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Abstract. Flow patterns are found in many processes involving multiphase flows in the industry. This study
experimentally investigated the behavior of the velocity field in the liquid-vapor interface during flow boiling of
isobutane at a saturation temperature of 17 °C with heat flux varying from 5 to 20 kW/mz2 and fixed mass flux of 890
kg/(m2s). Tests were performed in a horizontal tube with an inner diameter of 1.0 mm. Four different flow patterns
were identified based on images and the velocity fields in the liquid-vapor interface were investigated using an optical
flow method.
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1. INTRODUCTION

Several experimental studies have been performed to investigate characteristics of flow patterns due to their
important influence on the performance of steam generators, evaporators and condensers. Thus, the study of the
nonlinear dynamics of fluctuations of pressure drop is a significant contribution to understanding the flow patterns and
instabilities observed in two-phase flow systems (Grzybowski and Mosdorf, 2014). In particular, many authors have
focused their studies based on the dynamic of flow patterns, including superficial velocities and behavior of the liquid-
vapor interface. Chen et al. (2012) investigated flow patterns of air-water in a condenser tube using a passive separation
concept. The authors used an empty mesh cylinder inside the condenser, dividing the tube cross-section into an inner
region and an annular region. Besides the results of superficial velocities, the morphologies of flow patterns were
observed by image analysis and reconstructed in 3 dimensions. Kashid et al. (2012) developed an analytical model
based on the flow stability analysis by Hickox (1971) in a concentric capillary tube with 1.6 mm ID using different
fluids, including water, toluene, cyclohexane and different w% of glycerin. According to the authors, the two-phase
flow was characterized in terms of the rate of perturbation with the axial velocity. And as result, the stability of annular
flow was found to be increased with the increasing of Reynolds number and decreased in viscosity ratio of fluids
introduced in the annular and core region.

A study of drop velocity based on image processing was implemented by Li et al. (2019). The characteristics of
secondary droplets produced by a single drop impact on a liquid film were investigated using a high-speed camera with
an acquisition rate of 5000 frames per second. The authors also used a pre-processing methodology of images to
identify the dynamics of droplets and a particle tracking algorithm was implemented to calculate the velocity of such
secondary droplets. As result, the authors observed variation of the number, diameter distribution and velocity
distribution as functions of Weber number and the dimensionless film thickness. More recently, Eyal and Goldstein
(2019) proposed the use of Green’s function to solve the separated two-phase flow in inclined tubes. According to them,
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such a method is based on an analogy to the electrostatic discipline that is composed of a superposition of the
contributions created from an added driving force density, differently from the solution of Navier-Stokes.

Even considering that many studies have been reported in literature focusing on the behavior of flow patterns (Wang
and Shoji, 2002; Klein et al., 2004; Revellin et al., 2006; Nguyen et al., 2010; Li et al., 2014; Tan et al., 2015; Rysak et
al., 2016; O’Neill et al., 2018; Oliveira et al., 2020), there is a considerable lack of investigation on the nature of the
behavior intrinsic to flow patterns during flow boiling in small channels. The main contribution of the present
investigation is to analyze the liquid-vapor interface velocity with an optical flow method. The flow patterns were
recorded using a high-speed camera. In turn, characteristics of interface velocity and vorticity are obtained.

