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Corrugated plate dryer is an important steam-water separation equipment in steam
generator of secondary loop of nuclear power plant. Its steam-water separation
efficiency has a certain influence on economic index of nuclear power plants. It is
meaningful to understand flow characteristics of liquid film on corrugated plate wall.
Besides, the fluctuation of the liquid film may cause the occurrence of liquid film
rupture, thus the research on the fluctuation of the liquid film on the wall of the
corrugated plate is very important. This paper uses Plane laser induced fluorescence
(PLIF) method to measure liquid film thickness. Curve of fim thickness with time is
obtained. Calculation formula of average value of liquid film thickness is given. Based on
power spectral density (PSD) method, non-linear characteristics of liquid film thickness
are studied. Results show that the relationship between film thickness and Reynolds
number conforms to Nusselt theory. Nevertheless, the results show deviation from
Nusselt as well as Karapantsios estimation. When Reynolds number is in the range
of 600 to 3000 and surface roughness is 0.03, the fluctuation of the power spectrum of
the liquid film thickness caused by gravity can be ignored, which provides a reference
for study on steam-water separation.

Keywords: liquid film, corrugated plate, steam generator, flow characteristics, fluctuation

INTRODUCTION

The corrugated plate dryer is an important device in the steam generator in the secondary loop
of the nuclear power plant (Wang and Tian, 2019a; Wang et al., 2019, 2020a,b). The schematic
diagram of its structure and the distribution of the phases inside the corrugated plate are shown
in Figure 1. Its main parameters are the plate spacing d of the corrugated plate, the folded edge
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FIGURE 1 | Structure of the corrugated plate dryer and the distribution of different phases in corrugated plate.

L-""O

length L of the corrugated plate, the height H of the corrugated
plate, and the folding angle 6. The main function of the
corrugated plate dryer is to dry high-temperature and high-
pressure steam. Therefore, it is important to understand the
characteristics of liquid film flow and rupture in the corrugated
plate dryer (Wang and Tian, 2019b; Chen et al., 2020a,b; Wang
et al,, 2020c). In 1916, Nusselt first proposed the analytical
solution of laminar film condensation of pure steam. Some
assumptions were made.

(1) The liquid film is a two-dimensional laminar flow.

(2) Each physical property parameter is constant.

(3) The gas-phase medium is stationary, and the surface of the
liquid film is smooth. The effect of gas on the liquid film
flow is ignored.

The Nusselt’s theoretical equation between liquid film thickness h
and Reynolds number is given in Eq. (1).

NN
h:(%) Ref(\;) (1)

Where ; is the dynamic viscosity of the fluid, m? s~! .

Wang et al. have studied the flow and rupture characteristics
of the liquid film on the wall of the corrugated plate based
on probability density method (Wang and Tian, 2019a; Wang
et al,, 2020b,c). The results show that the source of energy
generated by liquid film fluctuations is mainly the superposition
of isolated peaks. Chen et al. (2020a,b) analyzed the motion

characteristics of droplets in the corrugated plate. In addition,
the experimental study of the coronal spray produced when
droplets hit the liquid film on the wall of the corrugated plate.
Zhang et al. (2015) studied the separation effect of the corrugated
plate (Zhuang and Liu, 2020). The phenomenon of liquid film
recirculation on the wall of the corrugated plate was observed
when the flow velocity of the traverse air flow was large. The
liquid film reflux model was established. Zhao et al. (2019)
set up the droplet motion model in theory. Although some
scholars have done research on the characteristics of liquid
film flow in the corrugated plate. The conclusions on liquid
film flow fluctuation have not yet been unified. In addition,
with the development of measurement level, the measurement
method of liquid film thickness has improved. The PLIF
method is currently often used to measure the thickness of
thin liquid films.

The fluctuation of the liquid film may generate energy, which
will cause the occurrence of liquid film rupture. Therefore, the
study of the volatility of the liquid film on the wall of the
corrugated plate is very important. In this paper, firstly, the
thickness of the liquid film flowing steadily on the wall surface
of the corrugated plate is measured by the method of PLIF
technology. Thus, the curve of liquid film thickness with time
is obtained. The calculation equation of the average value of
the liquid film thickness is given. In addition, based on the
power spectral density (PSD) method, the fluctuation and non-
linear characteristics of the liquid film thickness are studied. This
research is expected to provide a reference for the study of the
flow characteristics of the liquid film on corrugated plate wall
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and the study of the mechanism of steam-water separation of
the corrugated plate dryer. In an actual nuclear power plant,
the liquid film flow rate in the corrugated plate is very large.
Therefore, the study of the liquid film under a larger Reynolds
number can better predict the flow inside the steam generator.
Thus study on the fluctuation characteristics of liquid film with a
larger Reynolds number is a vital prospect.

