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a b s t r a c t

A passive phase separation concept was proposed to modulate flow pattern in a condenser tube. An
empty mesh cylinder is suspended in the condenser tube. The miniature mesh pores prevent gas bubble
entering the mesh cylinder but capture liquid into the mesh cylinder, ensuring largest possibility for cold
tube wall directly contacted with gas to form the perfect thin liquid film condensation heat transfer. We
performed the air–water two-phase flow experiment. It was found that for a relatively higher liquid
height in the horizontal tube, all liquid can be captured by the mesh cylinder to form the ‘‘gas-float-
ing-liquid’’ mode. If the liquid height is small in the horizontal tube, partial liquid can be sucked by
the mesh cylinder, the contact area between tube wall and gas is increased. When plug flow reaches
the mesh cylinder surface, elongated saddle bubbles are formed in the annular region to envelop the
mesh cylinder surface. When bubbly flow in the horizontal tube approaches the mesh cylinder area, min-
iature bubbles can merge to form large bubbles in the annular region. For the later two cases, all the gas
flow rate is flowing in the annular region and the inside mesh cylinder is the liquid.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The condensation heat transfer occurs in many industry appli-
cations such as air-conditioning, refrigeration, automotive and pro-
cess industries. Increasing the condenser efficiency in these
applications saves space and material and limits the refrigerant
load. Higher efficiencies of these systems also reduce the running
cost and environmental impact.

Recently, the low grade energy utilization has been received
great attention due to the energy and environment problem. An
efficient Organic Rankine Cycle (ORC) is a good solution to convert
the low grade thermal energy (T < 300 �C) into electricity (David
and Neil, 2010). In addition to search a better thermodynamic cycle
and organic working fluids, a high condenser performance is also
required. Under the operation condition of an ORC, the tempera-
ture difference between the organic fluid and the environment
coolant (air or water) for the condenser should be small to ensure
a large turbine power output. This requires a large heat transfer
area of the condenser, increasing its fabrication cost. Besides, the
condenser performance is quite sensitive to the dynamic variation
of the coolant flow rate and temperature. The condenser perfor-

mance should be good enough to ensure full condensation of fine
bubbles of the organic fluid. Otherwise, the gas-corruption phe-
nomenon is significant if the fine gas bubbles are attacking the
rotating blades of the organic pump, shortening the pump lifetime.

Even though extensive studies have been performed on the con-
densation heat transfer in the past century, it is a long way to fully
understand the complicated mechanism. In fact, the condensation
heat transfer is strongly related to the vapor–liquid phase distribu-
tion in tubes. Dobson and Chato (1998) studied the condensation
in smooth horizontal tubes. They pointed out that the heat transfer
behavior depended significantly on the flow pattern. The gravity-
dominated wavy flow prevailed at low mass fluxes, and film con-
densation was the dominant heat transfer mode. The bottom part
of the tube that is immersed by liquid has less contribution to
the heat transfer. At the highest mass fluxes, vapor shear domi-
nated and annular or annular-mist flow prevailed over nearly the
entire vapor quality range with forced-convective condensation
as the prevailing heat transfer mode. This regime was character-
ized by heat transfer coefficients that decreased substantially with
decreases in vapor qualities and mass fluxes. The heat transfer
coefficients are quite sensitive to the liquid film thickness with
the development of the condensation flow in the tube. At interme-
diate mass fluxes, wavy flow heat transfer behavior was observed
at low qualities but became dominated by annular flow at higher
mass fluxes. Recently, Lips and Meyer (2012) performed an exper-
imental study of convective condensation of R134a in an 8.38 mm
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inclined smooth tube. They presented flow patterns and heat
transfer coefficients during condensation for different mass fluxes
and vapor qualities for the whole range of inclination angles (from
vertical downwards to vertical upwards). They found that the heat
transfer coefficient is strongly affected by the liquid and vapor dis-
tributions and especially by the liquid thickness at the bottom of
the tube for stratified flows. Thus it is necessary to develop a mech-
anistic model of flow pattern maps to achieve a predictive tool for
the heat transfer coefficient in convective condensation in inclined
tubes.

Qualitatively, for the gas–liquid or vapor–liquid two-phase flow
in tubes, the liquid phase tends to populate near the wall and the
gas phase tends to accumulate in the tube core. This conclusion can
be verified by examining the void fraction distribution over the
tube cross-section. Always, the void fractions attain the maximum
value at the tube centerline and decrease with the distance away
from the tube centerline. Such gas–liquid phase distribution is
helpful to prevent the dryout at the wall surface for the boiling
flow. However, for the condensation heat transfer in tubes, the
large liquid thickness near the tube wall separates the tube wall
from the saturated vapor, inducing a large thermal resistance due
to the thick liquid thickness. In other words, the gas–liquid phase
distribution does not harmonize with the condensation heat trans-
fer. Various techniques to improve the condenser performance
have been proposed in the literature and applied in many industry
sectors. They can be found in consecutive review articles such as
Cavallini et al. (2003), Dalkilic and Wongwises (2009), and Lips
and Meyer (2011). The micro-groove tubes (Graham et al., 1999),
micro-fin tubes (Cavallini et al., 2000), herringbone tubes (Miyara
and Otsubo, 2002), helically corrugated tubes (Suriyan and Somc-
hai, 2010) increase the heat transfer coefficient by mixing the fluid
boundary layers and also by limiting the growth of fluid boundary
layers close to the heat transfer surfaces. These techniques do not
involve the flow pattern modulation in tubes.

