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Slug flow is one of the representative flow regimes of two-phase flow in micro tubes. It is well known that
the thin liquid film formed between the tube wall and the vapor bubble plays an important role in micro
tube heat transfer. In the present study, experiments are carried out to clarify the effects of parameters
that affect the formation of the thin liquid film in micro tube two-phase flow. Laser focus displacement
meter is used to measure the thickness of the thin liquid film. Air, ethanol, water and FC-40 are used as
working fluids. Circular tubes with five different diameters, D = 0.3, 0.5, 0.7, 1.0 and 1.3 mm, are used. It is

-1;53/1 g;dass:e flow confirmed that the liquid film thickness is determined only by capillary number and the effect of inertia
Micro tube force is negligible at small capillary numbers. However, the effect of inertia force cannot be neglected as
Liquid film thickness capillary number increases. At relatively high capillary numbers, liquid film thickness takes a minimum
Slug flow value against Reynolds number. The effects of bubble length, liquid slug length and gravity on the liquid

film thickness are also investigated. Experimental correlation for the initial liquid film thickness based on

capillary number, Reynolds number and Weber number is proposed.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Micro scale heat transfer attracts large attention due to its
many advantages, e.g., high efficiency, miniaturization, etc. How-
ever, the characteristics of two-phase flow in micro tubes are quite
different from those in conventional tubes and they are not fully
understood. Flow regimes are also different in micro tubes due
to surface tension, and slug flow becomes one of the dominant
flow patterns. It is known that the thin liquid film formed between
the tube wall and the vapor bubble plays an important role in
micro tube heat transfer. It is reported that the liquid film thick-
ness is one of the important parameters for the prediction of flow
boiling heat transfer in micro tubes (Thome et al., 2004; Kenning
et al., 2006).

Many researches on the liquid film thickness in slug flow have
been conducted both experimentally and theoretically. Taylor
(1961) experimentally obtained the mean liquid film thickness
remaining on the wall by measuring the difference of the bubble
velocity and the mean velocity. Highly viscous fluids, i.e., glycerine,
syrup-water mixture and lubricating oil, were used and thus wide
capillary number range was covered. It is reported that the liquid
film thickness increases with capillary number and reaches a cer-
tain fraction of the tube diameter. Bretherton (1961) suggested
an analytical theory on the liquid film thickness and axial pressure
drop across the bubble with the lubrication equations. Assuming
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small capillary number, it is shown that the dimensionless liquid
film thickness can be scaled with Ca*>.

Moriyama and Inoue (1996) obtained the liquid film thickness
formed by a vapor bubble expansion in a narrow gap by measuring
the temperature change of the channel wall, which was initially
superheated. In their experiment, it was assumed that whole liquid
film on the wall evaporates and the heat is consumed by the evap-
oration of the liquid film. Their experimental data was correlated
in terms of capillary number and Bond number based on the inter-
face acceleration. Heil (2001) investigated the effect of inertial
force on the liquid film thickness numerically. It is shown that
the liquid film thickness and the pressure gradient are dependent
on the Reynolds number.

Aussillous and Quere (2000) measured the liquid film thickness
using fluids with relatively low surface tension. It was found that
the liquid film thickness deviates from the Taylor’s data at rela-
tively high capillary numbers. Visco-inertia regime where the
effect of inertial force on the liquid film thickness becomes
significant was demonstrated. Kreutzer et al. (2005) investigated
the liquid film thickness and the pressure drop in a micro tube
both numerically and experimentally. Predicted liquid film thick-
ness showed almost the same trend with that reported by Heil
(2001).

Utaka et al. (2007) measured the liquid film thickness formed
by a vapor bubble in a narrow gap mini-channel with laser extinc-
tion method and investigated the heat transfer characteristics
quantitatively. It is concluded that the boiling phenomena are
determined by two kinds of characteristic periods, i.e., the micro-
layer dominant and the liquid saturated periods.
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Nomenclature

Bo Bond number, Bo = pgD?/c u viscosity [Pa s]

Ca capillary number, Ca = uU/o P density [kg/m3]

D tube diameter [m] g surface tension [N/m]

g acceleration of gravity [m/s?] 0 angle of incidence or refraction [radian]

L length [m]

n refractive index Subscripts

Re Reynolds number, Re = pUD/a 0 initial

T temperature [°C] 1 through Z axis in Fig. 5

U velocity [m/s] 2 through X axis in Fig. 5

We Weber number, We = pU%D/c actuator actuator

Ym distance of objective lens movement [m] bottom tube bottom in horizontal flow direction

bubble bubble

Greek symbols f fluid

o angle of the cover glass [radian] side tube side in horizontal flow direction

) liquid film thickness [m] slug liquid slug

k curvature of the bubble nose [1/m] w wall

A length of the transition region [m]

Although, many experiments have been carried out to measure Table 1
the liquid film thickness in micro tubes, quantitative data of local Dimensions of the test tubes
and instantaneous liquid film thicknesses are still limited. To de-
velop a precise heat transfer model in a micro tube, it is crucial ~ 2(mm) OD (mm) Length (mm)
to know the characteristics of the liquid film thickness. In the pres- 1.305 16 250
ent study, local and instantaneous liquid film thicknesses are mea- 8'(‘7’?2 }'g igg
sured directly with laser focus displacement meter. Series of 0487 08 250
experiments is conducted to investigate the effects of capillary 0.305 0.5 250

number and Reynolds number on the formation of liquid film in
micro tubes.

