
INSTITUTE OF PHYSICS PUBLISHING MEASUREMENT SCIENCE AND TECHNOLOGY

Meas. Sci. Technol. 16 (2005) 594–600 doi:10.1088/0957-0233/16/2/037

Fringe probing of liquid film thickness
of a plug bubble in a micropipe
Xishi Wang and Huihe Qiu

Department of Mechanical Engineering, The Hong Kong University of Science &
Technology, Clear Water Bay, Kowloon, Hong Kong, People’s Republic of China

E-mail: meqiu@ust.hk

Received 23 July 2004, in final form 10 November 2004
Published 21 January 2005
Online at stacks.iop.org/MST/16/594

Abstract
The liquid film thickness of a plug bubble in a micropipe is of interest in
micro heat pipe, microfluidics and two-phase flows. A novel technique was
developed to measure the liquid film thickness of a plug-like bubble in a
capillary pipe utilizing a spatial fringe scattering method. The scattered
fringes were measured by CCD camera and the calculated spatial
frequencies were used to determine the film thickness between the plug and
the wall. To demonstrate the capability of the newly developed technique, a
validation experiment was conducted with water/air and
water–honey-mixture/gas-plug flows. The velocity-dependent film
thickness can also be observed using this measurement technique. This
newly developed method is easy to implement and it will be a very useful
technique for micro heat pipe research.

Keywords: fringe probing, liquid film thickness, plug bubble, micropipe
multiphase and particle-laden flows

1. Introduction

Research on bubble dynamics and heat transfer in micropipe
two-phase flows is an important area in micro electronic
cooling, microfluidics and non-invasive laser/ultrasound
microsurgery [1–7]. For example, a pulsating heat pipe (PHP)
is a very effective heat transfer device which is made of a
relatively long and thin sealed pipe containing both phases of
the working fluid. The inner diameter of the pipe must be
sufficiently small so that vapour bubbles can grow to vapour
plugs in the tube. Much research has been conducted to
investigate the behaviour of pulsating heat pipes. Hosoda
et al [6] investigated the propagation phenomena of vapour
plugs in a meandering closed loop heat transport device (MCL-
HTD). They observed a simple flow pattern, appearing at high
liquid volume fractions. In such a condition, only two vapour
plugs exist separately in adjacent turns, and one of them
starts to shrink when the other starts to grow. However, in
their numerical simulation, the liquid film between the vapour
plugs and the capillary tube wall was neglected which may
oversimplify the theoretical model for PHPs [1]. Zhang and
Faghri [1] presented a model of thermal analysis of a pulsating
heat pipe with an open end, taking the effect of surface tension

and heat transfer in the liquid film into consideration based
on the assumption that the shear stress at the liquid/vapour
interface is negligible, and heat transport in the thin liquid films
is only due to the conduction in the radial direction. In the past,
however, due to lack of measurement technique, experimental
studies mainly focussed on visualization of the flow pattern
and measurement of temperature and effective thermal
conductivity. The liquid film thickness between the vapour
plugs and the capillary tube was not measured. Furthermore,
in cardiovascular applications [8, 9], a laser pulse is used
to generate a cavitation bubble in a blood vessel due to the
absorption of laser energy by blood clots. The hydrodynamic
pressure arising from the expansion and collapse of the
cavitation bubble can force the drug into the clots and
tissue walls. Similarly, the laser-induced thermal acoustic
pressure may also form a ‘ripple’ effect at the gas/liquid
interface. Due to small scale in the size of bubbles/plugs
in a microtubule, it was difficult to measure the gas/liquid
interfacial film in micropipe flows.

In this paper, a novel optical diagnostic technique [10, 11]
has been further extended to probe the liquid film thickness
in micro capillary two-phase flows. The spatial frequencies
from the multiscattering measured by CCD camera are used

0957-0233/05/020594+07$30.00 © 2005 IOP Publishing Ltd Printed in the UK 594

http://dx.doi.org/10.1088/0957-0233/16/2/037
http://stacks.iop.org/mt/16/594


Fringe probing of liquid film thickness of a plug bubble in a micropipe

Figure 1. Schematic of gas/liquid interfacial film as a bubble
passes through a micro tube.

