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The passive phase separation concept was proposed to create thin liquid film on the wall surface. The
inserted mesh cylinder made of a single layer of mesh pore surface divides the tube cross section into
an annular region near the tube wall and a core region. Gas bubbles are prevented from entering the core
region and liquids can be sucked towards the core region. Thus, the two-phases are majorly flowing in
two different regions. The concept is expected to be used for multiphase (boiling/evaporation and con-
densation) heat transfer enhancement. Air-water two-phase flow experiments were performed with ver-
tical upflows. Miniature bubbles are modulated to flow in the annular region. Cap/slug/plug bubbles are
modulated to form the elongated-ring-slug bubble in the annular region to generate thin liquid films on
the wall. For all the cases, the core region is full of liquid. Due to the large density difference between
liquid in the core region and gas in the annular region, pulsating flow is self-sustained in the core region.
The mesh pore surface promotes the mass and momentum exchange between the annular region and
core region. For ring-slug bubbles such as longer than 10 cm, miniature bubbles are emitted from the slug
bubble front. The proposed concept is being verified by the phase change heat transfer experiment in our
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laboratory.
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1. Introduction

Boiling/evaporation and condensation are natural phenomena
and widely applied in various industry sectors [1]. Even though
these topics have been studied for more than one century, the
complicated mechanisms are not fully understood. Recently, due
to the energy shortage and environmental problem, low grade en-
ergy utilization becomes a hot area attracting scientists and engi-
neers. The Orgainc Rankine Cycle is one of the solutions to
recover the low grade energy including waste heat, solar thermal
energy and geothermal energy, etc. [2]. In such a system, an evap-
orator generates vapor to drive turbine for the power generation,
and a condenser cools the vapor to liquid. Both evaporator and
condenser are phase change heat transfer components. From the
thermodynamic cycle point of view, small temperature differences
across the two sides of fluids result in small exergy loss and high
efficiency, causing a good system performance to achieve large
power output. For a desired heat to be received by the evaporator
or dissipated by the condenser, large heat transfer coefficients are
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required to avoid non-acceptable large heat transfer area at low
temperature difference across the two sides of fluids. This is espe-
cially important because the phase change heat transfer coeffi-
cients are not high when organic fluids are used. For instance, for
a water cooled condenser, the condensation heat transfer coeffi-
cient with organic fluid is ~1 kW/m? K [3], which may be smaller
than that for the cooling water flowing in the tube annulus.

The conventional multiphase heat transfer enhancement uses
heat transfer tubes with microstructures on the wall. The helically
corrugated tubes [3], micro groove tubes [4], micro-fin tubes [5]
and herringbone tubes [6] are examples of these tubes. The heat
transfer coefficient can be increased by mixing the fluid boundary
layers and also by limiting the growth of fluid boundary layers
close to the heat transfer surfaces.

For multiphase heat transfer, the key scientific issue is the syn-
ergy (coordination) of the flow pattern and heat transfer character-
istic. It is well known that void fractions are larger at the tube
centerline and smaller near the tube wall. In other words, gas tends
to be in the tube core and liquid tends to be near the tube wall. This
phase distribution involves thick liquid film thickness near the
tube wall to deteriorate heat transfer. The conventional hest trans-
fer tubes do not coordinate the flow pattern with the heat transfer
performance. Lips and Meyer [7] experimentally investigated the
convective condensation of R134a in an 8.38 mm inclined smooth



298 H. Chen et al./Experimental Thermal and Fluid Science 52 (2014) 297-307

Nomenclature
A tube cross section area (m?)
Aq cross sectional area of the annular region (m?)

Amesh-cylinder the total mesh pore area over a slug bubble height
(m?)

Ca capillary number

D tube diameter (m)

Defy effect diameter of the annular region (m)
D mesh cylinder diameter (m)

degr effective mesh pore size (m)

g gravity acceleration (m/s?)

h heat transfer coefficient (w/m? k)

k liquid thermal conductivity (w/m k)

J superficial velocity (m/s)

Ls length of the slug bubble (m)

L critical bubble lIength (m)

Ls max maximum slug bubble length (m)

L length of the liquid plug (m)

mp mass exchange between the annular region and core re-

gion around a single slug bubble (kg/s)

P pressure (Pa)

Q volume flow rate (m?/s)

r radial coordinate (m)

Re Reynolds number

St Strouhal number

u bubble velocity (m/s)

Up pulsating flow velocity induced by the buoyancy force
(m/s)

w annular gap size (m)

w mesh pore width (m)

X coordinate along the flow direction (m)

X locally attached coordinate along the flow direction in
Fig. 10

Greek symbols

o contact angle (°)

Bia liquid volume fraction in the annular region

1 liquid film thickness (m)

Pg gas density (kg/m>)

o1 liquid density (kg/m?)