2. Experimental setup and procedure
2.1. Experimental setup

Fig. 1 shows the schematic diagram of the experimental setup.
Circular Pyrex glass tubes with inner diameters of 0.3, 0.5, 0.7,
1.0 and 1.3 mm were used as test tubes. Tube diameter was mea-
sured with a microscope and the averaged value of inlet and outlet
inner diameters was used. Table 1 and Fig. 2 show the dimensions
and the photograph of 0.487 mm inner diameter tube. The differ-
ences of inlet and outlet inner diameters are less than 1% for all
tubes. One edge of Pyrex glass tube was connected to the syringe.
Actuator motor (EZHC6A-101, Oriental motor) was used to control
the velocity of liquid in the micro tube. The velocity range of the
actuator motor is from O to 0.2 m/s. Syringes with several cross
sectional areas were used to control the liquid velocity in the test
section. The range of liquid velocity in the present experiment was
varied from O to 7 m/s. The velocity of gas-liquid interface was
measured from the images captured by the high speed camera

Actuator

motor Syringe

(Phantom 7.1). Images were taken at several frame rates according
to bubble velocity. For the maximum bubble velocity, frame rate
was 10000 frames per second with a shutter time of 10 ps. Laser
focus displacement meter (LT9010M, Keyence) was used to mea-
sure the liquid film thickness. Laser focus displacement meter
has been used by several researchers for the measurement of the
liquid film thickness (Takamasa and Kobayashi, 2000; Hazuku
et al., 2005). It is reported that the laser focus displacement meter
can measure the liquid film thickness very accurately within 1% er-
ror (Hazuku et al., 2005). Fig. 3 shows the principle of the laser fo-
cus displacement meter. The position of the target surface can be
determined by the displacement of objective lens moved by the
tuning fork. The intensity of the reflected light becomes highest
in the light-receiving element when the focus is obtained on the
target surface. Objective lens is vibrated continually in the range
of +0.3 mm. Liquid film thickness is obtained from those values.
The resolution for the present laser focus displacement meter is
0.01 pum, the laser spot diameter is 2 pm and the response time
is 640 ps. Measured liquid film thickness is transformed to DC volt-
age signal in the range of +10V. Output signal was sent to PC
through GPIB interface and recorded with Lab VIEW.

LFDM

Fig. 1. Schematic diagram of the experimental setup.



844 Y. Han, N. Shikazono / International Journal of Heat and Fluid Flow 30 (2009) 842-853

200 wm

Fig. 2. Cross section of the 0.487 mm inner diameter tube.
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Light-receiving
Pinholee'ement
Objective Tuning fork
Lens — — 2
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Fig. 3. Principle of the laser focus displacement meter.

2.2. Correction for wall curvature

As the laser beam passes through the tube wall, focus is scat-
tered within a certain range due to the difference of curvatures be-
tween axial and azimuthal directions. Cover glass and glycerol
were used to remove the curvature effect caused by the outer wall
as shown in Fig. 4. Refractive index of glycerol (n = 1.47) is almost
the same with that of the Pyrex glass (n = 1.474), thus the refrac-
tion of laser between glycerol and Pyrex glass can be neglected.
Refractive indices of ethanol, water and FC-40 are 1.36, 1.33 and
1.29. It is difficult to detect the interface between inner wall and
liquid, because the difference of the refractive indices of the Pyrex
glass and the liquid is small. Therefore, the distance from the cover
glass to the dry inner wall is initially measured without flowing the
liquid. Then, the thickness with liquid film is measured. The liquid
film thickness is calculated from the difference of these two values.

Glycerol Glass
(n=147) (n=1474)
A A

i i

3
3
Cover glass

Fig. 4. Correction for the outer wall curvature.

4

Fig. 5. Correction for the inner wall curvature.

The effect of inner wall curvature is corrected by the equation
suggested by Takamasa and Kobayashi (2000). Fig. 5 shows the la-
ser path and refraction through the liquid film. Focus is scattered
from J; to &, due to the difference of wall curvatures in X and Z
directions, respectively. Liquid film thickness is considered to be
the average of 6; and §;, because the intensity of reflection may be-
come highest at the center of 6; and ;. Liquid film thickness ¢ is
obtained as follows:

_(31+52
=52 (1)

In Eq. (1), 6; and 6, are the liquid film thicknesses through Z and X
axes, respectively. Liquid film thickness §; through Z axis can be cal-
culated from Egs. (2) and (3) as:

tan 6,y
—y . 2
51 .Vm tan Hf 3 ( )
sinfy _ ng
sinff Ny’ (3)

where n; and n,, are the refractive indices of the working fluid and
the tube wall, respectively. In Eq. (2), y,, is the difference of the dis-
tance from the cover glass to the dry inner wall and the thickness
with liquid film. y,,, can be obtained as the distance of objective lens
movement from the recorded data during the experiments. The an-
gle of incidence 6, is 10.07° in the present laser focus displacement
meter. The angle of refraction 0; is determined from the Snellius’
law as Eq. (3). Liquid film thickness &, through X axis can be calcu-
lated from Eq. (4) as:

Xo

4
tan(6y — 0,, + 0f)’ “)

0y = Yo +
where 6, and 6; are the angle of incidence and the angle of refrac-
tion in X axis, and (X, y,) is the intersection point between the laser
and inner wall in X axis. They are implicitly obtained from the fol-
lowing relations:

X5+ Y5 = Dy,, (5)
—y __ X
Yo=Y ~ o (6)
Xo = (D/2)sin(0w — 0,,), (7)
sing,  ny
sinf;  ny (8)

From Eqs. (4)-(8), 6, is deduced as:

1. ; 1 1
0y =Ym+ ED sin(fw — 0,,) - ( ) 9)

tan(0,, — 0, + 0;) tanf,

Finally, liquid film thickness § can be obtained from Egs. (2) and
(9) as follows:



1 (tan Ow
m

0=3Ym\tan 0

0
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1

(10)

1. 1
—Dsin(0y — 6, - -
+ (0w = ) <tan(0w —0,+0,) tan 0W>
The curvature effect on liquid film thickness is not so severe when
the liquid film is thin. The difference of §; and &, is less than 4% in
the present experiments.