Figure 2. Schematic of the geometrical optical approach for
scattering rays from a gas plug.

to determine the film thickness. Very fine parallel fringes are
projected onto the liquid/gas-bubble interface. The scattered
fringe pattern can be imaged at a proper orientation angle
where the spatial frequency of the fringe pattern can be
measured. To determine the spatial frequency variations
during the plug/slug pulsating, a highly accurate signal
processing technique [12] for continuous evaluation of signal
phases utilizing a modified fast Fourier transform (FFT)
algorithm was used. Through a geometrical optics approach,
the curvature of the cross-section of a plug can be derived from
the spatial frequency of the scattering pattern on the screen.
By assuming that the plug is rotationally symmetric about its
centreline, the film thickness of the plug is obtained. Finally,
the film thickness of the whole plug is analysed by processing
the recorded series of the scattering pattern.

2. Theoretical approach

Figure 1 shows the schematic diagram of a plug passing
through a micro capillary tube, where the gas/liquid interfacial
film thickness can be assumed to be axis symmetric in most
cases especially when the tube diameter is small. The cross-
sectional area of the plug and the liquid film are described in
figure 2.

When incident light enters the gas/liquid interfacial film
(see figure 2), the relationship between the incident and the
reflected beams can be expressed by the following equations:

α = 2θ, when ng is well matched with nl (1)

β = 2ϕ − 2θr + 2θ, when ng is not well matched with nl

(2)

where θ is the incident angle on the glass/liquid interface
while θr is the refractive angle, ϕ is the incident angle on
the liquid/gas interface and ng, nl is the refractive index of
the glass and the liquid, respectively. Equations (1) and (2)
can be rewritten with their differential forms as

dα = 2dθ (3)

dβ = 2dϕ − 2dθr + 2dθ. (4)

In addition, on the basis of Snell’s law and the geometrical
relationships shown in figure 2, the relationships of ϕ ∼ θ ,
θr ∼ θ , can be obtained as

ϕ = arcsin

(
R

RB

ng

nl
sin θ

)
(5)

θr = arcsin

(
ng

nl
sin θ

)
(6)

where R and RB are regarded as the internal radius of the
capillary tube and the radius of the liquid plug, respectively.
Then, substituting the differential forms, dϕ and dθr, into
equation (4) and considering c = ng/nl, we obtain

dβ = 2c


 cos θ√

R2
B

R2 − c2 sin2 θ

− cos θ√
1 − c2 sin2 θ

+
1

c


 dθ. (7)

Considering y = R sin θ and �y = δ (where δ is the spatial
space of the initial fringes), dθ can be expressed as

dθ = δ

R cos θ
. (8)

Then, equation (7) can be rewritten as

�β = 2cδ


 1√

R2
B − c2R2 sin2 θ

− 1√
R2 − c2R2 sin2 θ

+
1

c
√

R2 − R2 sin2 θ


 . (9)

By considering the relationships of RB = R–h and �β = 1/Lf ,
the film thickness, h, can be derived from equation (9) as

h = R −
√

c2R2 sin2 θ + 1
[(1/2cδLf )+(1/

√
R2−c2R2 sin2 θ)−(1/cR cos θ)]2

(10)

where L is the equivalent distance between the imaging screen
of the CCD camera and the centre of the capillary tube.
According to geometrical optics, L = Kl, where K is the
overall magnification factor of lens L2 and the CCD camera
and l is the receiving lens distance between the centre of the
capillary tube and the receiving lens L2 as shown in figure 6.
f is the spatial frequency of the received fringes that can be
determined by the modified FFT algorithm. Equation (10)
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Figure 3. The relationship between the film thickness h and the
measured frequency ratiof0/f .

obviously shows that h can be determined with f when L
and θ are known, because c is the relative refractive index
between the glass tube and the working fluid (e.g., 1.1059 for
glass/water and 1.0 for a matched glass/liquid). δ is a constant
that can be calculated with the optical geometry (in this paper,
it has the value of 2.5312 µm). In this study, the radius of the
capillary tube R is considered to be 375 µm, which is provided
by the manufacturer. R can also be calibrated by equation (10)
using the known value of L and the condition of the capillary
tube being dry (i.e., h = 0). In this paper, the data of the hollow
tube case are used to calibrate the parameter L, i.e., if f0 is
the spatial frequency of the fringes which are reflected by the
glass/air interface, then L can be determined by combining
equation (3) with equation (8):

1

L
= 2δ

R cos θ
f0 (11)

Substituting equation (11) into equation (10), then

h = R − R
√

c2 sin2 θ + 1
[(1/c cos θ)(f0/f )+(1/

√
1−c2 sin2 θ)−(1/c cos θ)]2 .