EXPERIMENT

Experimental System
Schematic diagram of the experimental system is shown in
Figure 2.

Liquid film containing Rhodamine B fluorescent stain with a
maximum absorption wavelength of 555 nm flows from high-
level water tank to the stabilized water tank. The liquid level
height of the liquid on the left side of the stabilized water tank
remains unchanged, and the excess liquid on the right side of the
water tank is directly discharged into the circulating water tank,
which makes the pressure of the liquid film constant. Liquid film
generated by the liquid film generator flows stably and uniformly
down the wall. The liquid film flowing through the experiment
section flows from the drain water tank at the bottom of the
corrugated plate to the water collection tank and enters the
circulating water tank. In this study, the narrow slit method is
used to generate a thin liquid film, that is, a horizontal narrow slit
is set at the top of corrugated plate so that the liquid film flows
smoothly to the plate wall. The structure of water film generator is

shown in Figure 2. The parameters of the corrugated plate used in
this experiment are as follows. d, L, H, and 6 are 19.5 mm, 50 mm,
200 mm, and 45°, respectively. Surface roughness of corrugated
plate wall is 0.03.

PLIF Method for Water Film Thickness

Measurement

Schematic diagram of capture of liquid film thickness image is
shown in Figure 3. The maximum absorption wavelength of
rhodamine B is 555 nm (Wang and Tian, 2019a). The wavelength
of the solid-state laser in Figure 3 is 532 nm. Initially, the particles
of Rhodamine B are in the ground state. When the solid-state
laser is irradiated on the wall surface of the corrugated plate in the
vertical direction, the rhodamine B particles in the liquid film will
be excited. Rhodamine B particles are unstable, they will return
from the excited state to the ground state, which causes visible
light to be generated. The light can be captured by high-speed
camera (as shown in Figure 4). In the experiment, liquid film
images were collected 500 times per second. The boundary of the
liquid film can be identified by the computer program and the
principle of boundary differentiation. The green outline shown
in Figure 4 is the recognized boundary line of the liquid film. The
distance between the two parallel lines in Figure 4 represents the
thickness of the liquid film. The grayscale image of the liquid film
image can be obtained through image processing software. In this
way, the measurement of liquid film thickness can be converted
into a measurement of the number of pixels in the grayscale
image (Wang and Tian, 2019a).
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FIGURE 2 | Schematic diagram of the experimental system.
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FIGURE 3 | PLIF method for liquid film thickness measurement.

Water Film

According to the digital image processing and scale, the true
thickness of the liquid film can be obtained. Instantaneous film
thickness is as follows. P
d=—n (2)

m
Where h is the corrugated plate wall thickness, m is the pixel
amount of the corrugated plate wall thickness image and n
is instantaneous pixel amount of liquid film thickness image,

respectively. Average film thickness is as follows.

Zil 8
N

8= 3)
Where N is the sample points amount and §; is water film
thickness of the point number i.

The measurement error analysis of the PLIF method is given
below. The real thickness of the water film is shown in Eq. (3).

k
> (0
h=—m——— (4)
N
Where k is the length of the scale. b is the amount of pixels of the
scale. hy, (f) is the amount of pixels of the water film thickness

Thickness

X

.

A\

Boundary line

FIGURE 4 | Liquid film boundary.

number i. According to the transmission of absolute error, the
Eq. (5) of water thickness absolute error can be obtained.

N
i=1

£y o] + 220, ¢ -
b b b b

hy (t) is average amount of pixels of the water film and theA
represents the absolute error of each terms in the equations.

In the experiment, the amount of 916 pixels are applied to
representing the length of the corrugated plate wall edge. Thus
the absolute error of the film thickness measured by the PLIF
method in this experiment is 0.075 mm.

oh () oh ()

Ah(t Ab
® b T o, @

Ahg (f)‘

RESULTS AND DISCUSSION
Liquid Film Thickness

The thickness of the liquid film is measured at three positions
on the wall of the corrugated plate, 4.6, 6, and 8 cm from the
liquid film inlet. The relationship between the measured liquid
film thickness and the liquid film Reynolds number is shown
in Figure 5.

