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Measurement of thin liquid film thickness in pipes based 
on optical interferometry* 
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Accurate measurement of the thin liquid film thickness in pipes is the foundation for studying the characteristics of the 
film. In this paper, an interferometry-based measurement of liquid film thickness in transparent pipes is developed, 
which can greatly improve the accuracy, extend the lower limit of measurement and provide a new technical approach 
for the calibration and traceability. The light intensity distribution is established based on the optical path analysis and 
a mathematical model. A new algorithm to solve the direction ambiguity is developed to reconstruct the phase distri-
bution. Besides, the effect of the pipe wall is taken into account, which can be suppressed by image subtraction and 
enhancement technology. The proposed method is of high accuracy and robustness, whose reconstruction errors are 
0.064% and 0.25% for the smooth and slight fluctuating liquid films, respectively. 
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Gas-liquid two-phase flow is common in various indus-
tries, such as oil transportation, evaporators, condensers, 
and nuclear reactor cooling processes[1,2]. Accurate mon-
itoring of liquid film characteristics is of great impor-
tance to ensure production safety and improve produc-
tion efficiency. Liquid film characteristics include liquid 
film thickness, flow rate, and fluctuation characteristics, 
among which liquid film thickness is the basis for study-
ing liquid film characteristics. 

The existing liquid film thickness measurement meth-
ods mainly include ultrasonic methods, electrical meth-
ods, optical methods, and radiation methods[3]. Most ul-
trasonic methods use ultrasonic transducers, and are 
suitable for measuring thicker liquid film. For example, 
WADA et al[4] proposed an ultrasound technique to iden-
tify two-phase flow as well as measure the thickness and 
velocity of the annular flow liquid film. Electrical meth-
ods realize the measurement by the relationship between 
the current and the liquid film thickness. WOLF et al[5] 
set a conductivity probe to measure the liquid film 
thickness of the annular flow in a vertical upward pipe 
with an inner diameter of 31.8 mm. However, calibration 
is necessary to establish the relationship. Besides, the 
conductivity probe is invasive, and its spatial resolution 
and accuracy are limited[6]. In recent years, non-invasive 
methods, represented by optical methods[7-11], have de-
veloped rapidly, which can not only provide a new way 
for calibration, but also improve the spatial resolution 
and measurement accuracy. Interferometry is a major 
branch of the optical methods, which is widely utilized 

for thin film thickness measurement. SHANG et al[12] 
measured the thickness of a static ethanol film and an 
impinging sheet with partial coherent interferometry in a 
Mach-Zehnder interferometer. REN et al[13] obtained the 
thickness distribution of transparent glass film with mul-
ti-wavelength phase-shift extraction method in a large 
lateral shearing interferometer. CHEN et al[14] studied the 
microlayer structure of thin liquid film under boiling 
bubbles during nucleation boiling on the basis of laser 
interferometry. As a high-precision and high-sensitivity 
measurement method, interferometry provides a new 
approach for the calibration of thin liquid film thickness 
in pipes and simultaneously extends the lower measure-
ment limit. 

The purpose of this paper is to develop an interfer-
ometry-based measurement of liquid film thickness in 
gas-liquid two-phase flow, thereby improving the accu-
racy, extending the lower limit and providing a new cali-
bration and traceability method. On the basis of optical 
path analysis, a mathematical model of light intensity 
distribution is established. A directional-ambiguity re-
moval algorithm to reconstruct the phase is developed, 
which is of high accuracy and robustness. Moreover, the 
effect of the pipe wall is studied, which can be reduced 
through image subtraction and enhancement technology. 
Finally, different distributions of liquid film are consid-
ered and the reconstruction errors are evaluated. 

The principle of interferometric measurement of liquid 
film thickness is shown in Fig.1. A laser beam illumi-
nates the liquid film through the beam splitter and is  
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reflected on the two surfaces of the liquid film. Due to 
the optical path difference (OPD), the two beams of re-
flected light will interfere and be recorded by the 
high-speed camera through the beam splitter. 

 

 
Fig.1 Schematic diagram of the interferometric me-
thod for measuring the liquid film thickness 
 

The reflected light is analyzed by geometric optics, 
and the optical path diagram is shown in Fig.2. Assume 
that the inner radius of the pipe is R1, the thickness of the 
film is R1−R2, the distance from the screen to the inner 
pipe wall is represented in the diagram as OP=d, the re-
fractive index of air is n1, and the refractive index of the 
liquid is n2. 

The reflection from the external surface is considered 
first. Assuming that the incident angle is i0, the position 
of the reflected light on the screen can be expressed as 
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Since i0 is very small, assume that sini0 = i0, tan2i0 = 2i0, 
and cosi0 = 1, and then the OPD can be denoted as 
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Fig.2 Optical path diagram of the light reflected from 
two surfaces of the liquid film 
 

Due to the half-wave loss of the reflected light from 
the optically thin medium to the optically dense medium, 
λ/2 is added. 

