom walls of 2-mm tube.
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above, to the perfectly separated stratified and wavy flows and
the mist flow, and therefore these flow patters are not included
in the maps of Fig. 9.

As mentioned above, the present discrete bubble model for hor-
izontal flow is very effective in a rough estimation of the flow pat-
tern. This model gives not only reasonable flow pattern prediction
but also reasonable time-averaged properties of the void fraction
and pressure drop (Ami et al., 2008). It is of course that such an
application is limited, at this stage, in the macro-channels.

5. Intermittent dryout due to phase stratification

The phase stratification becomes significant at high pressure.
When such flow pattern appears in a heated channel, the liquid
film at the upper wall becomes essentially thin even in the case
of low quality, which leads to the CHF at the upper wall while
keeping nucleate boiling state at the bottom. This condition is
referred to as ‘‘intermittent dryout” in the implication of alterna-
tive dryout and rewetting due to the intermittent flow, i.e. an
inherent fluctuation of void fraction. Referring to the experimental
results with 0.5-mm and 1-mm tubes (Yamamoto et al., 2007;
Ozawa, 2009), the heat transfer coefficient is almost the same at
both upper and bottom walls even in the intermittent flow pat-
terns, except only a limited range of pressure and heat flux. This
suggests that the vapor phase in the 1-mm or smaller tubes is
weakly mal-distributed in the cross section, i.e. phase stratification
is, if any, limited to a rather narrow region. Thus the critical heat
flux (CHF) condition is brought about almost simultaneously both
at the upper and bottom walls. On the other hand in 2-mm and
3-mm tubes, or 1-mm tube at higher pressure, e.g. 6.5 MPa, a
remarkable temperature difference due to the partial and temporal
dryout at the upper wall is anticipated due to the phase-stratifica-
tion or phase-mal-distribution tendency observed in the flow
pattern, e.g. in the slug and slug–annular flow.
Fig. 10 shows the heat transfer coefficients at the upper and
lower walls of the 2-mm tube. The heat transfer coefficients at
the upper and lower walls are almost constant against the quality
increase, and are equal with each other in relatively low pressure
region, namely below 6.4 MPa. This constant heat transfer coeffi-
cient indicates nucleate boiling being dominant. Beyond a certain
critical quality, around 0.7–0.8 in this case, the CHF takes place
and the heat transfer coefficient decreases drastically to a level of
post-dryout heat transfer. Beyond 6.4 MPa, the heat transfer coef-
ficient initiates to decrease moderately but at lower quality, i.e.
the CHF initiates, at the upper wall. Further increase in the pres-
sure results in a decrease in the critical quality. During such CHF
at the upper wall, the lower wall is still at the nucleate boiling.
In the 3-mm tube, the intermittent dryout takes place even at
p = 5.5 MPa being lower than the 2-mm-tube case (Tanaka,
2009). This fact suggests that the phase-stratification tendency is
much more significant in the 3-mm tube than in the 2-mm tube.
It should be noted here that the heat transfer coefficients plotted
in Fig. 10 are calculated with time-averaged values of wall temper-
ature suffering from alternative dryout and rewetting. In reality,
the tube wall of 2-mm tube was relatively thick, and the damping
and phase lag of the temperature response was large so that the
temperature fluctuation was hardly detected. On the other hand
in the 3-mm tube, the temperature response was slightly
improved, and the temperature fluctuation was clearly detected
at the upper wall, while the bottom wall was kept at almost con-
stant temperature (Tanaka, 2009).

The phase-stratification tendency is, as mentioned above,
measured with the Bond number Bd. An increase in diameter
from 2.0 mm to 3.0 mm corresponds to 2.25 times greater in
Bd, and a increase in pressure from 5.0 to 6.5 MPa leads to
0.68 times in density difference, 0.24 times in surface tension,
and thus 2.83 times in Bd. If the 1-mm tube is the case, Bd
becomes 1/9 times of the 3-mm tube. In addition to the consid-
eration on the Bond number, the liquid film dryout is a function
of evaporation rate normal to the vapor–liquid interface, i.e. the
heat flux, the mass flux, and the latent heat of vaporization,
which are measured with the Boiling number Bo defined by
q/(GhLG), where hLG is a latent heat of vaporization.



Fig. 11. Occurrence of intermittent dryout.

Fig. 12. Slug flow model with scooping–shedding mechanisms by Dukler and
Hubbard (1975).