Comparing the experimental results with Nusselt’s
theoretical formula and the Karapantsios semi-empirical
correlation, the following conclusions can be drawn. When
the Reynolds number is the same, the thickness of the liquid
film experimentally measured in this paper is all greater than
the Nusselt theoretical results and the semi-empirical results
of Karapantsios (Karapantsios et al, 1995). The deviation
between the experimental results and the two is smaller when the
Reynolds number is lower, and the deviation gradually increases
as the Reynolds number increases. This clearly shows that the
Nusselt theoretical model is based on the assumption of low
Reynolds number laminar flow. At the same time, the higher the
Reynolds number of the liquid film in this experiment, the more
obvious the superposition effect between different liquid films.
This makes the situation in the experiment not satisfy Nusselt’s
assumption. In order to illustrate the reliability of the results of
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FIGURE 5 | Curve of average thickness of liquid film with Reynolds number.
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this experiment, the semi-empirical relationship fitted by this
article and other scholars is given in Table 1.

According to Figure 5, at the same Reynolds number, there
is a slight difference between the average thickness of the
liquid film at different measurement locations. In addition, this
difference is not large when the Reynolds number is around
1000, and gradually increases as the Reynolds number of the
liquid film increases.

Analysis of Fluctuation Characteristics of
Liquid Film Thickness

The PSD estimation method is generally used to detect vibration
in random signals. For example, in the ultra-precision machining
process of the surface, the PSD estimation method is used to
analyze the effect of turning, polishing and other machining
processes on the surface roughness. In the preparation of optical
components, PSD estimation is used to evaluate the parametric
performance of the components. Figure 6 shows the curves of
the liquid film thickness with time and its PSD distribution when
the Reynolds number Re is 681, 1018, 1550, 2357, 2626, and
3044, respectively.

TABLE 1 | Correlations of average liquid film thickness.

Researcher Correlation

1

h = 0.491Re%-505 Ll ’
g
1

¢
h—0214re058 ()
g
2
!

3\ 1 3
—( = 3 I
h_<4) Fe (g)

Results in this paper

Karapantsios (Karapantsios et al., 1995)

<

Nusselt

The frequency of data acquisition is 500 Hz. The change
of the thickness of the liquid film in each time domain is
transformed into the frequency domain by Fourier transform
in PSD method, thus the abscissa of the power spectrum
distribution diagram obtained is the frequency f, Hz. It can be
seen intuitively from Figure 5 that there is only one peak of the
PSD curve, and it appears when the frequency is zero. This shows
that the liquid film thickness value does not have fluctuation
characteristics. The randomness of the liquid film thickness in the
time domain is normal.

In general, for liquid film on corrugated plate wall, when Re
is in the range of 20-30, the liquid film flow is laminar. The
surface of the liquid film is smooth without fluctuations, and the
thickness of the liquid film is constant. For 20-30 < Re < 1000-
2000, although the liquid film is still laminar flow, its surface
is no longer smooth. It has a certain degree of fluctuation,
which is caused by the superposition of the surface waves of
the liquid film. For 1000-2000 < Re < 3000, the liquid film
flow is laminar flow. Fluctuations could result in turbulence
locally. The liquid film thickness data obtained in this paper
is also consistent with the phenomenon observed during the
experiment, that is, there is no dramatic fluctuation on the
surface of the liquid film. The flow of the larger Reynolds
number has exceeded the scope of the free falling liquid film
flow study in this experiment. The frequency corresponding
to the peak is the characteristic frequency of the PSD curve.
In Figure 6, there is no peak, thus the fluctuation of liquid
film thickness has no characteristic frequency. At this time, the
dominant factor of the fluctuation of the liquid film flowing
down the wall is gravity. When the Reynolds number of the free-
falling thin liquid film is in the range of 600 to 3000, and the
surface roughness is 0.03, the fluctuation of the power spectrum
of the liquid film thickness caused by gravity can be ignored.
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Re=1018

FIGURE 6 | Transient value of liquid film thickness and PSD curve.
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Study on the fluctuation characteristics of liquid film with a larger
Reynolds number is a vital prospect.

CONCLUSION AND PROSPECTS

In this paper, the PLIF method is used to measure liquid film
thickness on corrugated plate wall. Relationship between liquid
film thickness and time is obtained. In addition, based on PSD
method, the non-linear characteristics of the liquid film thickness
are studied. The specific conclusions are as follows.

(1) The calculation formula of the average value of the
liquid film thickness is given. The correlation between the
thickness of the liquid film on the wall surface of the
corrugated plate dryer and the Reynolds number conforms
to Nusselt’s theory. Besides, the index of the Reynolds
number in the fitted correlation is 0.505.

(2) When the Reynolds number of the free-falling thin liquid
film is in the range of 600 to 3000, and the surface
roughness is 0.03, the fluctuation of the power spectrum of
the liquid film thickness caused by gravity can be ignored.
Study on the fluctuation characteristics of liquid film with
a larger Reynolds number is a vital prospect.
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