Ap density difference between liquid and gas (kg/m?)

o surface tension force (N/m)

u viscosity (pas)

n liquid separation ratio by the mesh cylinder

Subscripts

buoyancy buoyancy force

b bubble

c critical

g gas

I liquid

S starting location

e ending location

Abbreviation
PPI pores per inch

tube. The flow patterns and heat transfer coefficients were pre-
sented with different mass fluxes and vapor mass qualities over
the whole range of inclination angles (from vertical downwards
to vertical upwards). The heat transfer coefficient is found to be
strongly influenced by the liquid and vapor distributions and espe-
cially by the liquid thickness at the tube bottom for stratified flow.

For boiling heat transfer in tubes, there are two heat transfer
mechanisms depending on operating parameters: the nucleate
boiling heat transfer mechanism with the heat transfer coefficients
influenced by heat fluxes, and the convective boiling heat transfer
mechanism with the heat transfer coefficients controlled by mass
fluxes. The boiling/evaporation heat transfer is also related to the
phase distribution. Han et al. [8] noted that the liquid film evapo-
ration is one of the important heat transfer mechanisms and the li-
quid film thickness is a very important parameter to determine the
heat transfer coefficient. Many studies have been performed to
measure and simulate the liquid film thickness (Han et al. [8],
Han and Shikazono [9], Han and Shikazono [10], Fang et al. [11]).
However, how to generate the thin liquid film on the tube wall
has less been reported.

In this study, the phase separation concept was proposed to
modulate the flow patterns for vertical upflows. A mesh cylinder
was suspended in the heat transfer tube, dividing the tube cross
section into an annular region and a core region. The mesh pore
surface ensures gas bubbles flowing in the annular region and li-
quid flowing in the core region. Confinement of gas bubbles in
the annular region results in the thin liquid film. Besides, the pres-
ent paper identified the buoyancy force induced pulsating flow in
the core region. The mesh pore surface creates the enhanced liquid
mass and momentum exchange between the annular region and
core region. Both the thin liquid film and buoyancy force induced
pulsating flow are expected to enhance the multiphase heat
transfer.

2. Design of the heat transfer tube

Confinement of gas bubbles in a small space creates thin liquid
films. Fig. 1 shows the gas-liquid separator made of a single layer

core region
open exit

annular region

Supporting structure

mesh side surface

gas-liquid flow

Fig. 1. The proposed heat transfer tube.
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of mesh cylinder, uniformly suspended in a heat transfer tube. The
supporting structure may be needed. The cross section of the heat
transfer tube consists of an annular region and a core region. The
mesh cylinder has a taper, or just a flat bottom mesh surface.
The mesh cylinder exit is open to discharge the separated liquid.
The core region is empty.

The mesh pores have two functions when a two-phase flow
stream interacts with the mesh cylinder. The first function pre-
vents gas bubbles from entering the core region. The second func-
tion sucks liquid towards the core region. Thus, the gas and liquid
phases are separated to flow in the two different regions. This
phase distribution is opposite of that in a conventional bare tube.

The heating and cooling boundary conditions on the outer tube
wall involve the boiling/evaporation and condensation heat trans-
fer in the tube, respectively. For the condensation heat transfer, the
mesh cylinder is arranged downstream the tube entrance. The
annular flow pattern at the tube entrance has a good heat transfer
performance. Thus, the modulation for the annular flow is not nec-
essary. With the flow development, the intermittent flow patterns
(slug, plug, churn, bubble flows) thicken the liquid film thickness
on the tube wall, deteriorating the heat transfer. The flow pattern
modulation is also expected to be useful for air-water two-phase
heat transfer without phase change.

Small mesh pore size prevents gas bubbles from entering the
core region and pumps the liquid towards the core region. A crite-

rion for the mesh pore size is suggested as dyy < ,/0/8(p; — p,)s

which is on the order of millimeter for most gas-liquid systems,
where ¢ is the surface tension force, g is the gravity, p; and pg
are the liquid and gas densities, respectively.

Fig. 2a shows the picture of the stainless steel mesh used for
this experiment. Each mesh pore had a rectangular cross section
with its size of 0.15 mm by 0.15 mm. The mesh wire had a thick-
ness of 0.07 mm. The PPI (pores per inch) of the mesh was 115.
Fig. 2b and c shows the inlet part and outlet part of the fabricated
mesh cylinder, respectively.

