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Abstract

Experiments of flow regime visualization and identification of air-water two-phase flow were
conducted in a horizontal helically coiled rectangular channel. The test superficial liquid and gas
velocities are 0.09 - 2 m/s and 0.18 - 16 m/s, respectively. Flow regimes were observed with a high-
speed video camera and the corresponding local and average void fractions were measured with an
electric conductivity probe method and with a quick-close valve method, respectively. Four main
flow regimes including unsteady pulsating flow, bubbly flow, intermittent flow and annular flow
were observed. The bubbly flow identification criteria depend on more than 90% bubbles whose

chord length smaller than the channel equivalent diameter. The annular flow identification criteria is
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the local void fraction in the gas core larger than 0.97. Then the flow regimes and their transition
mechanisms are analyzed. Furthermore, new transition criteria among these flow regimes have been
proposed. The results show that the critical transition average void fraction from bubbly to
intermittent flow is 0.23. A complete air-water flow regime map has been developed for the horizontal

helically coiled rectangular channel and the map predicts the observed flow regimes well.
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Introduction

Gas-liquid two-phase flow in helically coiled channels are important in various industrial
applications such as chemical process and reaction engineering, power engineering, nuclear reactors,
oil-gas process system, gas-liquid mixing units, refrigeration, air conditioning and heat pump systems.
However, the gas-liquid two-phase flow phenomena in helically coiled channels are very complicated
due to its unique channel structure. In general, the secondary flow caused by the centrifugal
acceleration has a significant impact on the momentum and mass transfer of two-phase flow in
helically coiled channels, which provides an effective way to separate the phases and enhance heat
transfer [1]. As the basis to understand the complicated two-phase flow phenomena in such channels,
knowledge of flow regimes is important to understand the physical mechanisms of momentum and
heat transfer in helically coiled channels. Although the great effort has been made to investigate the
physical two-phase structure of flow regimes in straight tubes using both experimental and simulation
methods over the past decades [2 - 4], less research on the gas-liquid two-phase flow in helically
coiled channel has been conducted so far [5, 6]. Moreover, the investigations on two-phase flow
regimes in helically coiled rectangular channels are very limited in the literature but such channels
are also important in many industrial applications [7, 8].

Some researchers conducted the gas-liquid two-phase flow experiments in vertical helically
coiled channels to identify the two-phase flow regimes and their transition mechanisms [9 - 12].
Various flow patterns such as stratified, slug, plug, wavy, churn and annular flow were observed in
their study. Murai et al. [11, 12] observed three flow regimes including bubbly flow, slug flow and

plug flow in the vertical helical coiled tubes by using the visualization method. Thandlam and Mandal
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[13] conducted an experimental investigation on gas and non-Newtonian fluids in a helical tube and
observed three flow regimes including plug flow, slug flow and stratified flow by using a high speed
camera. They analyzed the effect of tube diameter, coiled diameter and pitch length on flow regime
transitions. In recent decades the high-speed visualization method has been one of the most important
ways for two-phase flow regimes identification for helically coiled channels. But more effective ways
for flow regime recognition such as the electric conductivity probe method have been applied by
some researchers to achieve more accurate flow regime transition boundaries. Zhu et al. [14]
identified six flow regimes including bubbly, plug, slug, slug annular, wavy and annular flow in a
vertical helical coiled channel with three coil diameters of 0.2, 0.4 and 0.8 m by applying the both
visualization method and electric conductivity method. Furthermore, they experimental investigated
the transition mechanism of the bubbly-intermittent (BI) transition [15].

Some researchers conducted the simulation studies on the two-phase flow characteristics in
helical channels [7, 8, 16 - 19]. Liu et al. [16] investigated the effects of buoyancy and centrifugal
force on heat transfer of supercritical CO> in a helically coiled tube at various inclination angles. The
effects of curvature and torsion of helical tubes on the pressure distribution and liquid holdup
distribution of two-phase flow were also investigated in upward and downward helical pipes by the
researchers [7, 8, 17]. Moreover, the entrance effect on two-phase flow in vertical helical coils was
investigated by Saffari et al. [18]. Kong et al. [19] observed the bubble traveling paths in a helically
coiled tube in different injection locations. They analyzed the effects of drag force, gravitational force
and centrifugal force on the bubble behaviors.