2.3. Measurement uncertainties

The experimental uncertainties are shown in Table 3. The bubble
velocity is obtained from the images captured by the high speed
camera. The size of total image is 512 x 64 pixels and the error for
measuring the position of bubble nose is less than 4-2 pixels. There-
fore, uncertainty of the bubble velocity becomes about +4 pixels/
256 pixels, i.e., +1.56%. As for the liquid film thickness, the effects
of inner wall curvature, vibration of the micro tube, deviation of
measurement position from the tube center and the cover glass an-
gle are investigated. Estimated uncertainties are listed in Table 3.
Due to inner wall curvature, liquid film thickness is obtained as the
average value of 6; and J, as shown in Eq. (1). Measurement uncer-
tainty is obtained from the difference of ¢, and 4,. Fig. 6a and b show
the measured absolute positions of the cover glass surface and the
inner wall. Fig. 6¢ shows the relative distance from the cover glass
surface to the inner wall, which can be also measured directly by la-
ser focus displacement meter. In Fig. 6a and b, absolute positions of
the cover glass and the inner wall vibrate in the range of nearly
+10 pm. On the contrary, relative distance from the cover glass sur-
face to the inner wall is almost constant within +0.5 pm. Thus, rela-
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tive distance from the cover glass to the inner wall can be measured
with small variation although their absolute positions vibrate in a
large range. The deviation of measuring position from the tube cen-
ter affects the measurement of the liquid film thickness. The liquid
film thickness is measured thicker as the deviation becomes larger.
The deviation of measuring position is less than 3 pum. If the angle
of cover glass is not perpendicular to the center line of the laser
beam, refraction of laser beam in positive and negative axes becomes
different as shown in Fig. 7. Measurement uncertainties when the
angle of cover glass is 1° are listed in Table 3.

2.4. Properties of working fluids

It is known that the liquid film thickness in micro tube is mainly
determined by the force balance between viscous and surface ten-
sion forces, i.e., capillary number. However, it is reported that iner-
tial force should be considered even in micro tubes when Reynolds
number becomes relatively large (Heil, 2001). To clarify the effect
of inertial force on the liquid film thickness, three working fluids,
water, ethanol and FC-40 were used. Gas is air and all experiments
were conducted under the condition of room temperature and
1 atm. Table 2 shows the properties of three liquids at 20 °C and
25 °C. Fig. 8 shows the Reynolds number against capillary number
for the present experimental condition. Viscosity and density of the
liquid phase are used for Reynolds and capillary numbers. Rey-
nolds number of ethanol is about 6 times larger than that of FC-
40, and Reynolds number of water is about 6 times larger than that
of ethanol at the same capillary number. The effect of inertial force
on the liquid film thickness becomes strong in the case of water.
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Fig. 6. Vibration of micro tube during the movement of actuator motor: (a) measured interface position of the cover glass surface (b) measured interface position of the inner

wall (c) relative distance between the cover glass surface and the inner wall.
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Fig. 7. Schematic diagram for the refraction of laser beam according to the angle of
cover glass: (a) X-Y cross section and (b) Y-Z cross section.

Table 2

Properties of the working fluids at 20 °C and 25 °C
Temperature (°C) Water Ethanol FC-40

p (kg/m?) 20 998 789 1860
25 997 785 1849

J(MPa's) 20 1001 1196 3674
25 888 1088 3207

o(mN/m) 20 72.7 22.8 16.3
25 72.0 22.3 15.9

n 1.33 1.36 1.29

Table 3

Experimental uncertainties of the measured values

Quantity Uncertainty

Ububble Position of bubble nose +1.56%

do Inner wall curvature +1.81% (FC-40, 5o = 35.3 um)

+1.14% (Ethanol, 5o = 92.6 um)
+1.24% (Water, dp = 76.4 um)

3o Vibration of micro tube +0.5 um

do Deviation from the center +1.49% (59 = 2 pm)

So Angle of cover glass (1° in X) +7.47% (FC-40, o = 5 pm))

do Angle of cover glass (1° in X) +2.88% (FC-40, 5o = 30 um)

8o Angle of cover glass (1° in Z) +5.76% (FC-40, 5o = 5 um)

do Angle of cover glass (1° in Z) +1.12% (FC-40, 6o = 30 um)

2.5. Experimental procedure

Fig. 9 shows a typical liquid film thickness data for water in
1.3 mm inner diameter tube. The liquid film thicknesses were

D=1.3mm1.0 mm(.7 mm 0.5 mm 0.3 mm 1.3 mm
2000 Water Water Water; Water Water Ethanol
1.0 mm
Ethanol
1500
0.7 mm
Ethanol
2
3
Q
2 1000
= 0.5 mm
) Ethanol
54
0.3 mm
5 00 i Ethanol
1.3 mm FC-40
1.0 mm FC-40
0.7 mm FC-40
0.5 mm FC-40
! 0.3 mm FC-40
0-F== — — 1 —
0.00 0.05 0.10 0.15
Ca (uU/o)

Fig. 8. Reynolds number against capillary number for the present experiment.
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g_ 60+ {nitial thickness, 6,
© ‘So“': . 060
40
20
0 T T T 1
0.00 0.01 0.02 0.03 0.04
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Fig. 9. Measured liquid film thickness against time.
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(-]
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l <« Vertical
Side—po l g .
7 !
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Fig. 10. Schematic diagram for the measuring positions: (a) horizontal flow
direction and (b) vertical flow direction.