3. Experiment
3.1. The test section
Two test sections were fabricated to examine the effect of the

inserted mesh cylinder on the flow patterns (see Fig. 3a and b).
The deionized water entered the test section from the tube inlet
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Fig. 3. The vertical tube test section (a: bare tube, b: vertical tube with a mesh
cylinder inserted, 1: water inlet, 2: air inlet from needle holes, 3: glass tube, 4:
pressure ports, 5: mesh cylinder, 6: two supporting lags, all dimensions are in
millimeter).

(referred as 1 in Fig. 3). A set of miniature needles were distributed
uniformly along the tube circumference (only one needle shown in
Fig. 3). Miniature bubbles are generated periodically at the needle
tip to mix with the liquid stream thoroughly, forming the desired
flow pattern. In order to characterize the two-phase flow behavior
along the flow direction, the x coordinate was specified with the
original point at the needle location. Two pressure ports (referred
as 4 in Fig. 3) were arranged along the flow direction with a dis-
tance of 600 mm between them. The first pressure port was at

0.15mm 0.07mm

BERRREAN
N,
Yo

(b)

welding joint

Fig. 2. The stainless steel mesh to fabricate the mesh cylinder, (a) the photo of the stainless steel mesh, (b) the fabricated mesh cylinder focusing on the inlet region and (c)

the fabricated mesh cylinder focusing on the exit region.
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x = 1080 mm. The two pressure ports were connected by a pressure
drop transducer. Both the two test sections were made of glass so
that the flow can be observed.

The glass tube had a total length of 1970 mm with an inner
diameter of 15.7 mm and a tube wall thickness of 2.0 mm. For
the second test section, the mesh cylinder started from
x=1000 mm with an open end. It was uniformly suspended in
the glass tube by three supporting structures (not shown in
Fig. 3b). The outer mesh cylinder had a diameter of 10.4 mm to
form an annular gap of 2.65 mm between the mesh cylinder and
the tube wall.

3.2. The experimental setup

Fig. 4 shows the experiment setup. The water flow rate was sup-
plied by a water pump with variable rotating speeds. Solid parti-
cles were prevented from entering the pump by a filter at the
pump inlet. The water flow rate was measured by one of the two
turbine flowmeters, having the ranges of 0.2-2 m’/h and 0.6-
6 m>/h, respectively. The air flow rate was provided by an air com-
pressor and it was measured by one of the three rotameters with
the ranges of 0.016-0.16 m3/h, 0.1-1 m3/h and 1-10 m?/h, respec-
tively. All the five flowmeters had accuracies of 0.5% within their
own flow rate range. The pressure drop transducer had the accu-
racy of 0.1%. A high speed camera (HG-100 K, Redlake Inc., USA)
captured the flow patterns. A software (Photoshop CS5) analyzed
the image pixels to locate the exact gas-liquid interface with a res-
olution of 10 um.

The test section was vertically positioned. The superficial veloc-
ities of liquid and gas phases are defined as

=S =% 1)

where Q; and Q, are the volume flow rates of liquid and gas phases,

A is the tube cross section area. In this experiment, J; and J; had 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 bare tube

Many text books on the two-phase flow and heat transfer de-
scribe the flow patterns in vertical tubes. Fig. 5 shows flow patterns

High speed
camera

Ni

Test section

AP

turbine
. fowmeter

rotameter

Water
Air compressor pump

Fig. 4. The experiment setup.

in the present tube. The bubbly flow, slug flow, churn flow and
annular flow were observed, which are described as follows.

(a) Bubbly flow. Liquids are flowing in the tube as a continuous
phase while gas is distributed in the continuous liquid phase
as discrete small bubbles. The flow regime occurs at large
liquid velocities.

(b) Slug flow. An increase in the gas flow rate causes the coales-
cence of bubbles resulting in the formation of bullet shaped
Taylor bubbles, separated by liquid-slugs usually containing
small gas bubbles. The net flow is upward. The liquid
between the Taylor bubbles and the tube wall flows down-
ward in the form of a falling liquid film.

(c) Churn flow. Churn flow is an important regime occurring
between slug and annular flows. The Taylor bubbles break
through the enclosing liquid to form a gas passage in the
tube centre. The video images in this regime do not have dis-
tinctive peculiarities and also represent gradual change from
the images for the slug regime to annular regime.