Furthermore, the flow regime transition mechanisms of two-phase flow in helically coiled tubes
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have been studied by some researchers. The transition mechanisms from bubble flow to intermittent
flow (BI) occurs owning to the coalescence of small bubbles or cup bubbles because the buoyancy
force dominates the two-phase flow [20, 21]. It is also found that the BI transition is closely related
with a critical averaged void fraction. For upward two-phase flow the critical averaged void fraction
for BI transition is in the range of 0.2 - 0.52 depending on the sub-bubbly flow regimes, such as cap
bubble or dispersed bubble [22 - 24]. However, the BI transition in a helical channel is largely
affected by centrifugal acceleration. Li et al. [15] indicated that the BI transition in a helically coiled
tube occurs at a smaller critical averaged void fraction than in the straight tube. This may because
the centrifugal force remarkably promoted the process of bubble agglomeration and coalescence. For
annular flow prediction Taitel et al. [25] proposed a model to predict annular flow based on the
minimum gas velocity required to impede the liquid droplets from falling. Other widely used
transition mechanism for annual flow is the liquid slug or liquid bridge are destroyed by the gas core
[26].

According to the afore-going literature review, limited studies of gas-liquid two-phase flow
regimes in the horizontal helically coiled rectangular channel are available so far. Therefore, it is
essential to conduct the experimental studies to understand the flow structures of various flow
regimes together with their transition mechanisms and criteria.

The objectives of this study are to experimentally investigate the flow regimes using flow
visualization method with the high-speed video camera, to simultaneously measure the local and
average void fractions corresponding to the observed flow regimes to understand the flow regime

transition mechanisms and to develop a complete flow pattern map in the horizontal helically coiled
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rectangular channel.

Experimental system and data measurement

The two-phase flow experimental system was designed to observe two-phase flow regimes and
measure the local and average void fractions simultaneously in a horizontal helically coiled
rectangular channel by using the high-speed camera, the electric conductivity probe method and the
quick-close valve (QCV) method. The experimental setup and test coiled rectangular channel are

respectively described here.

Experimental system

The schematic diagram of the experimental setup of air-water two-phase flow for the test
channel is presented in Fig. 1. It consists of the air and water supply system, a test section, a
measurement system and a data acquisition system. Water is supplied by a centrifugal pump from a
water tank having a volume of 1 m®. The volumetric flow rate of water is measured by an
electromagnetic flow-meter with an accuracy of +£0.5%. The water flow rate can be adjusted with an
adjustable valve in the water supply line to a desired superficial liquid velocity in the experiments.
Air is supplied by an air compressor and then stored in an air reservoir at a pressure of 0.8 MPa. The
reservoir is used to maintain a stable gas flow rate in the experimental system. The volumetric flow
rate of air is measured by three gas flow-meters with an accuracy of £1.5%. The three flow meters
are used to achieve the wide range test range of superficial velocities from low to high values. Three

values after the gas flow meters are used to adjust the gas flow rate to a desired superficial gas
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velocity in the experiments. Air and water are well mixed in a Y-connection mixer before the test
section, which has a straight branch for liquid flow and air injected in the side-way. The pipe between
the Y-mixer and the test section is long enough to ensure that the gas-liquid two-phase flow is stable
in the experiments. Then, the air-water two-phase mixtures flow into the test section which is the
horizontal helically coiled rectangular channel, where the local void fractions were measured with
the electric conductivity probe method and the corresponding flow regimes were simultaneously
observed with the high-speed video camera. The average void fractions were also measured for the
flow regimes with the QVC method. The measured data were taken by a data acquisition system and
a computer. Finally, the two-phase fluids flow back to the water tank which is open to the atmosphere.
The water returns to the water tank and the air vents into the atmosphere.