measured from four different directions as shown in Fig. 10. If
the angle of interface becomes larger than 11°, intensity of the
reflected light becomes weak and the interface position cannot
be detected. Therefore, it is impossible to measure the whole shape
of the bubble nose. In Fig. 9, liquid film thickness decreases initially
and then becomes nearly constant or changes gradually. Initial
decreasing part is the transition region between the bubble nose
and the flat film region. The liquid film thickness after the rapid de-
crease is defined as the initial liquid film thickness do. Liquid film
thickness at the tube top decreases linearly, while the liquid film
thickness increases linearly at the tube bottom. Thus, the lineal
change after the initial drop is attributed to the gravitational effect.
The liquid film flows down due to gravity after liquid film is
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Fig. 11. Initial liquid film thickness 5, measured at different positions in FC-40/air
experiment: (a) 1.3 mm inner diameter tube and (b) 0.3 mm inner diameter tube.
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Fig. 12. The gravitational effect on the initial liquid film thickness.
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Fig. 14. The effects of bubble and liquid slug lengths on the liquid film thickness:
(a) dimensionless liquid film thickness (Jo_ug/D) behind a liquid slug against
capillary number (Ca = uU/a) (b) dimensionless liquid film thickness (6¢_pubbie /D) in
a bubble against capillary number (Ca = uU/0).

formed on the tube wall. On the other hand, liquid film thickness at
the tube side in horizontal flow direction and in vertical flow do
not change and remain nearly constant. Regardless of the measur-
ing positions, initial liquid film thicknesses 5, are almost the same
for this tube diameter and velocity condition.

3. Results and discussion
3.1. The effect of gravity on the initial liquid film thickness

When the effect of gravity becomes dominant, initial liquid film
thickness o takes different values according to the measuring
positions. Fig. 11 shows the initial liquid film thicknesses mea-
sured at different measuring positions in 1.3 mm and 0.3 mm inner
diameter tubes using FC-40. Initial liquid film thicknesses vary
according to the measuring positions in D = 1.3 mm tube. Initial

Liubble

Flow
direction

607bubblc

Fig. 13. Schematic diagram of the short bubble and liquid slug.
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liquid film thicknesses at the tube side in horizontal flow direction
and in vertical flow direction are identical. On the other hand, ini-
tial liquid film thicknesses in D= 0.3 mm tube are identical
regardless of the measuring positions.

Fig. 12 shows the criterion for the gravitational effect on the ini-
tial liquid film thickness. In Fig. 12, cross marks correspond to the
case when the initial liquid film thickness at the tube bottom is
more than 5% larger than that at the tube side, i.e., 1.0550_ige <
50_bottomv and open SymbOIS are for (So_side < 50_botwm < l-05(30_51'de~
The difference of the liquid film thicknesses at the tube bottom
and the tube side is affected not only by Bond number but also
by capillary number. As Bond number and capillary number in-
crease, the difference between Jo_poom and do_sige becomes larger.
In Fig. 12, dotted lines show the criterion for gravitational effect
on the liquid film thickness in each working fluid. Initial liquid film
thickness of water at the tube bottom becomes thicker at smaller
capillary numbers. Reynolds number of water flow is quite large
even at small capillary number. The reason may be attributed to
the effect of flow transition from laminar to turbulent.

3.2. The effects of bubble and liquid slug lengths

In the present experiment, liquid is pulled by an actuator motor.
Thus, the flow can be considered as a very long bubble behind a
very long liquid slug. In reality, bubble length and liquid slug
length could be shorter and they may affect the liquid film thick-
ness. The effects of bubble and liquid slug lengths were investi-
gated using water as a working fluid. The liquid film thickness is

140 I
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Fig. 15. Liquid film thickness of FC-40: (a) liquid film thickness against bubble
velocity and (b) dimensionless liquid film thickness (5o /D) against capillary number
(Ca=uU/o).

measured at the tube side in horizontal flow direction. An isolated
air bubble and a liquid slug are injected from the open edge of the
micro tube. Bubble and liquid slug lengths are measured from the
images captured by the high speed camera. Fig. 13 shows the sche-
matic diagram of a short bubble and a liquid slug. Bubble length
Lpubbie and liquid slug length L, vary within the range of D <
Lpubble < 6D and 0 < Lgyg < 3D. Fig. 14 shows the measured d, with
different Lpyppie and Lgyg. In Fig. 14, do_que means the initial liquid
film thickness behind liquid slug and &g_pupble Means the initial
liquid film thickness in a bubble. In Fig. 14a, o_pupble Of all cases
are almost identical with the case of long liquid slug. It seems that
Lqyg has a weak effect on the liquid film thickness. When Ca < 0.01,
liquid film thickness seems to be independent on the bubble length
if bubble length becomes 2 times larger than inner diameter. How-
ever, liquid film is thicker for short bubbles, Lyyppie < 2D. It is con-
sidered that the liquid film thickness in a short bubble becomes
thicker because the bubble tail also affects Jy,. On the other hand,
at high capillary numbers, liquid film thickness becomes thicker
even in long bubbles and large deviations are observed in
Fig. 14b. According to Bretherton’s theory (1961), transition region
length between the bubble nose and the flat film region is propor-
tional to the capillary number. It is considered that the transition
region becomes longer as capillary number increases.

3.3. FC-40/air experiment

Fig. 15a shows the liquid film thickness against velocity for FC-
40/air experiment. Liquid film thickness measured at the tube side
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Fig. 16. Liquid film thickness of ethanol: (a) liquid film thickness against bubble
velocity and (b) dimensionless liquid film thickness (5o/D) against capillary number
(Ca=uU/o).
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Fig. 18. Dimensionless liquid film thickness (Jo/D) against Reynolds number
(Re = pUD/ ).

in horizontal flow direction is used. Liquid film thickness increases
with bubble velocity and tube diameter. It is known that the liquid
film thickness is mainly determined by the force balance between
viscous and surface tension forces, which can be represented by cap-
illary number Ca = puU/a. Viscous force makes liquid film thicker
and surface tension makes liquid film thinner. The effect of viscous
force becomes dominant as the bubble velocity increases and the ef-
fect of surface tension becomes smaller as tube diameter increases.