Considering the reflected light at the gas-liquid inter-
face, the incident angles are assumed to be i1 and i2 on 
the external surface and the inner surface, respectively.       
The position of the reflected light on the screen is 
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As in the law of sines, we have i2≈(R1/R2) i1. Substi-

tute this into Eq.(3), and we can get 
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The OPD can be written as 
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Assume that the two beams of reflected light meet on 
the screen, that is, y1=y2, so i1 can be calculated from i0 
as 
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The phase difference between the two beams of light 
at the encounter point is obtained as 
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The amplitude of the incident light is assumed to be A0. 
According to the definition of amplitude transmissivity 
and reflectivity, the amplitude of the reflected light can 
be calculated as 
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Finally, the light intensity on the screen is confirmed 
to be 
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As seen in the previous analysis, the phase difference 
Δφ is the cosine function of the light intensity, and the 
light intensity is maximum when Δφ=±2kπ. Therefore, 
the phase difference between every two adjacent fringes 
in the interferogram is 2π, and the phase can be recon-
structed according to the interferogram. However, the 
tendency of the phase across the fringe pattern is still 
unclear, leaving two possibilities (increasing or decreas-
ing). There exists a problem of directional ambiguity. 

A one-dimensional phase extraction algorithm is in-
troduced in this paper, as only a one-dimensional distri-
bution of the liquid film (along the pipe) is supposed to 
be obtained. The flow chart of phase distribution extrac-
tion is shown in Fig.3. Firstly, the image is converted to 
a grayscale image using the weight-average method. The 
middle column is extracted and filtered by a Gaussian 
filter in order to reduce the effect of the noise. Then, all 
the peaks of the light intensity are extracted. Since the 
light intensity distribution conforms to the cosine func-
tion, the majority of the peak values are almost equal. 
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However, as a result of the change in phase direction, a 
minority of the peak values are smaller than the rest, as 
shown in Fig.4. 

 
Fig.3 Flow chart of the directional-ambiguity removal 
phase distribution extraction algorithm 
 

 
Fig.4 Light intensity distribution in the case of phase 
direction changing 
 

To find the position where the direction changes, the 
threshold is set to 0.95 times of the average of all peak 
values (0.95Ave), and the peak values smaller than the 
threshold are all extracted, as are their positions. The 
positions are stored in a matrix P, and for each position 
p(i), whether p(i) belongs to P is determined. The phase 
of each point can be calculated according to  
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where Δφ(i) represents the phase difference between the 
two beams of light corresponding to the i-th pixel, and 
loc_max(j) represents the position of the j-th maximum. 

According to the extracted phase, the OPD can be ob-

tained, and then the liquid film thickness can be recon-
structed. The relationship between OPD and phase dif-
ference Δφ is as follows 

2 OPD



  ,                          (12) 

where λ is the wavelength of the laser. On the basis of 
Fermat's principle, the OPD is the product of the geo-
metric path and the refractive index of the medium. Sup-
posing that the refractive index of the liquid film is n, the 
formula for calculating the thickness of the liquid film 
can be written as 
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Interferometric measurement converts tiny changes in 
thickness into more obvious changes in interference 
fringes so as to achieve higher sensitivity. For each level 
of interference fringe movement, the corresponding OPD 
changes by λ and the corresponding liquid film thickness 
changes by λ/2n. The sensitivity of the method can be 
defined as 

4 nS
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When the laser wavelength is 532 nm and the refrac-
tive index of the liquid to be measured is 1.333, the sen-
sitivity is 3.149×107 rad/m. 

Such a high sensitivity leads to poor stability of the 
measurement system, and some small disturbances may 
affect the measurement results. Therefore, the entire ex-
periment should be completed on a vibration isolation 
table. The room temperature should remain constant 
throughout the measurement, and there should be no air-
flow, ensuring the stability of the interferogram. 
  The flow is developed in a pipe, which is different 
from that on a glass plate or in a rectangular channel, 
where interference will not occur under normal incidence. 
The pipe wall, however, will affect the interferogram in 
the pipe flow due to its thickness and curvature. Multi-
ple-beam interference is simulated to investigate the ef-
fects of the glass pipe wall on the interferogram. The 
stripes caused by the wall of the tube and the liquid film 
are perpendicular to each other and can therefore be dis-
tinguished very well. Negative effects of the tube wall on 
the interferogram are suppressed by image subtraction 
and contrast stretching as shown in Fig.5. 
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Fig.5 Multiple-beam interferograms: (a) Original in-
terferogram; (b) Interferogram produced by the wall of 
the glass pipe; (c) Interferogram after processing 

The effect of the pipe wall can also be eliminated 
through equipment such as the correction box. For example, 
WANG et al[15] used glycerol (C3H8O3) to reduce the 
effect of light reflection on the surface of the glass pipe. 
It is reasonable to assume that the reflection from the 
outer wall of the pipe can be ignored, so the model can 
be simplified as a two-beam interference system. 