The test section is a transparent helically coiled rectangular channel which is made of plexiglass.
Figure 2 shows the schematic diagram of the helically coiled rectangular channel with its main
geometry dimensions. Table 1 lists the geometry dimensions of the test section corresponding to Fig.
2. The coil diameter D of the helically coiled channel is 141 mm and its pitch P is 140 mm. The helix
angle of the test section is 0.306 rad. The dimensions of the rectangular cross-section of channel is:
w x h =25 mm (width) x 34 mm (height). The two-phase flow structures are obtained by the high-
speed video camera at four axial positions (6 = 360°, 450°, 540° and 630°) along the second turn of
channel. The visualization photos with 512 % 512 pixels are acquired at a frequency of 250 - 2500
Hz and the acquiring time is 4.1 - 33.2 s.

The measurement uncertainties were analyzed with the methods proposed by Taylor [27] in this

study. Table 2 shows the summary of the uncertainties of measurement parameters. The processing
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precisions of the width and height of rectangular cross-section of channel are less than 0.5 mm. the
area uncertainty of rectangular cross-section of channel is estimated to be about 1.18%. The
uncertainty of superficial liquid velocity is + 3.22%. The uncertainty of superficial gas velocity is +

5.99%.

Measurement, data reduction method and uncertainties

Measurements of the local void fractions and observing the corresponding flow regimes with
the high-speed video camera were simultaneously taken in the experiments. The visualization method
has been an important way to identify two-phase flow regimes, but this method has subjectivity. The
electric conductivity probe method is a more accurate flow pattern recognition way by using the
quantitively criteria such as the bubble length and local void fraction.

Figure 3 (a) shows the schematic diagram of the electric conductivity probe used in the
measurement of the local void fraction in the test section and Figure 3(b) illustrate the measurement
positions in the rectangular channel. The electric conductivity probe can discriminate the gas and
liquid phases by measuring the conductivity of the two-phases when the probe tip is submerged in
the phases. A total of 13 local void fractions can be measured at the same time as shown in Fig. 3(b).
The in-house electric conductivity probe was manufactured by positioning a stainless steel needle
(O.D. 0.25 mm) into a supporting tube (O.D. 1.2 mm) as illustrated in Fig. 3(a). The needle surface
except the tip was electrically insulated by an overlay of capillary insulation. The probe is an L shape
with the tip facing the two-phase flow direction. A circuit of the probe supplies a DC voltage between

the needles and the supporting tube. The phase discriminate passage shifted from output signals of
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the circuit was sampled by an A/D converter at a sampling frequency of 1 kHz. The acquiring period
of the measurement is 150 s for detecting sufficient data for further analysis. The measurement of the
time-averaged local void fraction was conducted at the thirteen radial positions at § = 540° (indicated
in Fig. 1) by translating the probe along the y-direction as illustrated in Fig. 3(b).

The raw output voltage signals ¥(7) from the probe is represented as a dashed line in Fig. 3 (¢)
under intermittent flow condition. When the probe tip is merged into the gas phase the low voltage
signals are outputted because the resistance of air is extremely high. When the probe tip is merged
into the liquid phase the high voltage signals are outputted owning to the strong conductivity of water.
The single-threshold technique (Tyagi and Buwa [28], Zhai et al. [29]) were used to convert the raw
output signal into the square wave signal. Base on the visualization method the threshold for bubbly
and intermittent flow was calibrated and the threshold value 7V is set as 0.75*MAX [V(#)]. The phase

discriminate function of square wave signal can be expressed as follows:

0 forV(t)<TV (isthe gas phase )
(t) = (1)

1 forV(t)>TV (s the liquid phase )

Research on bubble length distribution becomes an effective way to build the transition
boundary from bubbly to intermittent flow [14]. The length of bubbles can be obtained from the
velocity of bubbles and their resident time. The resident time A of the ith bubbles passing through
the needle tip can be calculated from the phase discriminate function P(). The size of ith bubble can

be acquired by the velocity of bubbles acquired by visualization method and the resident time. The
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correlation for calculating the ith bubble chord length is as follows:
lg; = Ativ (2)

where, v is average velocity of bubbles, which is acquired by visualization method, At;is the resident
time of ith bubble. The time-averaged local void fraction in the gas core is an important parameter to
identify the annular flow. The time-averaged local void fraction at a given position in the sampling

time 7 is calculated by

1 n
a(y)Z?;Ati (3)

where a(y) is the local void fraction at a given axial and radial location, » is the sampling size of
bubbles. The average void fractions corresponding to the respective flow regimes were measured
with the QCV method and the details of the methods and results can be referred to the work of Xia
et al. [30].