(d) Annular flow. A still higher gas velocity results in the forma-
tion of a gas core with a liquid film around the tube periph-
ery. The film may or may not be continuous around the
entire circumference but it will, of course, be thicker at the
base of the tube. Miniature liquid droplets may be entrained
in the gas core. The wispy annular flow regime occurs at
higher liquid velocities with wavy gas-liquid interface.

Fig. 6 shows the flow pattern map in the 15.7 mm diameter
tube. The transition boundaries of flow patterns were marked
according to Butterworth and Hewitt [12]. The measured flow pat-
terns generally match those reported by Butterworth and Hewitt
[12].

4.2. Flow pattern modulation by the mesh cylinder

Fig. 7 shows the trajectories of miniature bubbles when they
interact with the mesh cylinder. Three bubbles were selected. It
is found that no matter where are the miniature bubbles initially,
they enter the annular region finally. The mesh pore surface pre-
vents the bubbles from entering the core region. These bubbles
may change their flow directions and attack the flat bottom mesh
surface. They flow in the annular region finally. The annular region
ensures densely populated bubbles or early coalescence of the bub-
bles, creating flow disturbance to enhance heat transfer. The bub-
bly flow occurs at the liquid superficial velocity of 2.394 m/s (see
Fig. 7). Bubbles are accelerating when they approach the mesh cyl-
inder bottom and they may break into small ones due to the inertia
force during the accelerating process.

Fig. 8 shows the modulation for cap or slug bubbles. The seg-
mented gas-liquid flow is maintained in the annular region. Bub-
bles are in the elongated-ring-slug-bubble shape. The core region
is full of liquid.

The reason of bubbles not entering the core region was ana-
lyzed by the surface energy. Fig. 9 considers a large bubble with
its diameter identical to the tube penetrating a rectangular mesh
pore. Tsai and Lin [13] gave the surface pressure increase when a
bubble travels from the state A to state B as

1 1
P —P, = 40'cosoc<w—5> (2)

where w is the mesh pore width (0.15 mm here), D is the tube
diameter and « is the contact angle for the bubble on the mesh pore
surface.

For a bubble penetrating from the annular region to the mesh
pore, the surface energy increase is
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bubbly flow Slug flow Churn flow Annular flow wispy annular
J,=2.24m/s J,=0.22m/s J;=0.89m/s J;=0.11m/s J;=0.88m/s
J,=0.037m/s J,=0.25m/s J,=6.28m/s J,=16.75m/s J,=16.75m/s

Fig. 5. Flow patterns observed in the vertical bare tube.

301

i annular flow wispy annular flow

o o o o o
|
—
U bubbly flow
gn A Fok
< A
~
s
E&a
o annular flow
A slug flow
¥ bubbly flow
A <& wispy annular flow
4 b4 A A A » churn flow
T T T T T
10" 10? 10° 10* 10°
2 2
pJ; (kg/ms)

Fig. 6. The flow pattern map and comparison with Butterworth and Hewitt (1985),
noting that data points are obtained by this study, solid lines were cited from
Butterworth and Hewitt (1985).

1 1
P —P, = 46cosa<W—W> 3)

ere W is the annular gap size (2.65 mm here). The second term of
the right side of Egs. (2) and (3) contributes less to the pressure dif-
ference due to D > w and W > w. P; — P, equals to 970 Pa for air/
water system with ¢=0.07275N/m (20°C), «=60° and
w=0.15 mm. Thus, the pressure difference should be more than
~1 KPa to penetrate the front bubble into the mesh pores.

4.3. The liquid film thickness on the wall surface

The heat transfer coefficient is directly inverse to the liquid
film thickness, i.e., h=kj/5, where k;, is the liquid thermal

conductivity and ¢ is the liquid film thickness. Fig. 10a shows a
cap bubble approaching and interacting with the mesh cylinder.
The two-phase superficial velocities were J;=0.115m/s and
Jg=0.046 m/s. Fig. 10b shows the tracking bubble with its length
of 15.1 mm and traveling velocity of 0.35 m/s in the bare tube
section. The liquid thicknesses were 4.62 mm, 2.39 mm and
0.82 mm at the three locations from the bubble nose to the bub-
ble tail. Fig. 10c shows the same bubble in the annular region
with its length of 24.07 mm. The bubble tightly contacted with
the inner wall surface. The liquid film thickness was decreased
to about 0.5 mm in the bubble body. Fig. 11a shows a slug bubble
flowing in the bare tube section with J;=0.43 m/s and
J¢=0.115m/s. The liquid film thicknesses were &;=3.73 mm,
8,=2.06 mm and 63=1.19 mm at the three locations. When the
same bubble was flowing in the annular region, the liquid film
thickness was so thin that it was difficult to be identified by
the image system (see Fig. 11b).