In the two-beam interference system, an incidence 
beam is divided into two beams when it reaches the pipe. 
One is reflected on the inner pipe wall, while the other 
passes through the liquid film and is reflected at the 
gas-liquid interface. To verify the interferometric meas-
urement of liquid film thickness and evaluate the per-
formance of the phase extraction algorithm, liquid film 
with different thickness distributions is studied. 

Suppose that the inner diameter of the glass pipe is 
25 mm, the refractive index of the liquid is nliquid=1.333, 
the laser wavelength is λ=532 nm, and the distance from 
the glass pipe to the camera is d=50 cm. According to 
Eq.(10), the light intensity received by the camera can be 
acquired. Then, the light intensity is converted to a digi-
tal signal to simulate the real conversion that occurs in 
the high-speed camera. The data format of the obtained 
images is 8-bit and the analogue light intensity is linearly 
mapped to the range from 0 to 255, with a rounding op-
eration ensuring that the digital signal is an integer value. 

When the thickness of the liquid film does not change, 
due to the curvature of the pipe, vertical interference 
fringes are generated along the radial direction of the 
pipe without fringes in the horizontal direction, as shown 
in Fig.6. 

 

 
Fig.6 (a) Schematic diagram of interference genera-
tion; (b) Interferogram when the thickness of the liq-
uid film is constant 

 
Moreover, the smooth and slight fluctuating liquid 

films along the radial direction of the pipe are studied, 
and the interferograms are shown in Fig.7(a) and (b), 
respectively. In Fig.7(a), point A and point B are on the 
same interference fringe, so the phase differences at 
these two points are the same. The OPD and phase dif-
ference at point C are greater than those at point B. As a 
result, the phase difference at point C is greater than that 
at point A, which means the OPD at point C is greater 
than that at point A, and the liquid film at point C is 
thicker than that at point A. Along the positive direction 
of the y-axis, the film becomes thicker. In Fig.7(b), it can 
be analyzed that the liquid film at point C' is thicker than 
the liquid film at point A' in the same way. Along the 
positive direction of the y-axis, the thickness of the liquid 
film decreases and then increases. 
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Fig.7 Two-beam interferograms: (a) Smooth liquid film; 
(b) Slight fluctuating liquid film 
 

For the variation of the liquid film thickness along the 
axial direction of the pipe, only the middle column of the 
interferogram is taken (for example, the position marked 
with a red box in Fig.7). Utilizing the phase extraction 
algorithm proposed, the exact distribution of the liquid 
film thickness is obtained, as shown in Fig.8. The recon-
struction error for the liquid film thickness is calculated 
as follows 
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where ||·||2 is the norm 2 operator, drec is the recon- 
  

 
 

 

Fig.8 Distributions of liquid film thickness: (a) Smooth 
liquid film; (b) Slight fluctuating liquid film 

structed liquid film thickness, and dreal is the actual liquid 
film thickness. The error for the smooth liquid film is 
0.064%, and the error for the slight fluctuating liquid 
film is 0.25%.  

In order to evaluate the immunity of the algorithm to 
noise, different levels of random noises are applied to the 
simulated light intensity signal. The standard deviation 
of noise is proportional to the light intensity, ranging 
from 0 to 30% with a step size of 5%. For each noise 
level, 10 sets of errors are obtained. The average values 
of the errors under all noise levels are shown in Fig.9. 

 

 

Fig.9 Variation of the mean values of the errors for 10 
repetitions of the simulation, with noise levels varying 
from 0% to 30% 
 

As the noise level increases, the measurement error of 
the liquid film thickness also increases. For the smooth 
liquid film, the measurement error of the liquid film 
thickness is less than 0.5%. When the thickness of the 
liquid film fluctuates, the error caused by noise increases. 
When the noise level is less than 25%, the error is less 
than 2%, but when the noise level is 30%, the error 
reaches 4.3%. The reason is that the phase involves a 
change in direction under the circumstances, which may 
cause an error. In general, the phase extraction algorithm 
applied in this paper is of high accuracy and robustness. 

In conclusion, due to the high accuracy and low meas-
urement limit, the interferometry-based measurement of 
liquid film thickness in gas-liquid two-phase flow is ex-
pected to become a competitive approach for the calibra-
tion and traceability of thin liquid film in pipes. The op-
tical path is analyzed, and a mathematical model is es-
tablished. A new reconstruction algorithm is proposed to 
eliminate the directional ambiguity in the reconstruction 
of the phase distribution. Multiple-beam interference is 
discussed to investigate the effect of the glass pipe wall 
on the interferogram, and pipe-induced fringes can be 
eliminated by image subtraction and enhancement tech-
nology. The reconstruction errors are 0.064% and 0.25% 
for the smooth and slight fluctuating liquid films, respec-
tively. Furthermore, errors under different noise levels 
are analyzed to verify the robustness of the method. 
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