(12)

In addition, by substituting equations (5) and (6) into
equation (2), and considering RB = R − h, we obtain

β

2
− θ = arcsin

[
(2R − h)h

2R(R − h)

c sin θ√
1 − c2 sin2 θ

]
. (13)

By solving equation (13), the relationship between θ and h can
be determined as

h = R(1 + A) − R
√

1 + A2 (14)

where

A = sin
(

β

2 − θ
)√

1 − c2 sin2 θ

c sin θ
,

and the values of R, c and β are all known. Therefore, the
relationship between h and the frequency ratio, f0/f , can
be numerically determined with equations (12) and (14) (see
figure 3). Utilizing FFT to determine the spatial frequency f ,
the film thickness can be obtained.

Substituting sin θ = (RB/Rc) sin ϕ (see equation (5)) and
θ = arcsin[(RB/Rc) sin ϕ] into equation (13), β can then be

Figure 4. The relationship of dα ∼ θ and dβ ∼ θ with
water/gas-plug.

estimated as

β = 2 arcsin

(
RB

Rc
sin ϕ

)

+ 2 arcsin


R2 − R2

B

2R

sin ϕ√
R2 − R2

B sin2 ϕ


 . (15)

To determine a suitable receiving angle β, it is obvious that
the scattering fringes are only from the total reflection rays.
Therefore, the following conditions should be satisfied:{

θ � θc1 for glass/air interface

ϕ � θc2 for liquid/air interface

where θc1 and θc2 are the critical angles of light beam total
reflection at glass/air and liquid/air interfaces, respectively.
For instance, θc1 = 42.76◦ (for glass/air interface) and
θc2 ≈ 48.66◦ (for water/air interface). Generally, the fringes
with small incident angles (a little larger than the critical angle)
are required to be collected by the lens and then imaged by
the CCD camera, because only when their incident angles are
small enough are the spaces between the total reflected fringe
beams uniform (see figure 4). Therefore, the imaging angle,
β = β1 ∼ β2, can be estimated by equation (15) with the
values of


θ = θc1 ∼ θc1 + �θ for glass/air interface,

β = α = 2θ

ϕ = θc2 ∼ θc2 + �θ for liquid/air interface,

(16)

while �θ can be determined as

�θ = (N − 1)cδ

RB cos θc1,2
(17)

where N is the numbers of fringes that are required to image
and the subscripts 1 and 2 refer to the case of glass/air interface
and liquid/air interface, respectively. Then, with the values
of ϕ1 = θc2 and ϕ2 = θc2 + �θ , the viewing angles β1 and
β2 can be estimated. Thus, the averaged value of β (e.g.,
β = (β1 + β2)/2) can be determined which can be used for
setting the CCD camera position.

In addition, it should be noted that the effects of the normal
reflected beams by the glass/liquid interface are ignorable for
this method. The portion of this reflection can be estimated
with equation (18), where θi and θr are the incident and
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Figure 5. The reflection component via the incident angle of fringe
patterns.

refractive angles at the interface, respectively. For example,
for the badly matched case of water/gas-plug being considered
in this paper, the values of Rp are less than 5%, especially less
than 0.5% when the incident angles are within the range of
41–45◦, which is related to the fixed image angle of β1 − β2

(see figure 5).

Rp = tan2(θi − θr)

tan2(θi + θr)
(18)

3. Experimental set-up

The schematic diagram of this method is shown in figure 6. A
uniphase mode 1135P, 15 mW He–Ne laser (λ = 632.8 nm),
a split lens and a lens with 200 mm focus (L1) were used
for producing interference fringes. The distance between the
two parallel split beams is about 50 mm. The total reflected
fringes are focused into a JVC TK-C1381 CCD camera which
is coupled with a Nikon L37c 52 mm optical lens as well as
with a 100 mm focus lens (L2). According to the geometrical
optics on total reflection, the image system (including the CCD
camera and L2) is adjusted to collect the reflected fringes
within the angle of 90–120◦(from the negative direction of the
x-axis).

A special borosilicate glass tube was fixed horizontally
10 mm under the top of a polymethyl methacrylate rectangular

Figure 6. Schematic diagram for measurements of the liquid film thickness of a plug.