There are two factors to cause the significant decrease of the li-
quid thickness in the annular region. The first factor is the minia-
ture gap of the annular region. Taylor [14] obtained the liquid
film thickness from the difference of the bubble velocity and the
mean velocity over a wide capillary number range, experimentally.
It is found that § is increased with increases in capillary numbers
and approaches a certain fraction of the tube diameter. Aussillous
and Quere [15] correlated the Taylor’s experimental data and gave
the following expression:

s 067Ca*? )
D 14335ca’”?
where D is tube diameter, Ca is the capillary number (Ca = yU/o),
where g is the liquid viscosity, U is the bubble velocity. Eq. (4) is
called the Taylor’s law.

The liquid film thicknesses were compared in the bare tube and
annular region. Giving D =15.7 mm and d = 10.4 mm (mesh cylin-
der diameter), the effective diameter of the annular region is
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5.333ms

4.333ms

Fig. 7. The transient process of miniature bubbles entering the annular region (J;= 2.394 m/s, J; = 0.029 m/s, X, = 985 mm, x, = 1122 mm, X, and x, represent the starting and

ending locations of the visualization area along the flow direction).

4A

Dy = n(D—J:d) =D-d (5)
where A, is the cross sectional area of the annular region. Having
D of 5.3 mm, which is about one-third of D, the liquid film thick-
ness in the annular region should be one-third of that in the bare
tube, assuming the same capillary numbers in both sections. There-
fore, the heat transfer coefficient by the flow pattern modulation
should be three times of that in the bare tube.

The other factor to influence the liquid film thickness is the
bubble acceleration in the annular region. Han and Shikazono [9]
measured local and instantaneous liquid film thickness under adi-
abatic conditions with laser focus displacement meter. They stud-
ied the effect of inertia force on the liquid film thickness using
several working fluids in microchannels of different sizes, and pro-
posed empirical correlations based on capillary number, Reynolds
number and Weber number. The effect of bubble acceleration on
liquid film thickness was studied by Han and Shikazono [10]. The
increase of liquid film thickness with capillary number was sup-
pressed when bubble acceleration is large, which was explained
as that liquid film thickness was decreased due to the flow acceler-
ation affecting the curvature between the bubble nose and transi-
tion region. Figs. 10 and 11 show that confinement of gas bubbles
in the annular region causes the bubble acceleration to further re-
duce the liquid film thickness.

4.4. The flow structure

Fig. 12a and b shows the flow picture and three-dimensional
drawing. The flow structure is summarized as follows:

(a) The elongated-ring-slug-bubbles sweep the annular region
periodically with higher velocities. The bubbles are seg-
mented by liquid plugs.

(b) The core region is full of liquid. When a ring slug bubble
sweeps the annular region, the core region has the down-
ward flow. Alternatively, when a liquid plug sweeps the
annular region, the core region has the upward flow. Thus,
the pulsating flow is self-sustained in the core region.

(c) The mesh pores promote the liquid mass and momentum
exchange across the two sides of the mesh cylinder.

Fig. 12c illustrates the flow picture in the r — x two-dimensional
plane, where ris the radial coordinate and x is the axial coordinate.
In the annular region, the slug bubble length was Ls and the liquid
plug length was L, Four specific points of A, B, C and D were se-
lected, in which A and B were at the center of two neighboring slug
bubbles in the flow direction. The point A was in the annular region
and B was in the core region. Points C and D were at the same
height, in which C was in the core region and D was at the bubble
front close to mesh pores. P4 and Pp have the following relationship
by neglecting the frictional pressure drop in the flow direction and
the pressure difference caused by the interface curvature at the
slug bubble tail.

Pp = Pp+ + p,g8L; +0.5p,8L, (6)

where Pp- is the pressure at the gas side of the point D. Similarly, Pg
and Pc have the expression of

Py = Pc + pg(Ls + 0.5L) (7)

Assuming no pressure gradient in the liquids along the radial
direction, we have

PA:PBandPD*:PC (8)

where Pp- is the pressure at the liquid side of the point D. Combing
Egs. (6)-(8) yields

PDJr - PD’ = APbuoyancy = Angs (9)



H. Chen et al./Experimental Thermal and Fluid Science 52 (2014) 297-307 303
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Oms 20ms 40ms 60ms 80ms  100ms

Fig. 8. The transient formation of elongated-ring-slug bubbles in the annular region
(photos are taken from x;=975mm and x.=1030 mm, a: J;=0.115m/s,
J¢=0.046 m/s, b: J;=0.215 m/s, J; = 0.037 m/s, c: J;= 0.057 m/s, J; = 0.029 m/s).