The local void fractions were measured corresponding to various flow regimes which were
simultaneously observed by the high-speed camera. Experiments of air-water two-phase flow were
conducted at a temperature of 20°C. Table 3 lists the experimental conditions covering a wide range
of superficial liquid and gas velocities. The superficial liquid velocity varies from 0.11 to 2 m/s and

the superficial gas velocity varies from 0.18 to 16 m/s.
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Results and mechanisms of flow regime visualization and identification

The two-phase flow structures and the evolution of different flow regimes are analyzed through
the experimental observations of flow regimes together with the corresponding local void fractions.
Visualization analysis is one of the most widely used approach to identify the flow regimes but its
disadvantage is subjective. Therefore, the electric conductivity probe technique was used to
distinguish the flow regimes and understand the physical mechanisms of flow regime evolution. The
measurements using the electric conductivity probe for each flow regime were made at axial position
of 540°. The identification criteria of the flow regimes and their physical mechanisms are analyzed
here. Furthermore, a complete flow regime map has been proposed for the helically coiled rectangular

channel.

Unsteady pulsating flow regime

The unsteady pulsating flow regime is a special flow regime only found in the horizontal
helically coiled channel. Figure 4 shows the observed flow regimes and the probe signals of the
unsteady pulsating flow acquired at & = 540° in the coiled channel at the indicated conditions. This
flow regime often happens at low superficial liquid and gas velocities. Under this flow regime the
gas phase occupies the upper part of the channel for a while, and the rest lower part is occupied by
the liquid phase. After a moment the liquid phase from the inlet increases gradually and eventually
flows through the whole channel. The definition of this flow regime is derived from the flow features

that the mixture passing through the channel every few seconds has analog to pulsating flow. The
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evolution and main features of this flow regime are described as: At the beginning of 3.4 s, the liquid
phase is followed by the gas phase flow through the channel as shown in Fig. 4a (i) at the superficial
gas velocity of 0.85 m/s and the superficial liquid velocity of 0.245 m/s; At 3.725 s, the field of view
is full of the gas phase as shown in Fig. 4a (ii); At 4.05 s, the liquid phase appears close to the inner
wall as shown in Fig. 4a (ii1); Finally until 4.375 s the accumulated liquid phase under the action of
pressure rapidly passes through the channel as shown in Fig. 4a and then one period pulsating flow
is completed.

The probe output signals for unsteady pulsating flow regime are achieved simultaneously for
different superficial liquid velocities of 0.098 m/s and 0.245 m/s shown in Figs. 4(b) and (c¢),
respectively. It is shows that the gas and liquid phases alternate flow through the probe with an
unsteady pulsating period. The air flows through the channel as a pure gas phase rather than the gas
slugs or the gas core. And the liquid phase with a bubble entrainment is also detected by the probe.
Due to the effect of the gravity force, the probe detected more liquid phase near the inner wall (y =2
mm) than that in the outer wall region (y = 32 mm). With increasing the superficial liquid velocity,
the pulsating frequency increases and the gas occupying field reduces, which eventually leads to the

transition from unsteady pulsating flow to intermittent flow.

Bubbly flow regime
The bubbly flow happens at low gas flow rate and high liquid flow rate. Discrepancy of various
forces, such as gravity, buoyancy, inertia and other forces, exerting on the mixture results in various

flow behavior of bubbles in different positions of the channel. The bubble behavior at the second turn
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of the helical channel (from 6 = 360° to 630°) at different gas and superficial liquid velocities are
illustrated in Fig. 5 (a) (Usg = 0.1 m/s and Ust = 0.605 m/s) and Fig. 5 (b) (Usg = 0.163 m/s and Ust.
= 1.176 m/s). The evolution and main features are described as: (i) At the axial position of 360°, the
bubbles are squashed in flat shape and the bubbles flow close to the inner wall region due to the
gravity and centrifugal effects; (1i) At 8 = 450°, the bubbles grow bigger and the gap between the
bubbles is observed due to the liquid inverse flow; (iii) At 8 = 540°, the bubbles grow further, the
bubbles flow near the outer wall of the channel, which indicates the centrifugal force controls the
flow; (iv) At 8 = 630°, the big bubbles flow slowly and bubble coalescence phenomenon probably
happens.