Here we proposed a passive phase separation concept to create
a distinct phase distribution in the tube cross section to yield good
condenser performance. We suspended an empty mesh cylinder in
a condenser tube, forming an inner region and an annular region
between the tube wall and the mesh cylinder. The mesh cylinder
acts as a gas bubble filter thus the gas phase flows in the annular
region. Liquid can be sucked into the mesh cylinder through the
miniature pores of the mesh by the capillary force. Thus the gas
and liquid phases mainly populated near the tube wall region
and the tube core region, respectively. Such phase distribution is
thoroughly inverse to that in a conventional condenser tube. An
adiabatic air–water two-phase flow experiment with horizontal
orientation was performed to verify the phase distribution in
tubes. It was found that when the liquid content is relatively large,
the mesh cylinder can hold all the liquid with the tube wall surface
fully contacted with the gas phase. If the liquid height is small, par-
tial liquid can be sucked by the mesh cylinder, and the contact area
between the tube wall and the gas is increased. The mesh cylinder
can modulate the plug flow to form elongated saddle bubbles in

the annular region. Besides, miniature bubbles can merge to form
large bubbles in the annular region. For the later two cases, all
the gas flow rate is flowing in the annular region and the inside
mesh cylinder is the liquid. It is expected that such a condenser
tube can significantly enhance the condensation heat transfer,
which is being verified by the continuous condensation heat trans-
fer experiment.

2. Design of the condenser tube and its working principle

In order to ensure the vapor phase having the largest possibility
to contact with the tube inner wall, the central idea is to use a pas-
sive gas–liquid separator made of a single layer of mesh. Fig. 1
shows the design. Inside of the condenser tube mainly consists of
an inner region and an annular region. Inlet of the mesh cylinder
is a taper, or just a flat side mesh surface. Exit of the mesh cylinder
is open to discharge the separated liquid. The inner region is
empty. The mesh cylinder is uniformly suspended in the tube,
but supporting structure may be needed.

When a gas (vapor)–liquid two phase flow stream is approach-
ing the mesh cylinder region, the miniature pores have two func-
tions. One is to prevent gas bubble entering the inner region,
thus the gas phase is expected to flow in the annular region. The
other is to suck the liquid towards the inner region. Due to the
above two functions of the mesh pores, the gas and liquid phases
are separated to flow in the two different regions. Such phase dis-
tribution is totally inverse to that in a conventional bare tube, and
is very helpful for the condensation heat transfer because the sat-
urated vapor can be directly contacted with the cold tube wall sur-
face, forming the perfect thin film condensation heat transfer
mode.

The mesh pore size should be small enough to prevent gas bub-
bles entering the inner region and pump the liquid towards the in-
ner region. The effective pore diameter is suggested to have the
criterion of deff <

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=gðql � qgÞ

q
(Xu and Zhang, 2005), where r

is the surface tension force, g is the gravity, and ql and qg are the
liquid and gas densities, respectively. For most gas–liquid systems,
deff is on the order of millimeter.

Fig. 2a shows the stainless steel mesh cylinder used for this
experiment. The PPI (pores per inch) is 60. Each pore has a rectan-
gular cross section with its size of 0.3 mm by 0.3 mm. The stainless
steel ligament has a diameter of 0.1 mm. Fig. 2b is a picture of the
fabricated mesh cylinder suspended in a glass tube. The inlet of the
mesh cylinder is a flat pore surface. The outer diameter of the mesh
cylinder is 9.32 mm.

3. Experiment

3.1. The test section

In order to study effect of the mesh cylinder on the phase distri-
bution, two test sections are fabricated. Fig. 3a and b shows the test

Mesh side surface  
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Gas-liquid flow  Open exit  

Supporting structure 

Annular region 

Inner region 

Fig. 1. The newly proposed condenser tube.
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sections without and with the inserted mesh cylinder. Both test
sections had a mixer at the entrance, having a short tube-in-tube
geometry. Deionized water and air enter the test section from in-
lets 1 and 2, respectively. A set of miniature needles were uni-
formly distributed within the inner tube wall thickness (referred
as 4 in Fig. 3). Air enters the annular region of the mixer and is dis-
charged into the tube as air jets through the capillary holes of nee-
dles. A one-dimensional coordinate x was arranged with the
original point starting from the mixer end. Two pressure ports (re-
ferred as 3 in Fig. 3) are arranged along the axial direction within a
distance of 600 mm. The first pressure port starts from
x = 1650 mm. A pressure drop transducer connects the two pres-
sure ports to measure the pressure drop. The two test sections
are made of glass so that the flow pattern visualization can be
performed.