State A (P)) State B (P,)

Fig. 9. Large bubble surface energy required to prevent the bubble from entering
the mesh cylinder.

where Pp- — Pp- is the pressure difference across the gas-liquid
interface at the point D, which is caused by the buoyancy force be-
tween liquid in the core region and gas in the annular region, Ap is
the density difference of liquid and gas. Physically, APpyqyancy Should
be balanced by the capillary force (AP;). The bubble breaks through
the mesh pores at the point D if AP, < APpyqyancy- Thus, the criterion
for the initial bubble rupture is

40 cosa
Apgly === (10)

In terms of Eq. (10), the maximum slug bubble length to keep
the bubble completeness is
40 cosa

Lsmaxzi 11
mox =7 (n
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Q
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Fig. 10. The liquid film thickness in the bare tube and annular region (x; = 975 mm,
Xe=1025mm, J;=0.115m/s, J,=0.046 m/s, x, is the locally attached coordinate
along the flow direction).

Giving ¢=0.072Nm at the room temperature, o= 60°,
w=0.15 mm, L; max is 98 mm.

The average bubble lengths in the bare tube section and the annular
region were measured to verify Eq. (11). Fig. 13 shows the bubble
lengths, in which the open symbols for the bare tube section data
and the solid symbols for the annular region data. Crefers to the critical
state to keep the slug bubble completeness in the annular region, be-
yond which a ring slug bubble will be broken at the bubble nose. The
measured critical bubble length in the annular region was 86 mm at
J1=0.115 m/s, slightly shorter than the value of 98 mm given by Eq.
(11). The critical bubble lengths are shortened to about 49 mm at
the liquid superficial velocities of 0.215 m/s and 0.430 m/s, indicating
the bubble rupture not only governed by the buoyancy force, but also
by the inertia force of the liquid. Eq. (11) tells us that a smaller mesh
pore size maintains a longer bubble length to keep its completeness.
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3 é 30 L =38.74mm ture. The bubble length influences the bubble rupture. The bubble
4 = length depends on J; and J,. Fig. 14a shows the complete bubble
E 20 case with a shorter bubble length of 53 mm at J;=0.057 m/s and

J¢=0.086 m/s. But Fig. 14b shows the bubble rupture case with a
longer bubble length of 91 mm. Miniature bubbles are separated
from the mother slug bubble and entered the core region. Thus,
they are seen at the tube exit.

Fig. 15 gave the experimental evidence that once the bubble
rupture happens, the rupture location should be the bubble front
close to the mesh pore surface (see the point D in Fig. 12). That
up=1.071m/s, x,=1261mm, x,=1315mm, [;=38.74mm location is the weakest to sustain the drag force created by the

- - . . ) density difference between liquid in the core region and gas in
Fig. 11. The liquid film thickness in the bare tube and annular region (J; = 0.430 m/s, .
Jo=0.115 m/s). the annular region.

10 P

T-6-4-2024 6T
r (mm)

(b) (c)

Fig. 12. The flow structure in the heat transfer tube (a: photo of the elongated-ring-slug-bubble, b: three-dimensional drawing of the flow structure with 1: mesh pore
surface, 2: ring-slug-bubble in the annular region, 3: liquid plug in the annular region and 4: liquid in the core region, c: two-dimensional drawing of the flow structure).
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(a)

x,=1245mm
X.=1305mm

x,=1700mm
x=1750mm

Xx;=980mm
x,=1035mm

(b) |

From core region

x,=1685mm
x,=1770mm

Xx;=980mm
x,=1035mm

Xx,=1245mm
x,=1305mm

Fig. 14. The bubble in the entrance, middle and outlet regions of the mesh cylinder
(a for the complete bubble case with Ls = 53 mm; and b for the bubble breaking case
with Ly =91 mm, both cases with J;=0.057 m/s and J; = 0.086 m/s).

The miniature bubble leakage towards the core region does not
influence the heat transfer enhancement. This is because the slug
bubble lengths are almost identical before and after the miniature
bubble emission. In addition, the miniature bubbles are very spar-
sely populated in the core region. For the boiling heat transfer, the
liquid is changed to vapor. The vapor bubble in the core region
does not influence the evaporation heat transfer enhancement.
For the condensation heat transfer, the miniature bubbles in the
core region can be fully condensed.