706 M. Ozawa et al. / International Journal of Multiphase Flow 35 (2009) 699–709
Fig. 11 shows the operating condition of the intermittent dryout
as a function of the Bond and Boiling numbers based on the dis-
crimination on the grounds of an appearance of heat transfer dete-
rioration at the upper wall relative to the bottom wall. The plotted
data includes those of 1-mm and 3-mm tubes. The vertical dashed
line represents Bd = 8.19, the critical Bond number for phase strat-
ification. Although the intermittent dryout would be a function of
not only these two parameters but also the vapor quality and other
parameters, the plotted data suggests that these two parameters,
Bd and Bo, are available in rough prediction of an appearance of
the intermittent dryout, i.e. the upper-right region beyond the
dashed line confined by Bd > 8.19 and Bo > 3.5 � 10�4 in the pres-
ent data.

The intermittent dryout tends to occur at high heat flux, and low
mass flux condition. In addition, the heat transfer below the dryout
quality is dominated by the nuclear boiling, being typically ex-
pected due to the fact that the heat transfer coefficient is an increas-
ing function of the heat flux, and on the contrary a weak function of
the quality. Provided a slug flow, being typical intermittent flow,
when a liquid slug arrives, the upper wall is sufficiently wetted
and thus the nucleate boiling takes place. When a large bubble with
thin liquid film at the upper wall arrives, this thin liquid film is
quickly dried out by the heat addition. Then the inner wall temper-
ature increases drastically under the constant heat flux. The suc-
ceeding liquid slug then arrives at the reference position, and
thus the dried-out wall is quenched again so that the nucleate boil-
ing is recovered. As the liquid slug and the large bubble arrive alter-
natively, the measured temperature at the outer wall becomes a
moderate value, i.e. an integral-averaged value due to the heat
capacity and thermal diffusion of the tube wall. In order to formu-
late or to conduct phenomenological analysis on such intermittent
dryout, it is preferable to make regime-based modeling, but not
with the discrete bubble model. This is mainly because the present
model is based on the one-dimensional hypothesis and thus is not
suited to predicting geometrical configurations in three-dimension
including phase-stratification phenomena.

6. Prediction of heat transfer coefficient during intermittent
dryout

In order to simulate alternative dryout and rewetting during the
intermittent dryou, it is preferable to use the slug flow model by
Dukler and Hubbard’s scooping–shedding mechanism (1975),
being the most prominent and well-accepted one, i.e. the liquid
slug is transported in a quite similar manner to a progressive wave.
Fig. 12 demonstrates the slug flow model. The flow model is, in
principle, the same as in Fig. 7. As to the geometrical configuration,
LS means the liquid slug length, a large bubble length LB, and a qua-
si-steady slug flow, i.e. successively aligned slug unit of the length
LT, composed of a liquid slug and a large bubble, is provided. The
time fractions of liquid slug and large bubble passing through a
certain reference point are easily converted to the length fractions
of liquid slug and large bubble, respectively, in quasi-steady state.
Then the heat transfer coefficient is approximately given as the
weighted-mean value of the heat transfer coefficient aS in the
liquid slug and post-dryout heat transfer coefficient aB in the large
bubble,

aTP ¼ aS
LS

LT
þ aB

LB

LT
ð12Þ

where the length LT of the slug unit is given as a function of slug fre-
quency fS and the average velocity UL of fluid in the slug (Dukler and
Hubbard, 1975):

LT ¼
ð1� rÞUL

fS
ð13Þ

UL ¼
GL

qL
þ GG

qG
ð14Þ

GL and GG denote liquid and vapor mass fluxes, respectively, and r
the scooping ratio, i.e. the ratio of scooped mass flow rate to the
mass flow rate in the slug. The liquid slug length LS is given by

LS ¼
UL

fSðeGB � eGSÞ
GL

qLUL
� ð1� eGBÞ þ rðeGB � eGSÞ

� �
ð15Þ

where eGB and eGS denote the void fraction at the large bubble tail,
and the void fraction in the slug, respectively. The scooping ratio r
is given by Dukler and Hubbard (1975).