2. EXPERIMENTAL FACILITY AND METHODOLOGY

An experimental setup was developed to investigate the flow boiling, pressure drop and flow patterns in a
horizontal small channel. The details of such setup are shown schematically in Fig. 1. The experimental system consists
of a loop that provides controlled mass flux, and it was designed to test different fluids under a wide range of flow
conditions. The main part of the loop has a pre-heater PH, a test section TS and a visualization section VS. The
secondary part consists of a condenser, a refrigerant reservoir, a liquid refrigerant vessel, a dryer filter, a magnetic gear
pump and a subcooler. The condenser and the subcooler have independent circuits and each one uses an ethylene-
glycol/water solution as the secondary refrigerant, the temperature of which is controlled by a thermostatic bath. This
setup controls the refrigerant saturation temperature. The subcooler is used to compensate the temperature rise, which
usually occurs as the refrigerant passes the gear pump, and also to assure that only subcooled liquid enters the flow
meter. The PH establishes the experimental conditions entering the TS immediately downstream. It consists of a
horizontal stainless-steel tube with a 1.0 mm internal diameter, a total length of 515 mm and a heated length of 440 mm.
This tube is uniformly heated by direct application of an electrical current in the wall (Joule effect), the intensity of
which is controlled by the power supplied by a SORENSENTM model DCS 8-125E, which provides both direct voltage
and direct current measurements. The TS consists of the same tube and diameter with a total length of 366 mm, a heated
length of 265 mm. As well as the PH, the TS is heated by the Joule effect, the intensity of which is controlled by the
power supply.
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Figure 1 — Schematic of the experimental apparatus.

The absolute internal roughness (R,) of the tube was measured with a STARRETTTM roughness tester, model SR
200, and was found to be 1.48 um. There is a visualization section downstream of the TS with a 136 mm length glass
tube with the same test section internal diameter. Both PH and TS are thermally insulated. The refrigerant enters the PH
to establish a subcooled condition in the inlet of TS. In turn, this condition helps to reach different onset nucleate
boiling (ONB) conditions based on mass and heat fluxes in the TS. Two 76 um type-E thermocouples and two absolute
pressure transducers, in contact with the refrigerant, measure temperature and pressure at both inlet and outlet of PH to
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establish thermodynamic conditions. In TS both inlet and outlet temperatures are also measured. Absolute pressure
transducers, mass flow meter, thermocouples and power meter were connected to an acquisition data system AgilentTM
34970A via RS 232 interface. All flow patterns were recorded with a high-speed camera MotionProTM Y4S1, using
9000 frames per second.

2.1 Data reduction

The heat flux applied to the test section was given by,

n Qs U-I
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where D; is the internal diameter, Lyeqeq iS the heated length and, U and | represent the voltage and current applied by
the power supply in the test section, respectively.
The vapor quality in the test section inlet was calculated from energy balance in the pre-heater, according to Eq. (2):
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where i, and iy, represent the liquid enthalpy and latent heat of vaporization as a function of saturation pressure.
Considering the local enthalpy as a function of location z in the test section, given by:
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Consequently, the local vapor quality along the test section was calculated according to:
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The void fraction was evaluated with the relation developed by Rouhani and Axelsson (1970). Thermodynamics and
transport properties used in data reduction and pressure drop correlations were obtained from REFPROP v. 9.1
(Lemmon et al., 2013).

2.2 Optical Flow Method

The optical flow is based on the method developed by Liu and Shen (2008) considering the optical flow equation for
different flow visualizations, which is given in terms of image coordinates:

ad
%9 49 (gu) = f(x. 3. 9) ©)

ot
where g represents the normalized image intensity that is proportional to the radiance received by the camera,
u = (uy uy) is the velocity in the image plane referred to as the optical flow and f(x,y, g) corresponds to a boundary
and diffusion term. The optical flow u is proportional to the light-path-averaged velocity weighted with the filed
quantity ¢ related to a visualizing medium.

A variational formulation with a smoothness constraint is used to determine the optical flow, according to a

functional given by Eq. (6):

jw) = f {[Z—fW- (gu)]z + 2 (17,2 + IVuyIZ)} dxdy (6)

where A corresponds to the Lagrange multiplier and Q is an image domain. By minimizing the Eq. (6), the Euler-
Lagrange equation is obtained:
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The solution of Eq. (7) is found using the standard difference method with Neumann condition du/dn = 0 on the
image domain.