4.5. Buoyancy force induced pulsating flow

The pulsating flow can be self-sustained in the core region,
which is a potential to be the second mechanism to enhance heat
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transfer. The pulsating flow does exist for complete slug bubble
condition and bubble rupture condition. For the bubble rupture
case, the miniature bubble separated from its mother bubble can
be acted as the tracing particle to observe the pulsating flow.

Fig. 16 shows the miniature bubble trajectory marked by the
red array. During the period of t = 0-60 ms, the liquid plug sweeps
the annular region with the miniature bubble going up in the core
region, causing the co-current flow in the annular region and core
region. The upflow is sustained until at t = 120 ms. During the per-
iod of t=120-225 ms, the counter-current flow is sustained with
the gas upflow in the annular region and the liquid downflow in
the core region. The flow direction in the core region is periodically
changed to cause the pulsating flow. Fig. 17 plots the tracing bub-
ble displacement versus time along the flow direction. A quasi-sine
displacement curve is identified. For the time of t>450 ms, the
tracing bubble is out of the visualization zone thus the displace-
ment curve ends.

The pulsating flow is helpful for the heat transfer enhancement.
The mixing process between the annular region and core region
enhances the liquid mass and momentum exchange across the
mesh pore surface. The pulsating flow velocity of liquid in the core
region is roughly estimated as

1
Apgls =5 U, (12)
Based on Eq. (12), the pulsating flow velocity is
U, - IZASgLs (13)
!

The liquid mass exchange between the annular region and core
region around a single slug bubble is

mp = Amesh—cylinder V ZAPPIgLs (14)

where Amesh-cylinder 1S the total mesh pore area over a slug bubble
height. Egs. (13) and (14) show that the pulsating velocity and flow
rate are changed with L, by the L2 law. For a slug bubble length of
80 mm, the pulsating flow velocity reaches 1.25 m/s.

The pulsating flow generated by the active pump was reported
in the literature to enhance the heat transfer. Jin et al. [16] studied
the active heat transfer enhancement by pulsating flow in a trian-
gular grooved channel over the ranges of 270 <Re<910 and
0.08 < St < 0.67 experimentally, where Re is the Reynolds number
and St is the Strouhal number. The measured heat transfer was im-
proved up to 350% at Re =270 and St =0.34 compared with the
steady flow. The PIV results show that the heat transfer enhance-
ment results from the strong mixing caused by the repeating se-
quence of vortex generation, growth, expansion and ejection
from the groove to the main stream by the pulsating flow. The fluid

24ms 31ms 38ms

Fig. 15. The transient bubble breaking process (x; = 1245 mm, x, = 130 mm, J;= 0.057 m/s, J; = 0.086 m/s).
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120ms

Oms 60ms

140ms

225ms 375ms 447ms

Fig. 16. The trajectory of the miniature bubble, identifying the buoyancy force induced pulsating flow in the core region (Jg=0.115m/s, J;=0.144 m/s, x;= 1245 mm,

Xe=1315mm).
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Fig. 17. The tracing bubble displacement in the core region with J; = 0.115 m/s and
Ji=0.144 m/s.

mixing enhancement is maximized when the pulsation period
matches the time duration for the vortex to grow large enough
to fill the groove and then to be ejected to the main stream.

4.6. Comments on the flow pattern modulation for vertical upflow

This study proposed the flow pattern modulation concept,
which has the potential to enhance the multiphase heat transfer.
The key point is to ensure the bubbles flowing in the annular re-
gion. The following criteria should be kept to achieve this target.

4.6.1. The characteristic size ratio

To prevent bubbles from entering the core region, there should
be a large surface energy increase when a bubble interacts with the
mesh pores. Eq. (3) tells us that the surface energy criterion can be
satisfied if the annular gap size is significantly larger than the mesh
pore size. The size ratio of W/w is suggested to be at least 10 (i.e.
W/w > 10), where W is the annular gap size and w is the mesh pore
width.

4.6.2. The hydrophilic mesh screen surface

A hydrophilic mesh screen surface with the contact angle less
than 90° is necessary to ensure the liquid flowing towards the core
region and prevents the gas entering the core region.