r ¼ 0:021 lnðReSÞ þ 0:022 ð16Þ

where

ReS ¼ DpUL
qLð1� eGSÞ þ qGeGS

lLð1� eGSÞ þ lGeGS
ð17Þ

Then the large bubble length LB is given by

LB ¼ LT � LS ð18Þ

Once the void fractions, eGS and eGB, are specified, these lengths are
calculated. This, however, is not an easy task because of lacking
suitable correlations and/or prediction methods. Thus in the present
paper, both void fractions are given as input parameters so that the
resulting heat transfer coefficient coincides to the experimental
data.The heat transfer coefficient aS in the slug is given by
Schrock–Grossman-type correlation,

aS

aL0
¼ K1½Bo� 104 þ K2X�2=3� ð19Þ

where X is the Martinelli parameter, and aL0 a single-phase heat
transfer coefficient given by Dittus-Boelter’s equation at the total
mass flow rate as a saturated liquid. This hypothetical state is in a
turbulent flow as mentioned above. The constants K1 and K2 are



Fig. 13. Prediction of intermittent dryout at the upper wall of 2-mm tube, right
column represents adopted void fractions.

Fig. A1. Observed flow pattern of CO2, Dp = 1.0 mm.
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determined so as to meet the data of the 2-mm tube, but retaining
simple calculation as follows:

K1 ¼ 1:9; K2 ¼ 0 ð20Þ

The disregard for convective component is due to the experimental
evidence of the nucleate boiling being dominant. The post-dryout
heat transfer coefficient aB in the large bubble is given by Dougal
and Rohsenow’s correlation (1963), being easy to apply to the pres-
ent calculation, although the accuracy is not verified and sophisti-
cated model by Roko and Shiraha (1981) shows rather better
agreement with the experimental data in the post-dryout region.

aB ¼ 0:023
kG

Dp

qGGDp

lG

x
qG
þ 1� x

qL

� �� �0:8

Pr0:4
G ð21Þ

where kG is the thermal conductivity of gas, and PrG the Prandtl
number of gas. In the course of calculation, if the slug length LS

exceeds the length LT of the slug unit, LS and LB are set as

LS ¼ LT ; LB ¼ 0 ð22Þ

and the heat transfer coefficient is given by

aTP ¼ aS ð23Þ

The time-averaged heat transfer coefficient obtained in such a way
is shown in Fig. 13, together with the specified void fractions in the
liquid slug and at the large bubble tail (right side column). The hor-
izontal line below the dryout quality given by Schrock–Grossman-
type correlation, and the curves given by the present model are in
good agreement with the experimental data. Thus the present
regime-based modeling is effective in interpreting the possible
mechanism of the phenomenon.

7. Conclusion

Experimental investigation on the flow pattern and boiling heat
transfer of CO2 in sub-critical pressure region was conducted with
horizontal small-bore tubes of 1.0 mm, 2.0 mm and 3.0 mm in
diameter. The phase stratification is significant even at high pres-
sure with a small density difference, and thus the flow patterns
observed in the tubes are consistent to those of the macro-channel,
except 1-mm tube at 5.0 MPa which is close to the micro-channel.
The observed flow pattern map suggests that the slug–annular
flow occupies rather wide region penetrating into the annular flow
region predicted by so far proposed criteria. This is also observed in
the numerical simulation based on the pattern dynamics approach
developed for a horizontal flow simulation.

The slug and slug–annular flows together with the effect of
phase stratification leads to the intermittent dryout at the upper
wall, while the bottom wall remains still a nucleate boiling state.
Such an intermittent dryout has a close relationship with the Bond
and the boiling numbers. With the help of the slug flow model by
Dukler and Hubbard, the heat transfer coefficient during the inter-
mittent dryout was examined, and the postulated heat transfer
model was found to demonstrate the relevant mechanism.
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Appendix A

The flow patterns observed in 1-mm and 3-mm tubes are
shown in Figs. A1 and A2, respectively, and the flow pattern maps
are also shown in Figs. A3 and A4 for reference. Heat transfer data
and detailed descriptions are found elsewhere (Yamamoto et al.,
2007; Ozawa, 2009; Tanaka, 2009).



Fig. A2. Observed flow pattern of CO2, Dp = 3.0 mm.

Fig. A3. Flow pattern map of CO2 in 1-mm tube. Solid line: Cheng et al. (2008), and
dashed line: Revellin and Thome (2006), IB: isolated bubble, CB: coalescing bubble,
A: annular flow.

Fig. A4. Flow pattern map of CO2 in 3-mm tube. Solid line: Cheng et al. (2008), and
dashed line: Revellin and Thome (2006), IB: isolated bubble, CB: coalescing bubble,
A: annular flow.
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