Transition '
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Flat film region z
cap region

Fig. 19. Schematic diagram for the scaling analysis on the liquid film thickness.
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Fig. 20. Predicted liquid film thickness (6o/D) against capillary number (Ca = uU/o).
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Fig. 21. Comparison between prediction and experimental results.

Fig. 15b shows the dimensionless liquid film thickness &,/D
against capillary number, using the same data in Fig. 15a. The solid
line in Fig. 15b is an empirical fitting curve of Taylor’s experimental
data proposed by Aussillous and Quere (2000) as:

2
do _ 0.67Ca’ . (11)
D 14+25x1.34c

Eq. (11) is called the Taylor’s law. The working fluids in Taylor’s
experiments were highly viscous such as glycerol and sugar-water
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syrup. Therefore, Reynolds number in Taylor's experiment was
small and the inertial force is negligible. At Ca < 0.025, dimension-
less liquid film thicknesses of five tubes become nearly identical
with Taylor's law. Thus, the inertial force can be neglected and
the dimensionless liquid film thickness is determined only by cap-
illary number. As capillary number increases, all data become smal-
ler than the Taylor’s law. At 0.025 < Ca < 0.10, liquid film thickness
decreases as tube diameter increases. For example, liquid film thick-
ness of 1.3 mm inner diameter tube is lower than that of 0.3 mm
inner diameter tube at Ca ~ 0.05. Reynolds numbers of 1.3 mm and
0.3 mm inner diameter tubes are Re = 151 and 34 at Ca = 0.05. As
capillary number increases, this trend is inverted. At Ca > 0.15, liquid
film thickness increases as Reynolds number increases.

3.4. Ethanol/air experiment

As shown in Fig. 8, Reynolds number of ethanol is about 6 times
larger than that of FC-40. Therefore, the effect of inertial force be-
comes stronger for ethanol than for FC-40. Fig. 16a shows the li-
quid film thickness for ethanol. Again, liquid film thicknesses
measured from the tube side are used. Fig. 16b shows the dimen-
sionless film thickness against capillary number. At Ca < 0.02, the
dimensionless liquid film thicknesses in five different tubes
become nearly identical with the Taylor’s law as in the case of
FC-40. However, the deviation from the Taylor’s law starts from
lower capillary number as Reynolds number increases. At large
capillary numbers, all data are larger than the Taylor’s law. inertial
force is often neglected in micro two-phase flows but it is shown
that the inertial force should be considered at relatively large

Table A.1
Bubble velocity U against initial liquid film thickness &, for FC-40

Reynolds number. In Fig. 16b, dimensionless liquid film thickness
in 1.3mm inner diameter tube shows different trend at
Ca > 0.12. For Ca > 0.12, liquid film thickness does not increase
with capillary number but remains nearly constant. Reynolds num-
ber of ethanol in 1.3 mm inner diameter tube becomes 2000 at
Ca ~ 0.12. Thus, this different trend is considered to be the effect
of flow transition from laminar to turbulent.

3.5. Water/air experiment

Fig. 17a shows the liquid film thickness against bubble velocity
for water. At Re > 2000, liquid film thickness does not increase but
remains nearly constant with some scattering. In Fig. 17a, points of
Re ~ 2000 in each tube is indicated. Thus, this trend is considered
to be the flow transition of the liquid phase from laminar to turbu-
lent. Fig. 17b shows the dimensionless film thickness against cap-
illary number for water. The deviation from Taylor’s law starts
from the lower capillary number Ca ~ 0.01, compared with the
cases of FC-40 and ethanol. Dimensionless liquid film thicknesses
of water show much larger values than that of ethanol and Taylor’s
law. In the case of 1.3 mm inner diameter tube, dimensionless
liquid film thickness is nearly 2 times larger than the Taylor’s
law at Ca =~ 0.03. It is obvious that inertial force has a strong effect
on the liquid film thickness at relatively large Reynolds number.

3.6. The effect of Reynolds number

Fig. 18 shows the measured dimensionless liquid film thickness
with the numerical simulation results obtained by Kreutzer et al.

D=1305mm, T=218°C D=0.995mm, T =21.7°C D=0.715mm, T =21.2°C D=0487mm, T =21.8°C D=0.305mm, T =21.5°C
U (m/s) do (pm) U (m/s) do (pm) U (m/s) do (Hm) U (m/s) do (m) U (m/s) 9o (pm)
0.007 11.7 0.007 9.9 0.031 16.8 0.030 10.0 0.049 8.8
0.009 12.4 0.023 18.8 0.068 254 0.042 129 0.081 12.0
0.013 16.8 0.036 23.8 0.110 31.6 0.052 14.2 0.140 15.7
0.027 24.0 0.048 28.5 0.158 375 0.070 18.2 0.162 16.7
0.034 29%) 0.062 335 0.142 37.1 0.083 18.9 0.196 18.2
0.042 33.0 0.077 36.9 0.176 41.6 0.100 215 0.212 18.6
0.057 38.0 0.090 395 0.194 433 0.110 223 0.269 20.5
0.073 43.1 0.105 41.7 0.234 46.1 0.120 228 0.324 21.6
0.089 49.4 0.120 45.5 0.250 47.6 0.159 26.1 0.403 238
0.105 53.6 0.137 48.0 0.276 48.6 0.183 273 0.462 24.7
0.122 55.2 0.149 49.9 0.308 50.7 0.207 29.1 0.499 25.6
0.139 59.4 0.164 514 0.355 54.5 0.273 31.9 0.523 25.2
0.155 62.8 0.180 53.1 0.397 54.8 0.265 319 0.642 26.0
0.180 66.6 0.203 55.9 0.451 58.0 0.354 34.7 0.729 27.3
0.200 69.7 0.231 58.7 0.486 59.5 0.389 35.8 0.920 29.2
0.217 70.4 0.259 60.8 0.515 60.0 0.411 36.4 0.928 28.8
0.240 73.4 0.297 64.5 0.566 63.0 0.444 36.8 0.976 29.8
0.268 77.5 0.329 66.5 0.596 63.3 0.437 37.6 1.123 30.7
0.291 79.7 0.367 70.2 0.685 66.6 0.503 39.5 1.279 31.7
0.308 82.1 0.403 72.0 0.689 66.7 0.541 393 1.475 329
0.342 86.1 0.428 73.5 0.705 67.3 0.554 40.0 1.577 333
0.370 88.1 0.479 77.8 0.770 68.5 0.601 41.0 2.115 353
0.386 89.0 0.515 78.5 0.830 70.7 0.585 40.9