4.6.3. The buoyancy forced induced criterion

A longer ring-slug-bubble in the annular region creates a larger
pressure difference induced by the liquid and gas density
difference. Eq. (11) gives the criterion that the mesh pore size is

Fig. 18. The flow picture used to compute the liquid separation ratio.

inversely proportional to the slug bubble length in the annular re-
gion. Thus, a smaller mesh pore size is needed to maintain the
completeness for a longer slug bubble. The mesh pores had width
of 150 um in this study. More fined mesh pores will sustain much
longer slug bubble length.

The flow pictures are significantly different between tubes with
a mesh cylinder inserted and a solid block inserted. Inserting a so-
lid block in a tube creates the thin liquid films on the tube wall but
does not change the void fractions in the tube annulus in compar-
ison to the bare tube. The mesh cylinder modulated flow increases
the void fractions near the tube wall, generate thin liquid films on
the wall and create the self-sustained pulsating flow. These bene-
fits are expected to enhance the heat transfer and cannot be ob-
tained by just inserting a solid block inside.

Even though the pulsating flow is self-sustained, the net liquid
flow does exist in the core region. It is observed that the general
trend of the tracking bubble displacement is increased with a set
of pulse cycles passed. The maximum displacement was
x=1293 mm for the first cycle, but the observed displacement
ends at x=1315 mm for the second cycle (see points 1 and 2 in
Fig. 17). The maximum displacement for the second cycle should
be significantly larger than that at point 2. Comparing bubble dis-
placements at points 1 and 2 directly illustrates the net liquid flow
in the core region.

We define the liquid separation ratio, #, as the liquid flow rate
in the core region divided by the total liquid flow rate. Fig. 18 is
the flow picture to compute # based on the measured L; (ring-
slug-bubble length in the annular region), L; (liquid plug length
in the annular region), and U, (bubble velocity). A flow unit
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Table 1
The liquid separation ratio by the mesh cylinder.
Q (m’/h) Qq (m’/h) Ji (m/s) Jg (m/s) L; (mm) L (mm) Uy (m]s) Bia n
0.04 0.02 0.057 0.028 56 214 0.048 0.793 0.669
0.08 0.032 0.115 0.046 35 186 0.077 0.842 0.718
0.15 0.04 0.215 0.057 38 125 0.094 0.767 0.833
0.15 0.06 0.215 0.086 49 147 0.140 0.750 0.757
0.30 0.04 0.430 0.057 17 170 0.091 0.909 0.904
0.30 0.08 0.430 0.115 48 218 0.184 0.819 0.825
consists of a complete ring-slug-bubble and two half liquid plugs. Acknowledgements

The liquid volume fraction in the annular region is

AL L

b= AL+ 1) "L+ L (1)
The liquid volume flow rate in the annular region is

T

Qo =5 (D"~ d")Usf, (16)
Therefore, the liquid separation ratio is

o Qe U-Qa_ T -d)Uly 17)

Q Q 4Q(Ls + L)

where Q. is the liquid volume flow rate in the core region and Q; is
the total liquid volume flow rate. Eq. (17) obtains # with the mea-
sured parameters of Uy, L, Ls and Q,, in which the former three
parameters are processed using the observed image files and the
last one is measured by the liquid flowmater. Table 1 shows the li-
quid separation ratios at various conditions. Over the data range gi-
ven in Tab.1, the minimum and maximum liquid separation ratios
are 66.9% and 90.4%, respectively. These data indicates that more
than half of the liquid flows in the core region. The mesh screen sur-
face does act the liquid separator function.

5. Conclusions

The passive phase separation concept was proposed to modu-
late flow patterns for vertical upflows. The tube is divided into
an annular region and a core region, separated by a suspended
mesh cylinder. Gas flows in the annular region and liquid flows
in the core region. Due to the thin liquid films on the tube wall,
the concept has the potential to enhance the multiphase heat
transfer. Air/water two-phase flow experiments were performed.
Miniature bubbles are modulated to flow in the annular region.
Cap and slug bubbles are modulated to form the elongated-
ring-slug bubble train in the annular region. The core region is full
of liquid. The pulsating flow is self-sustained in the core region due
to the large density difference across the two sides of the mesh
pore surface. The liquid mass and momentum exchange is
promoted by the mesh pore surface. For long slug bubble in the
annular region (such as >10 cm), miniature bubbles are emitted
from the bubble front. The emitted miniature bubble is treated
as the tracking particle to directly observe the pulsating flow in
the core region.

This work was supported by the Natural Science Foundation of
China of International cooperation project (51210011), the Natural
Science Foundation of China (51106050) and the National Basic Re-
search Program of China (2011CB710703).
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