The glass tube had a total length of 2500 mm (not including the
mixer), with an inner diameter of 13.08 mm and a tube wall thick-
ness of 2.0 mm. For the second test section, the mesh cylinder is
uniformly suspended in the glass tube by using three supporting
structures (not shown in Fig. 3b). The mesh cylinder starts from
x = 1500 mm, with an open end. The outer diameter of the mesh
cylinder is 9.32 mm, forming an annular gap of 1.88 mm between
the tube inner wall and the mesh cylinder. Two water tanks are

used to collect the liquid flow rate from the inner region (referred
as 6) and the annular region (referred as 7), respectively (see
Fig. 3b).

3.2. The experimental setup

Fig. 4 shows the experimental setup. A water pump with vari-
able speeds provides the water flow rate to the test section. A filter
at the pump inlet prevents particles entering the test section.
Depending on the flow rate for each run, the water flow rate was
measured by one of the two turbine flowmeters, having the ranges
of 0.2–2 m3/h and 0.6–6 m3/h respectively. An air compressor sup-
plies the air flow rate to the test section. The air flow rate was mea-
sured by one of the three rotameters, with the ranges of 16–160 l/
h, 0.1–1 m3/h and 1–10 m3/h respectively. The water and air flow
rates enter the mixer of the test section. All the five flowmeters
have accuracies of 0.5% within their own flow rate range. The pres-
sure drop transducer has the accuracy of 0.1%. A high speed camera
captures the flow patterns for the two test sections. A software
(Photoshop CS5) analyzes the image pixels to locate the exact
gas–liquid interface with a resolution of 1 lm.

The test section was exactly horizontally positioned. For the test
section without the mesh cylinder inserted (see Fig. 4), the fluid at

(a) (b)
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Fig. 2. Stainless steel mesh to fabricate the mesh cylinder ((a) for the mesh image measured by a microscope, (b) for the fabricated mesh cylinder inserted in a glass tube).
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Fig. 3. Test sections for flow pattern measurement ((a) for the bare glass tube, (b) for the glass tube with a mesh cylinder inserted, 1: water inlet, 2: air inlet, 3: pressure tap,
4: needle, 5: mesh cylinder, 6: outlet fluid from the mesh cylinder to tank 1, 7: outlet fluid from the annular region to tank 2, note that all dimensions are in mm).
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the test section outlet was collected by a tank. The outlet air was
discharged into the environment directly but the water was col-
lected by the tank. For the second test section, two tanks collect
the water flow rates from both the inner region and annular region
respectively, which was described in Section 3.1 but not shown in
Fig. 4.

The superficial velocities of liquid and gas phases are defined as

Jl ¼
Ql

A
; Jg ¼

Qg

A
ð1Þ

where Ql and Qg are the volume flow rates of liquid and gas phases,
A is the tube cross section area. During this experiment, Jl and Jg

have the ranges of 0.01–2.0 m/s and 0.1–10 m/s respectively.

4. Results and discussion

4.1. Flow patterns in the horizontal glass tube

Many text books on the two-phase flow and heat transfer de-
scribe the flow patterns in horizontal tubes. Fig. 5 shows typical
flow patterns in the present horizontal tube. Over the ranges of
flow rates for gas and liquid phases, stratified smooth, stratified
wavy, plug, slug and annular flows are observed. These flow pat-
terns are described as follows:

(a) Stratified smooth flow. This pattern only occurs at very low
liquid and gas velocities. The two phases flow separately
with a relatively smooth interface.

(b) Stratified wavy flow. As the gas velocity is increased the inter-
face becomes disturbed by waves traveling in the flow
direction.

(c) Plug flow. Plugs of gas, formed from many bubbles coalesc-
ing, flow in continuous liquid phase.

(d) Slug flow. A further increase in gas velocity causes the waves
at the interface to be picked up to form a frothy slug which is
populated along the channel at a high velocity. The upper
surface of the tube behind the wave is wetted by a residual
film which drains into the bulk of the liquid. A set of bubble
slugs are separated by specific length of liquid bridges.

(e) Annular flow. A still higher gas velocity results in the forma-
tion of a gas core with a liquid film around the periphery of
the pipe. The film may or may not be continuous around the
entire circumference but it will, of course, be thicker at the
base of the pipe. Miniature liquid droplets may be entrained
in the gas core.

Fig. 6 shows the flow pattern map in the 13.08 mm diameter
tube. Besides, the transition boundaries of various flow patterns
are marked according to Mandhane et al. (1974). The present mea-
sured flow patterns generally match the transition boundaries re-
ported by Mandhane et al. (1974).