0.414 92.7 0.552 81.8 0.837 70.4 0.593 40.5

0.438 95.6 0.595 84.3 0.863 723 0.657 419

0.495 103.7 0.633 86.9 0.951 74.0 0.871 453

0.501 101.8 0.721 90.9 1.013 744 0.927 45.9

0.565 108.9 0.741 91.9 1.093 78.3 0.961 46.6

0.590 109.8 0.773 93.7 2.221 88.9 0.965 46.6

0.615 115.0 0.842 96.1 3.131 94.1 1.244 50.0

0.635 1211 0.909 103.3 4.681 94.7 1.527 52.2

0.646 112.9 0.965 106.6 2.102 55.5

0.686 118.5 1.025 108.1 2.362 57.1

0.689 118.1 1.084 108.6

0.721 124.1 1.091 108.0

0.806 128.7 1.159 107.0

1.227 112.2




Y. Han, N. Shikazono / International Journal of Heat and Fluid Flow 30 (2009) 842-853 851

(2005). Dimensionless liquid film thickness at a particular capillary
number is obtained from the fitting curve of the experimental data.
Dimensionless liquid film thicknesses are nearly constant against
Reynolds number at small capillary number. Therefore, at small
capillary numbers, inertial force can be neglected and liquid film
thickness is determined only by capillary number. As capillary
number increases, the dimensionless liquid film thickness is not
constant against Reynolds number. At small Reynolds numbers, the
dimensionless liquid film thickness decreases as Reynolds number
increases. As Reynolds number increases further, the dimensionless
liquid film thickness takes a minimum and then increases. This effect
of inertial force on the liquid film thickness is reported in the several
numerical simulation studies (Heil, 2001; Kreutzer et al., 2005).

3.7. Scaling analysis

Aussillous and Quere (2000) replaced the curvature of the
bubble nose k¥ = 1/(D/2) with x =1/{(D/2) — 0} in Bretherton’s
theoritical analysis (1961), and obtained the following relation:

Table A.2
Bubble velocity U against initial liquid film thickness &, for ethanol

b Cd
D/2" 15 cd

In Eq. (12), dimensionless liquid film thickness asymptotes to a
finite value due to the term Ca*? in the denominator. Based on
Eq. (12), Taylor's experimental data was fitted as Eq. (11). In
Fig. 19, if the effect of inertial force is taken into account, the
momentum balance and the curvature matching between the bub-
ble nose and the transition region should be expressed as follows:

(12)

uu o1 o 1

om0 a3
do 1

27 Dj2)— 0 (14)

We can deduce the relation of 5,/D from Eqgs. (13) and (14) as:

T

do Ca

e E— (15)
D ca+(1-we)