Figure 7. An image of water/gas-plug flow within a capillary glass
tube.

Figure 8. Fringe patterns of scattering light: (a) hollow tube,
(b) water/air plug.

tank. The capillary tube is 125 mm long and with 750 µm inner
diameter (ID) and 1500 µm outer diameter (OD). In order to
reduce the effects of light reflection due to the surface of the
glass tube, the tank is filled with glycerol (C3H8O3), which is
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Figure 9. FFT power spectra related to the hollow tube.

Figure 10. FFT power spectra related to the water/gas-plug.

Figure 11. FFT power spectra related to the 70% water and 30% honey/gas-plug.

a kind of clear viscous liquid with refractive index between
1.470 and 1.475 (20 ◦C, 589 nm), which can well match the
refractive index of the special borosilicate glass (1.473). The
mixture of distilled water with pressurized air contained in a
stainless steel jar was well controlled with an inching switch
to produce water/gas-plug flow within the micro glass tube,
while a small container filled with 70% water and 30% honey
mixture (with the refractive index about 1.439) was used for
producing 70% water and 30% honey mixture/gas-bubble flow
in a similar way. The gas plug is about several millimetres
long (see figure 7) and has a moving velocity less than
300 mm s−1. The incident fringe pattern will be scattered
by the air plug and imaged with the CCD camera. Finally,
with the FFT analysis of the image data, the film thickness of
the air plug can be determined.

4. Results and discussion

To demonstrate the capability of this method, the gas/liquid
interfacial film thicknesses were determined utilizing FFT and
a five-point fitting method [12]. The spatial frequency, f , was
accurately determined with the imaged fringe patterns (see
figure 8). Figure 8(a) is related to the case of a hollow-dry
tube and figure 8(b) is related to a gas plug formed by water;
they differ by the spatial frequency of the fringes. To reduce
background noise, the image of the fringes was first averaged
along each row, then, each individual value was subtracted by
its mean value. Then, the data array was calculated by FFT
and the related spatial frequency was determined. Substituting
the determined values of f into equation (12), the film
thickness of the air plug can be determined. Figures 9–11
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Figure 12. Measured film thickness of a longer moving
water/gas-plug (plug velocity, Vf = 14.09 mm s−1).

Figure 13. The interfacial film thickness of a water/gas-plug as a
function of plug velocity.

Figure 14. Measured film thickness of a quickly moving 70% water
and 30% honey mixture/gas-plug.

give the FFT results related to the reflected fringes by the
glass/air (hollow tube), water/gas-plug and 70% water and
30% honey mixture/gas-plug interface, respectively.

Figure 12 shows the measured interfacial film thickness of
a liquid/gas-bubble during the period when it passed quickly
through the capillary. The results obviously show that the
film thickness of both the front end and the back end of the
bubble column is thicker than its main body; this is reasonable
due to the curve-like shape of both ends. Figure 13 shows
the variation of the liquid film thickness via different plug
velocities. The plug velocities were measured using image
processing of the recorded plug position images. It is obvious

that the film thickness of a quicker moving plug has a thinner
interfacial liquid film than that of a slower one. In addition, in
figure 12 the film thickness of the back end is a little thicker
than the front end in both cases. This may be explained by a
larger force acting on the front end while the air plug is moving
forward, i.e., the front and the back ends have different shapes,
the latter one having a more curved shape. A detailed study
of this phenomenon will be carried out in the near future.
Figure 14 shows the variation of the interfacial film thickness
along an air plug during its passage through the capillary tube
when a water–honey mixture was used as the working fluid.
The average interfacial film thickness was thicker than that of
pure water due to high viscosity, as described previously.

5. Conclusions

A novel optical method has been developed to measure the
interfacial film thickness of a gas plug in a capillary tube. This
newly developed method is mainly based on total reflection
of an incident parallel fringe pattern on the liquid/bubble
interface. Utilizing FFT and a five-point fitting method, the
film thickness can be determined with high resolution. The
principles of this method based on geometrical optics and a
digital image processing technique have been discussed in
detail. The effect of non-matching between the glass tube
and the liquid was also discussed. Validation experiments
were conducted and measured results for the interfacial film
thickness of a gas plug within a glass capillary tube were
obtained. This method is quite simple to implement and,
therefore, it is anticipated that this method can be a very useful
technique for microscale plug flow study in the near future.
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