4.2. Flow pattern modulation by the inserted mesh cylinder

4.2.1. Stratified flow pattern modulation
4.2.1.1. The full liquid capture case. It is observed that there are two
modes of stratified flow pattern modulations by the mesh cylinder.

Test section

Pump
Filter

Water tank

Turbine flowmeter

Air compressor

Rotameter

Mixer

High speed camera 

Δ P

Fig. 4. Experimental setup for flow pattern measurement.

Flow pattern Running parameter Flow pattern image

Stratified smooth
Jg =0.4m/s, 

Jl =0.054m/s

Stratified wavy
Jg =12.14m/s, 

Jl =0.067m/s

Plug
Jg =0.21m/s, 
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Fig. 5. Flow pattern observed in the bare horizontal glass tube (xs = 1950 mm, xe = 2190 mm, xs and xe refer the start and end locations of the illustrated image, respectively).
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One is the full liquid capture mode (called the ‘‘gas-floating-liquid’’
mode). The other is the partial liquid capture mode. Fig. 7 shows a
set of images for the stratified flow pattern modulation in the mil-
lisecond timescale for the first mode. By carefully examining pixels
of the visualized images, we could identify the liquid height from
the tube bottom along the flow direction. The visualization zone
starts from xs = 1455 mm and ends at xe = 1555 mm with an axial
distance of 100 mm. It is noted that the O-ring supporting struc-
ture is located at x = 1560 mm, that is beyond of the visualization
zone of Fig. 7. Three cross sections are illustrated with marked li-
quid and gas phase distribution. The liquid height was 5.88 mm
for the stratified flow at the mesh cylinder upstream (see the A–
A cross section in Fig. 7). Once the stratified flow reaches the mesh
cylinder surface, the capillary pumping effect causes different li-
quid levels in the inner region and the annular region of the tube
(see the B–B cross section in Fig. 7). For instance, the liquid height

was 6.48 mm in the inner region but it was only 3.45 mm in the
annular region over the B–B cross section. The liquid suction pro-
cess is over within an axial distance of 13 mm, followed by the
steady state flow. The C–C cross section demonstrates the state un-
der which all the liquid is within the mesh cylinder, floated by the
gas phase in the annular region, referred as the ‘‘gas-floating-li-
quid’’ mode. The capillary force created by mesh pores is balanced
by the liquid gravity force in the vertical direction. We note that
the contact area between tube inner wall and gas is 218.4 cm2/m
in the upstream A–A cross section, but it is increased to
433.3 cm2/m in the downstream C–C cross section. It is also noted
that the contact area between the gas and liquid interface per unit
flow length is 174 cm2/m in the downstream C–C cross section,
which is larger than the value of 130 cm2/m in the upstream A–A
cross section without inserting the mesh cylinder (see Fig. 7), caus-
ing the increased momentum exchange between the gas and liquid
phases. In other words, the shear force acting on the liquid phase is
increased when the mesh cylinder is involved, causing the faster li-
quid transport in the downstream mesh cylinder region.

In order to further verify the ‘‘gas-floating-liquid’’ mode, we col-
lect the fluids at both outlets of the mesh cylinder (inner region)
and annular region of the tube respectively. It is found that the li-
quid flow rate from the mesh cylinder outlet is exactly equal to
that measured by the liquid flowmeter at the pump outlet. Besides,
it is found that there is no any liquid coming out from the annular
region of the tube (see Fig. 8). The ‘‘gas-floating-liquid’’ mode is
very helpful for the condensation heat transfer. This is because
the entire tube inner wall surface is thoroughly covered by the va-
por phase, ensuring the perfect thin liquid film condensation heat
transfer between the cold wall surface and the vapor.

4.2.1.2. The partial liquid capture case. It is observed that the ‘‘gas-
floating-liquid’’ mode takes place at relatively higher liquid level
in the horizontal tube. Generally, the liquid height is decreased
with decreases in the liquid superficial velocities. At relatively
lower liquid height, part of liquid can be captured by the mesh
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Fig. 6. The flow pattern map in the bare horizontal glass tube and comparison with
Mandhane et al. (1974, B: Bubbly flow region, P: Plug flow region, S: Slug flow
region, A: Annular flow region, SS: Stratified smooth flow region, SW: Stratified
wavy flow region).

Fig. 7. Flow pattern evolution in different cross sections (full liquid capture case, Jg = 0.335 m/s, Jl = 0.054 m/s, xs = 1455 mm, xe = 1555 mm).