D=1305mm, T =21.5°C D =0.995mm, T = 20.3 °C D=0.715mm, T = 20.8°C D=0487mm, T =214°C D =0.305mm, T =20.4°C
U (m/s) do (Hm) U (m/s) do (Hm) U (m/s) do (Wm) U (m/s) do (Lm) U (m/s) o (Hm)
0.012 6.3 0.056 13.1 0.021 6.8 0.047 6.9 0.082 3.7
0.025 10.5 0.118 221 0.042 83 0.092 9.1 0.149 7.0
0.052 17.2 0.119 16.7 0.060 11.8 0.093 9.4 0.230 9.8
0.066 20.5 0.242 33.2 0.084 129 0.096 9.4 0.407 12.3
0.133 258 0.247 34.7 0.109 13.3 0.203 16.1 0.468 13.8
0.138 40.8 0.322 38.1 0.131 16.8 0.199 14.3 0.477 14.0
0.145 325 0.337 38.5 0.155 18.6 0.222 15.1 0.527 14.7
0.178 39.9 0.445 40.1 0.216 21.6 0.312 17.4 0.600 15.2
0.208 37.7 0.450 40.4 0.226 242 0.357 18.9 0.645 16.1
0.243 43.0 0.516 49.1 0.297 24.6 0.417 19.2 0.686 16.6
0.285 45.1 0.517 46.8 0.312 252 0.574 2221 0.746 17.0
0.286 47.8 0.607 50.3 0.407 28.0 0.665 23.8 0.800 17.2
0.333 539 0.617 47.5 0.463 30.6 0.707 244 0.902 18.3
0.366 46.0 0.740 59.0 0.472 32.2 0.766 25.7 0.998 19.0
0.373 51.1 0.761 55.9 0.490 32.2 0.772 26.3 1.174 19.9
0.443 59.7 0.843 63.2 0.602 35.1 0.820 26.1 1.269 214
0.453 51.1 0.844 62.7 0.646 36.4 0.915 27.8 1.439 21.9
0.455 65.3 0.996 71.7 0.716 393 0.946 30.5 1.544 224
0.528 62.1 1.015 69.9 0.728 384 1.064 28.9 1.551 22.8
0.531 59.6 1.197 78.2 0.851 43.6 1.049 29.7 1.821 24.0
0.531 67.8 1.216 77.5 0.886 43.1 1.143 323 1.886 24.2
0.620 75.2 1.388 89.3 1.029 48.9 1.244 34.0 2.004 24.8
0.708 749 1.423 81.5 1.058 51.0 1.272 32.6 2.028 255
0.707 83.7 1.594 90.0 1.072 49.5 1.334 37.0 2.071 255
0.788 80.4 1.585 91.5 1.087 47.1 1.269 33.1 2.251 26.2
0.804 84.5 1.717 97.2 1.308 58.4 1.392 35.1 2.399 27.1
0.818 90.8 1.876 98.8 1.405 54.8 1.479 37.1 2.440 26.9
1.011 92.6 1.919 102.2 1.424 57.4 1.412 353 2.617 27.5
1.026 99.2 2.021 103.3 1.611 61.8 1.623 393 2.872 279
1.175 94.5 2.039 104.7 1.792 64.7 1.744 38.2 2.889 28.7
1.235 101.6 2.110 111.4 1.824 65.8 1.671 39.1 3.160 29.0
1.230 106.7 2.149 105.2 1.973 68.8 1.841 41.9
1.436 114.0 2.249 111.0 1.981 69.5 1.839 413
1.473 120.8 2.390 121.8 2.360 72.6 2.128 441
1.606 121.3 2.390 106.7 2.470 771 2.136 40.5
1.714 133.2 2.509 121.0 2.681 76.2 2.036 423
1.949 1233 2.673 119.5 2.887 76.9 2.194 43.4
1.957 126.4 2.809 116.1 3.201 80.6 2.369 43.7
1.943 139.6 2.946 122.2 3.405 83.7 2.339 45.2
2.228 140.3 3.040 120.8 3.475 87.5 2.565 47.2
2.655 134.9 3.096 123.0 4.228 89.7 3.001 50.5
2.941 130.4 3.163 123.0 4.391 90.3 3.272 53.2

3.377 124.0 4.858 97.9 4.207 583

3.406 123.8 5.026 85.5 4.267 56.8

3.467 119.4 5.153 91.1 4.791 61.6

3.571 124.2 6.506 92.6 6.078 63.1

4.085 135.2 6.877 59.2

4.721 146.9 6.965 577

4.783 130.2
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where Weber number is defined as We' = pU?((D/2) — &,)/0. Eq.
(15) is always larger than Eq. (12) because the sign in front of We-
ber number is negative. Therefore, Eq. (15) can express the increase
of the liquid film thickness with Weber number. On the other hand,
Heil (2001) reported that at finite Reynolds number, inertial force
makes the bubble nose slender and increases the bubble nose cur-
vature. It is reported in Edvinsson and Irandoust (1996) and Kreut-
zer et al. (2005) that the curvature of bubble nose increases with
Reynolds number and capillary number. This implies that curvature
term x = 1/{(D/2) — 6o} in momentum equation should be larger
with Reynolds number and capillary number. We assume that this
effect of curvature change can be expressed by adding a function of
Reynolds number and capillary number to x = 1/{(D/2) — do} term
as:

1+ f(Re,Ca)
=TD/2) % (16)

Substituting Eq. (16) in Egs. (13) and (14), we can obtain the follow-
ing relations:

Table A.3
Bubble velocity Uagainst initial liquid film thickness &, for water

pU 1 (o(1+f(Re,Ca)| 1

R e BT

do  (1+f(Re,Ca))

P T "

(30 -~ Ca
cad + (1 +f(Re, Ca))(l _%)

(D/2)
If we assume that the terms of Re, Ca and We are small, we may
simplify Eq. (17) using Taylor expansion as:

1N

i

1N

do N Ca
(D/2)  CaB +1 + f(Re, Ca) — g(We')

In the denominator of Eq. (18), f(Re, Ca) term corresponds to the
curvature change of bubble nose and contributes to reduce the li-
quid film thickness. On the contrary, when the inertial effect in-
creases, g(We') term contributes to increase the liquid film
thickness due to the inertial term in the momentum equation. We-
ber number in Eq. (15) includes the liquid film thickness J, in its

(18)