3. RESULTS

Images collected with a high-speed camera were used to identify the flow patterns during the tests. To ensure the
consistency of pattern analysis, two hundred images were obtained in each test, thus obtaining more than 2,000 images
as a result of all tests. Four different flow patterns were observed: bubbly, plug, slug and churn. An example of bubbly
flow is presented in Fig. 1. In fact, Fig. 1(a-b) shows a sequence of two pictures used to generate the global interface
velocity field (Fig. 1(c)). The magnitude of the average velocity of the interface found in plug flow is 1.1 cm/s. It can be
seen that negative vectors are presented at some points along with the flow. Such behavior can indicate the presence of
vorticity in the liquid-vapor interface. Fig. 2 shows the normalized vorticity field along with the flow. Due to the
buoyancy effect, bubbles are concentrated at the top of the channel and the effect of viscosity causes variations on
velocity profile, causing vortexes mainly behind the bubble interfaces.
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Figure 1 — (a-b) Bubbly flow obtained for the heat flux of 5 kW/m?2 and vapor quality of 0.01; (c) velocity field from
optical flow.
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Figure 2 — Vorticity field of bubbly flow obtained for the heat flux of 5 kW/mz2,
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An example of a plug flow pattern with the velocity field obtained from the optical flow method is presented in Fig.
3. In this case, plug flow is identified with small dispersed bubbles along with the flow. Fig. 3 (c) shows the global
interface velocity field obtained from the analysis of both images. According to the results, the magnitude of the
average velocity of the interface found in plug flow is 1.5 cm/s. On the other hand, dispersed bubbles have an average
velocity of 0.6 cm/s, indicating that the vapor phase does not present a constant velocity. The analysis of the velocity
field also indicates the presence of vorticity zones between plugs and among dispersed bubbles (Fig. 4). Such regions
with vorticity can cause fluctuations of pressure along with the flow.
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Figure 3 — (a-b) Plug flow obtained for the heat flux of 10 kW/m2 and vapor quality of 0.1; (c) velocity field from
optical flow.
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Figure 4 - Vorticity field of plug flow obtained for the heat flux of 10 kW/ma2.

The slug pattern is characterized as an “oblong nose” that protruded into the core and dispersion of bubbles from the
tail, shown in Fig. 5 (a). Fluctuations of velocity field were also investigated along the x- and y-components in certain
locations with fixed axial and radial directions. Fig. 5 (b) shows the behavior observed in the x-component of velocity at
an axial position equal to 426-pixel (red line). In this case, such a velocity profile is observed in the tail of the slug
where the bursting of bubbles creates regions with negative velocities. Churn flow regime was observed with a global
interface in y-component of velocity ranging from -1,8 cm/s to 1,8 cm/s at a radial position equal to 44-pixel along with
the flow (red line), according to Fig. 6 (b). The frequency of fluctuations of this component is caused by deformations
in the interface (Kelvin-Helmholtz instability).



Jeferson D. de Oliveira, Jacqueline B. Copetti and Elaine M. Cardoso

Analysis of Liquid-Vapor Interface Velocity using Optical Flow Method during Two-Phase Flow Boiling

00
a3 0 5 © o 00 00°¢
°2 > 0
E .0.006 ° o 50°
g - r\O o ’\OOU
o Oﬂ' o (\OO
.0.008 - €000 o
o ¢]
o
. o
o o
5
-0.01 o o
o F,O
OO -
0.012 | | | | | | | | |
10 20 30 40 50 60 70
Y [pixels] at x = 426 (pixel)

80 90
Figure 5 — (a) Slug flow obtained for the heat flux of 10 kW/m? and vapor quality of 0.24; (b) x-component of
velocity along the radial direction.
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Figure 6 — (a) Churn flow obtained for the heat flux of 20 kW/m? and vapor quality of 0.53; (b) Component y of
velocity along the axial direction.
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4. CONCLUSION

The present investigation analyzed the liquid-vapor interface velocity of flow patterns from images provided by a
high-speed camera during flow boiling of R-600a for a saturation temperature of 17 °C performed in a horizontal tube
having an internal diameter of 1.0 mm. A method based on optical flow was used to determine the velocity fields.
Besides the components of velocities, vorticity was identified along the flows caused by different velocities on the
interface, causing deformations of patterns.
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