16 H. Chen et al. / International Journal of Multiphase Flow 45 (2012) 12–23



Author's personal copy

cylinder. An initial liquid height was 4.22 mm in the bare tube sec-
tion at the gas and liquid superficial velocities of 0.335 m/s and
0.035 m/s respectively (see the A–A cross section in Fig. 9). Once
the stratified flow encounters the mesh cylinder, the capillary
pumping effect causes a higher liquid height of 5.56 mm in the
mesh cylinder but a lower liquid height of 1.88 mm in the annular
region (see the B–B cross section in Fig. 9). Further evolution of the
phase distribution of the gas and liquid yields the liquid heights of
5.56 mm in the mesh cylinder and 2.45 mm in the annular region
(see the C–C cross section in Fig. 9). At the steady state the inner
region and annular region share the same liquid height of
3.20 mm (see the D–D cross section in Fig. 9). By comparing Figs.
7 and 9, it is seen that the initial liquid wetting perimeter along
the mesh cylinder circumference plays an important role on the li-
quid hold up in the gravity direction (vertical direction). A lower
liquid superficial velocity may not cause the full ‘‘gas-floating-li-
quid’’ mode. Even though the liquid is not fully ‘‘floated’’ by gas,
the contacted area between the tube inner wall surface and the
gas phase is increased with the help of the mesh cylinder by com-
paring the A–A and B–B cross sections (see Fig. 9).

It is seen that the O-ring supporting structure has local effect on
the gas–liquid phase distribution (see Fig. 9). Because there is a
miniature gap between the supporting structure and the mesh cyl-

inder, the liquid height in the annular region is slightly increased
near the supporting structure area. However, the present study
found that when the flow approaches the steady state, the liquid
heights inside and outside of the mesh cylinder are the same, no
matter where is the supporting structure and if there is a support-
ing structure.

The liquid separation ratio k is defined as the mass flow rate of
liquid at the mesh cylinder outlet divided by the total mass flow
rate of liquid. Fig. 10 illustrates that the liquid separation ratios
are dependent on both the superficial velocities of liquid and gas
phases. The full liquid capture mode, i.e. the ‘‘gas-floating-liquid’’
mode appears at higher liquid superficial velocity of 0.054 m/s over
the gas superficial velocities from 0.1 to 1.0 m/s. For the partial li-
quid capture mode, the liquid separation ratios are increased with
increases in both the superficial velocities of liquid and gas phases.
At the gas superficial velocity of 1.0 m/s, k attains 0.5–0.8.

4.2.2. Intermittent flow pattern modulation
Intermittent flow pattern refers the plug flow and slug slow.

The two flow patterns share some common features. But plugs
are shorter and populate in the upper part of the horizontal tube.
Slugs are longer and occupy the whole cross section of the horizon-
tal tube. For both flow patterns, consecutive plugs or slugs are sep-
arated by liquid bridges. For the convective condensation heat
transfer with plug flow or slug flow in horizontal tubes, the con-
densation heat transfer coefficient is lower when liquid bridges
are sweeping the inner wall surface. Besides, because plugs may
not envelop the whole circumference of the tube inner wall sur-
face, heat transfer coefficients during the plug traveling process
is not too high.

We study the phase distribution modulation in plug and slug
flow regimes. A typical case was shown in Fig. 11 for Jg = 0.21 m/
s and Jl = 0.44 m/s. Flow pattern images are given at the upstream,
entrance and downstream of the mesh cylinder. We track the first
plug bubble with its length of 60 mm. The liquid bridge following
the plug bubble is 55 mm (see Fig. 11a). When the plug bubble is

No liquid comes out from the annular region 

Fig. 8. Image for outlet fluid from the mesh cylinder and annular region of the tube.

Fig. 9. Flow pattern evolution in different cross sections (partial liquid capture case, Jg = 0.335 m/s, Jl = 0.035 m/s, xs = 1435 mm, xe = 1615 mm).
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crossing the mesh cylinder surface, it is modulated to have three
parts: a saddle bubble front in the annular region, a bubble neck
at the annular region entrance, and a plug bubble tail out of the
mesh cylinder area (see Fig. 11b). Fig. 11c illustrates the full con-
finement of the saddle bubble in the annular region. The elongated
saddle bubble has a length of 105 mm, which is 1.75 times of that
shown in bare tube by comparing Fig. 11a and c. The liquid bridge
length is less changed to have a length of 55 mm.

Fig. 12 identifies the saddle bubble formation process. State A is
the time before a plug bubble encounters the mesh cylinder sur-
face. States B and C show that the plug bubble is crossing the mesh
cylinder entrance, in which the bubble neck is formed in state C. A
full saddle bubble is formed in state D. Over the data range in plug
and slug flow patterns, the gas phase never enters the inner region
of the mesh cylinder. Fig. 13 shows that outlet of the inner region is
the liquid without any gas bubble. All gas flow rate is flowing in the
annular gap between the tube inner wall and the mesh cylinder.
The liquid separation ratio can be high up to 90% at small liquid
superficial velocity of 0.1 m/s (see Fig. 14). It is decreased and at-
tains a constant value of 0.55 with increases in the liquid superfi-
cial velocities. Generally the liquid separation ratio is mainly
dependent on the liquid superficial velocities, weakly dependent
on the gas superficial velocities. This means that both inertial force
and surface tension force influence the liquid suction process to-

wards the mesh cylinder. The Weber number represents the iner-
tial force relative to the surface tension force, which is defined as