D= 1305 mm, T = 20.3 °C D =0.995 mm, T = 20.5°C

D=0.715mm, T = 20.5°C

D =0.487 mm, T = 20.7 °C D = 0.305mm, T =20.2°C

U (m/s) o (1m) U (m/s) o (m) U (m/s) 30 (m) U (m/s) 3o (m) U (m/s) 30 (um)
0.062 83 0.109 9.3 0.083 6.2 0.158 6.1 0.097 2.1
0.111 114 0.110 8.9 0.112 6.2 0.178 5.9 0.133 2.9
0.201 17.2 0.114 115 0.210 10.2 0.191 4.8 0.240 4.3
0.267 17.9 0.219 9.7 0.218 10.2 0.304 7.6 0.291 4.6
0.354 274 0.243 12.0 0.300 12.8 0.357 7.8 0.330 5.9
0.361 234 0.332 17.9 0.434 14.6 0.378 9.2 0.418 6.6
0.473 30.3 0.350 16.2 0.440 15.1 0.450 10.1 0.553 8.2
0.545 333 0.431 22.0 0.680 19.8 0.520 11.9 0.727 93
0.653 39.0 0.462 22.7 0.953 26.3 0.761 14.0 0.779 9.1
0.697 444 0.574 25.9 1.037 274 0.775 13.8 0.966 10.2
0.807 48.0 0.622 26.8 1.080 28.6 1.029 17.8 1.041 124
0.870 53.1 0.694 314 1.119 29.0 1.054 18.5 1.253 12.8
0.968 553 0.761 30.3 1.130 30.0 1.212 21.0 1.454 14.5
1.046 61.9 0.859 35.0 1.242 32.0 1.379 22.8 1.659 14.5
1.060 62.0 0.873 374 1.333 35.7 1.646 26.7 1.706 15.5
1.124 73.2 0.988 42.3 1.402 36.8 1.694 26.9 1.782 154
1.154 69.9 1.048 414 1.560 41.1 1.764 26.9 1.857 15.9
1.167 68.7 1.084 483 1.704 44.2 1.999 325 1.964 16.5
1.327 75.0 1.140 43.2 1.815 45.1 2.044 31.8 2.029 16.4
1.328 81.0 1.182 45.9 1.888 48.2 2.245 36.3 2117 16.9
1.348 84.0 1.317 51.1 1.951 50.3 2432 36.3 2.381 17.9
1.476 85.6 1.347 52.6 2.134 53.1 2.545 37.5 2.686 20.0
1.519 90.8 1.381 54.7 2.156 539 2.757 37.9 2.745 19.6
1.546 93.6 1.408 59.0 2.212 559 2.879 39.6 2.810 20.3
1.724 1024 1.444 55.7 2.445 58.7 2.899 42.2 2.900 20.7
1.791 94.0 1.511 55.2 2.731 61.2 3.088 414 3.010 20.7
1.850 102.3 1.606 62.7 3.086 70.1 3.598 45.4 3.335 21.9
1.883 108.5 1.682 58.6 3.250 71.0 3.641 46.2 3.482 23.6
2.011 113.1 1.725 64.2 3.724 74.7 3.903 43.8 3.740 239
2.416 95.4 1.761 62.6 4.156 76.0 3.905 45.1 3.808 22.2
2427 108.3 1.896 713 4.378 76.4 4481 47.2 3.938 233
2.595 108.2 1.899 69.8 5.057 80.8 4513 444 4.038 22.8
2.907 103.6 1.977 77.5 5.879 75.8 4.851 47.9 4.122 23.2
2.079 75.2 5.006 46.9 4.240 23.9
2.082 72.3 5.205 434 4.304 25.1
2.242 77.7 5.223 46.4 4.554 24.6
2.404 70.6 5.790 48.5 4,617 25.8
2.597 70.6 6.040 46.7 4.735 27.2
2.823 71.5 6.276 48.2 4.809 25.6
2.871 68.2 6.565 51.1 5.075 28.8
2.910 64.6 5.108 27.5
2.954 66.1 5.214 27.6
3.084 66.5 5.622 28.1
5.751 28.6
5.873 29.8
6.058 28.9

6.247 303
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definition. Therefore, in order to simplify the correlation, Weber
number is redefined as We = pU?D/a. Experimental data is finally
correlated in the form as:

2
0.670Ca3

5 (Re < 2000),
S 143.13Ca3+0.504Ca®572 Re® 589 _0.352We® 629
% _ 2 19)
06.0(121)3 (
D 10500rh) — (Re > 2000),
1+497.0(42.4)3+7330 (42.4)  —s000(23) "

where Ca = uU/o, Re = pUD/u, and We = pU?D/c. As capillary
number approaches zero, the first equation of Eq. (19) for
Re < 2000 should follow Bretherton’s theory, so the coefficient in
the numerator is taken as 0.670. The other coefficients are obtained
by least linear square method from the present experimental data.
If Reynolds number becomes larger than 2000, liquid film thickness
remains constant due to the flow transition from laminar to turbu-
lent. Therefore, liquid film thickness is fixed to the value at
Re = 2000. The second equation of Eq. (19) for Re > 2000 can be ob-
tained from the first equation by substituting Re = 2000. Capillary
number and Weber number should be also replaced with the values
when Reynolds number is 2000. The first equation of Eq. (19) are re-
placed as follows:

= _'uz Y _'uz 1 — .
Ca = Re x ( D) = 2000 x ( D (Re =2000); (20)
We = Re - Ca = 20007 w1 Re = 2000 21

In Egs. (20) and (21), (4?/poD) is a constant value if tube diameter
and fluid properties are fixed. Figs. 20 and 21 show the comparison
between the experimental data and the prediction of Eq. (19). As
shown in Fig. 21, the present correlation can predict J, within the
range of +15% accuracy.

4. Concluding remarks

The initial liquid film thickness in a micro tube is measured
directly by laser focus displacement meter. Liquid film thickness
changes according to the measuring positions due to gravity.
However, the initial liquid film thickness & is independent of
the measuring positions when Bond number and capillary num-
ber are small. Liquid slug length has only a weak effect on liquid
film thickness. However, liquid film thickness becomes thicker
for short bubbles, Lyypie < 2D. At small capillary number, the ini-
tial liquid film thickness is determined only by capillary number
and inertial effect is negligible. As capillary number increases, the
effect of inertial force can not be neglected. At relatively large
capillary number, liquid film thickness takes a minimum value

against Reynolds number. If Reynolds number becomes larger
than roughly 2000, liquid film thickness becomes nearly constant
and shows some scattering. Empirical correlation for the dimen-
sionless liquid film thickness based on capillary number, Rey-
nolds number and Weber number is proposed. The proposed
correlation can predict the initial liquid film thickness within
+15% accuracy.
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Appendix

Measured data and the flow conditions are listed in Tables A.1-
A.3. Initial liquid film thicknesses are measured from the tube side.
Temperatures for each of test runs are is also listed.
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