Wel ¼
qlJ

2
l deff

r
; Weg ¼

qgJ2
g deff

r
ð2Þ

Considering the liquid superficial velocities of Jl in the range of 0.1
to 1.0 m/s for the plug flow pattern modulation, the Weber number
based on Jl is in the range of 0.4–40, indicating that both inertial
force caused by liquid phase and surface tension force have influ-
ence on the liquid suction process. For lower liquid superficial
velocities, the liquid separation ratio is higher due to the stronger
effect of surface tension force. The liquid separation ratios are de-
creased and attain a constant value of about 0.55 with increases
in the liquid superficial velocities due to the enhanced influence
of the inertia force by the liquid phase. On the other hand, the We-
ber number based on the gas superficial velocity is in the range
from 4 � 10�5 to 4 � 10�3 with Jg in the range from 0.1 to 1.0 m/s,
indicating that the surface tension force is much stronger to influ-
ence the liquid suction process compared with the inertia force by
the gas phase. Thus the liquid separation ratios are weakly depen-
dent on the gas superficial velocities.

We note that the liquid separation ratios have different trends
versus superficial velocities of gas and liquid phases for the modu-
lations of intermittent flow pattern and stratified flow pattern. For
the later case, the liquid separation ratios are increased with in-
creases in both the superficial velocities of gas and liquid phases.

For the condensation in a horizontal bubble with an inserted
mesh cylinder, the condensation heat transfer can be significantly
enhanced by the following two mechanisms: (1) the significantly
increased contact area between the tube inner wall and the vapor
phase, (2) the increased moving speed of the saddle bubble in the
annular region.

4.2.3. Bubbly flow pattern modulation
Bubbly flow occurs at the end of a condenser tube and is an

important flow pattern to influence the condenser performance.
Miniature bubbles are difficult to be fully condensed, requiring a
longer condenser tube length. Considering an Organic Rankine Cy-
cle system, if miniature bubbles are not fully condensed, they will
attack the rotating blades of the fluid pump, shortening the pump
lifetime.

The thermal nonequilibrium between liquid and vapor phases
exist during the bubble condensation process. Usually miniature
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Fig. 10. The liquid separation ratios versus superficial velocities of liquid and gas.
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Fig. 11. Flow pattern modulation by the mesh cylinder with Jg = 0.21 m/s, Jl = 0.44 m/s ((a) flow pattern at the mesh cylinder upstream with xs = 960 mm and xe = 1275 mm,
(b) flow pattern at the mesh cylinder entrance with xs = 1340 mm and xe = 1656 mm, (c) flow pattern in the mesh cylinder downstream with xs = 1915 mm and
xe = 2220 mm).
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bubbles are suspended in the continuous liquid phase. The de-
crease of the bubble size is strongly dependent on the temperature
difference between the two phases. Bubble condensation in sub-
cooled liquid is controlled either by inertia or by heat diffusion.
In a highly subcooled liquid at the cost of large heat transfer area,
bubbles rapidly collapse satisfying the Rayleigh solution. If the
subcooling is low, bubble collapse takes longer and the process is
governed by diffusion of the latent heat away from the interface.
As noted by Vasil’ev (2003) and Kalman and Mori (2002), the ratio
of the Peclet to Jakob number (Pe/Ja) determines the heat transfer
mechanism where Pe/Ja� 1 leads to the heat diffusion mecha-
nism. But inertia dominates if Pe/Ja < 1. Both mechanisms are
important if Pe/Ja � 1.

The mesh cylinder modulates isolated miniature bubbles to
form larger merged bubbles that are directly contacted with the
cold tube inner wall surface. Thus the perfect thin film condensa-
tion heat transfer mode is ensured between the tube wall and
the vapor, similar to the annular flow pattern to hold high heat
transfer coefficient. Fig. 15 shows isolated miniature bubbles at

the mesh cylinder upstream. They begin to be close with each
other when they approach the mesh cylinder, and are fully merged
in the annular region of the tube. Fig. 16 shows the liquid phase
without any gas bubbles at the mesh cylinder outlet. It is found
that for the bubble flow pattern in the present data ranges of
superficial velocities of liquid and gas phases, the liquid separation
ratios are almost constant to have the value of 0.55.

4.2.4. Explanation of the phase separation concept by the mesh
cylinder

There are two mechanisms for the mass and momentum trans-
fer across the mesh pore surface. If the single-phase flow (either
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Fig. 12. The flow pattern evolution modulated by the mesh cylinder (Jg = 0.21 m/s, Jl = 0.44 m/s, xs = 1335 mm, xe = 1655 mm).

Fig. 13. Image at the mesh cylinder outlet and annular region for intermittent flow
pattern.
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gas or liquid) is continuously approaching the mesh pore surface,
the mass and momentum transfer across the two sides of the mesh
pores obeys the principle of the single-phase fluid dynamics. Under
such circumstance, nothing prevents gas or liquid flowing across
the mesh pores. The mass flow rate is dependent on the static pres-
sure difference and flow field across the two sides of mesh pores.

However, when an intermittent flow (plug, slug or bubble)
interacts with the mesh pores, the bubbles are difficult to enter
the mesh pores if the mesh pore surface is wet. This is based on
the fact that the surface energy of the gas bubble is increased when
it is forced to move from a relative large space into a small space
when a curved gas–liquid interface is within the mesh pores. Here
we gave an explanation on the prevention of bubbles entering the
mesh pores and the liquid suction through the mesh pores for an
initially wet mesh pore surface and intermittent flows. The strati-
fied flow pattern modulation by the mesh cylinder is easy to ex-
plain. The increased liquid height within the mesh cylinder is
caused by the capillary pumping effect in the vertical direction
which is perpendicular to the flow direction, similar to that a high-
er liquid height in a capillary tube can be sustained when the cap-
illary tube is standing in a liquid pool.

4.2.4.1. The bubble is prohibited to enter the mesh cylinder for
intermittent flows. Considering a large bubble with its diameter
identical to the condenser tube is penetrating a rectangular mesh
pore (see Fig. 17a), the surface energy of the gas bubble between
state A and B is expressed as

dE ¼ r4wds2� rpDds1 ð3Þ

where E is the surface energy, D is the tube inner diameter
(D = 13.08 mm), w is the width of the rectangular mesh pore
(w = 0.3 mm). The mass conservation yields the following equation
by neglecting the gas bubble density variation:

w2ds2 ¼ pD2

4
ds1 ð4Þ

On the other hand, the work required to transform the gas bub-
ble from state A to state B is

dK ¼ P1
pD2

4
ds1� P2w2ds2 ð5Þ

The dK being equal to dE yields the pressure difference as

P1 � P2 ¼ 4r 1
w
� 1

D

� �
ð6Þ

It is seen from Eq. (6) that because D� w, the second term of the
right side of Eq. (6) contributes much less to the pressure difference.
Giving r = 0.07275 N/m for air–water system at 20 �C and
w = 0.3 mm, P1 � P2 = 970 Pa. This indicates that the pressure differ-
ence of more than 970 Pa is needed to penetrate the front bubble
interface in mesh pores.

Similarly, if a bubble in the annular region of the condenser
tube is penetrating a mesh pore, the pressure difference can also
be deduced as (Tsai and Lin, 2002)

P1 � P2 ¼ 4r 1
w
� 1

d

� �
ð7Þ

where d is the gap distance of the annular region (d = 1.88 mm
here). Because d is about six times of w, P1 � P2 is also on the order
of 1 kPa.

Eqs. (6), and (7) indicate that a large pressure drop of about
1 kPa should be needed to penetrate a bubble front in the mesh
pore. It is noted that the penetrating of a bubble front over the
mesh pore does not mean that such a bubble can successfully enter
the mesh cylinder. There are two possible mechanisms for the pe-
netrating bubble to be separated from its mother bubble outside of
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Fig. 15. Bubble coalescence process in the bubbly flow region (Jg = 0.067 m/s, Jl = 0.9 m/s, xs = 1390 mm, xe = 1630 mm).

Fig. 16. Outlet fluid flow at the outlets of the mesh cylinder and annular region
(Jg = 0.067 m/s, Jl = 0.9 m/s).
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the mesh cylinder: (1) the viscous force from surrounding liquid
(see Fig. 17b), (2) the coalescence of many bubble fronts from
the mesh pore array to form a larger bubble (see Fig. 17c).

The capillary number (Ca) demonstrates the viscous force of the
continuous phase (liquid here) relative to the surface tension
force, which is expressed as Ca = ulll/qlr, where ul is the liquid
velocity acting on the gas bubble, ll is the liquid viscosity.
Having ll = 1.01 � 10�3 Pa�s, ql = 1000 kg/m3 for water, and
r = 0.07275 N/m at the air–water interface, the Ca number is in
the range of 1.4 � 10�6–1.4 � 10�5 with the liquid velocities in
the range of 0.1–1.0 m/s. The Ca number is so small that the bubble
neck cannot breakthrough the mesh pore (see Fig. 17b).

Alternatively, the coalescence of many bubble fronts can form a
large bubble, which can be separated from its mother bubble and
enter the mesh cylinder (see Fig. 17c). The second mechanism
should be verified by the future experiment. The prohibition of
the bubble coalescence is to ensure that the bubble fronts should
be within the mesh pores so that the bubble fronts never contact
with each other.

4.2.4.2. Liquid suction through mesh pores. The proposed condenser
tube involves the liquid suction process towards the mesh pores.
We consider a large bubble with its front traveling ahead in the
annular region (see Fig. 18a). The mesh pores are numbered as
the index i = 1,2,3. . .I along the flow direction. The bubble front
is consecutively sweeping the mesh pores. For instance, the bubble
front does not reach the #5 mesh pore at t = t0 (see Fig. 18a), with
the bubble interface indicated by the black color. The A–A cross
section is full of liquid before the bubble front reaches the #5 mesh
pore (see Fig. 18b). A curved gas–liquid interface is formed within
the #5 mesh pore at t1 = t0 + Dt, where Dt = w/ug, w is the mesh
pore width and ug is the moving speed of the bubble front. The
bubble interface is indicated by the red curve. Fig. 18c shows the
phase distribution at t = t1, indicating a thin liquid film on the tube
wall and a liquid core with curved gas–liquid interface. There are N
mesh pores along the circumference direction in the A–A cross
section.

There is no liquid sucked into the mesh cylinder when the static
gas–liquid interface is within the mesh pores (#1, 2, 3 and 4 mesh
pores in Fig. 18a). But liquid can be captured by mesh pores during
the dynamic sweeping process of the bubble front from the time
without an interface at t = t0 to the time with an interface at
t = t1. Following t > t1 no liquid can be sucked into the #5 mesh
pore but liquid can be sucked into the next mesh pore.

The capillary pressure is changed during the dynamic interface
formation process when the bubble front is sweeping the mesh
pore. The detailed analysis shall be performed using the interface
tracking technique such as VOF method. Here we use the porous
media theory to estimate the liquid suction velocity and flow rate
during such interface variation process. The capillary pressure is
zero at t = t0 (see Fig. 18b) and it has the following expression at
t = t1 (see Fig. 18c):

Dpc ¼ 4r cos a=deff ð8Þ

Eq. (8) is cited from Larson and Morrow (1981). Dpc is the capillary
pressure, deff is the effective pore diameter of the mesh, and a is the
wetting angle.

The contact angle for stainless steel mesh pore surface and
water was measured to be 81�, which is different from the value
of 70� for stainless steel plate and water (see Fig. 19). It is noted
that Fig. 19b shows a water droplet on a dry mesh pore surface.
The liquid droplet will be quickly spreading over the mesh pore
surface if such a droplet is impinging an initially wet mesh pore
surface and the contact angle approaches zero under such
circumstance.

Based on the Darcy’s equation, the pressure drop for the liquid
flow through mesh pores is

Dpl ¼
llul;s

K
Dx ð9Þ

where ul,s is the liquid suction velocity through mesh pores, Dx is
the mesh wire thickness, K is the porous permeability, which is ex-
pressed as

K ¼
ed2

p

32
ð10Þ

where e is the porosity of a single layer mesh, dp is the pore diam-
eter. The balance of the capillary pressure and pressure drop for li-
quid suction through mesh pores, i.e. Dpc = Dpl, yields the following
expression for the liquid suction velocity:

ul;s ¼
erd2

p cos a
8llDxdeff

ð11Þ

Therefore the mass flow rate of the liquid suction through mesh
pores are estimated as
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Fig. 17. The mechanism of the mesh pores preventing bubbles entering the mesh
cylinder ((a) for pressure difference analysis for a bubble front penetrating over the
mesh pore, (b) for the mechanism for the breakup of the bubble neck, (c) for the
coalescence mechanism of many bubble fronts to form large bubble).
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m ¼ qlul;sNAc ¼
Nqlew2d2

pr cos a
8lldeff Dx

ð12Þ

where N is the number of mesh pores along the circumference
direction in the A–A cross section, Ac is the cross section area of a
single mesh pore, which equals to w2. Considering the present
application for a = 81�, the suction mass flow rate of the liquid is
roughly estimated to 10.8 g/s for a single bubble front sweeping
the mesh pores in the annular region. It is noted that there are many
elongated bubbles flowing in the annular region.

5. Conclusions

We proposed a passive phase separation concept to modulate
the flow pattern in a condenser tube. An empty mesh cylinder is
suspended in the condenser tube, dividing the tube cross section
into an inner region and an annular region. Gas bubble can be pre-
vented to enter the mesh cylinder but liquid can be sucked towards
the mesh cylinder through the mesh pores. An air–water two-
phase flow experiment was performed to verify the idea. If there
is a relatively higher liquid level in the bare horizontal tube, all li-
quid can be captured by the mesh cylinder to form the ‘‘gas-float-
ing-liquid’’ mode. For a lower liquid height in the horizontal tube,
partial liquid can be sucked by the mesh cylinder, and the contact
area between the tube wall and the gas is increased. Elongated sad-
dle bubbles are formed in the annular region to envelop the mesh

cylinder when plug bubbles interact with the mesh cylinder sur-
face. Miniature bubbles can merge to form large bubbles in the
annular region for the isolated bubbly flow pattern modulation.
The gas phase only flows in the annular region for the later two
cases. For all the above flow pattern modulations by the mesh cyl-
inder, the condensation heat transfer should be enhanced due to
the gas phase populated near the tube inner wall surface, thus
the perfect thin film condensation heat transfer mechanism can
be ensured.
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