The output signals of the probe for bubbly flow regime are achieved for different superficial
liquid velocities shown in Fig. 5 (¢) (Usg = 0.327 m/s, Us. = 1.01 m/s) and Fig. 5 (d) (Usg = 0.327
m/s, UsL.= 1.07 m/s), respectively. It can be seen that a large number of small bubbles are detected
by the probe tip for a very short resident time. The gas bubble chord lengths are smaller than channel
height. With increasing the superficial liquid velocity, the discrete bubbles are scattered into
uniformly dispersed bubbles by the liquid turbulence shown in Fig. 5(b). Moreover, the enhanced
centrifugal effect induces more liquid phase to flow near the outer wall of the channel and the bubbles
are pushed to the inner wall. At a higher superficial liquid velocity, more small bubbles are closer to
the inner wall shown in Fig. 5 (d) (Usg = 0.327 m/s and Ust = 1.07 m/s) compared to that in Fig. 5
(¢) (Usg =0.327 m/s and Us. = 1.01 m/s). This indicates the two-phase bubble flow in helical channel
is dominated by centrifugal effect in high liquid flow rate, but at low liquid flow rate the bubble flow

is also affected by the gravity effect.
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The bubbly flow region in flow regime map is determined by Zhu et al. [14] depending on more
than ninety percent of bubbles whose chord length smaller than the tube diameter. In this study the
channel equivalent diameter dg is used to divide the small and elongated bubbles. The criterion of

the bubbly flow identification is as follows:

P(lB)zn'BTﬁ“Ezo.g (4)

where N, is the number of bubbles whose chord length smaller than the channel equivalent
diameter, z is the number of total bubbles at a sampling time. The distributions of bubble chord length
which obtained at measuring position of y = 7 mm are presented in Fig. 5 (e) (Usg = 0.163 m/s and
Ust = 0.588 m/s) and Fig. 5 (f) (Usg =0.163 m/s and Usr. = 1.176 m/s). It can be found that the chord

length of the most bubbles are smaller than the channel equivalent diameter.

Intermittent flow regime

Figures 6 (a) - (b) shows the intermittent flow evolution along the second turn of the channel at
different superficial liquid velocities. According to the observed results in Fig. 6 (a) (Usg = 1.307
m/s and Ust = 0.441 m/s), the evolution and flow characteristics of intermittent flow are described
as: (i) At axial position of 450°, slender Taylor bubbles flow close to inner wall are formed; (11) At
6 =540° the Taylor bubbles became bigger because some centrifugal force is cancelled out by gravity
force; (1i1) At 0= 630°, due to the effect of the buoyant force, the velocity of Taylor bubbles decreases

14



and the width of Taylor bubbles increases. The Taylor bubble coalescence occurs; (1v) At 6 = 360°,
more small bubbles appear in the gas-liquid two-phase interface due to the strong secondary flow
generated in the coiled channel.

The output signals of the probe for intermittent flow regime are achieved for different superficial
liquid velocities shown in Fig. 6 (¢) (Usg = 1.209 m/s, Us. = 1.01 m/s) and Fig. 6 (d) (Usg = 1.209
m/s, UsL = 0.605 m/s), respectively. The gas slugs and the liquid slugs with a bubble entrainment are
alternate flow through the probe. Almost all the gas slugs are longer than the channel height. As
shown in Fig. 6(b) (Usc = 1.307 m/s and Us. = 0.827 m/s), at a higher superficial liquid velocity, the
strong secondary flow induces more liquid phase to shift to the outer wall region, which pushes the
Taylor bubbles to the inner wall region. The processed probe signals under different flow rates for
intermittent flow are shown in Fig. 6 (¢) (Usg = 1.209 m/s and Usr. = 0.605 m/s) and Fig. 6 (d) (Usg
=0.654 m/s and Ust = 0.83 m/s). With increasing the superficial liquid flow velocity from 0.65 to
0.83 m/s, less gas component is captured by the electric conductivity probe, and the resident time of
Taylor bubbles decreases. Fig. 6 (e) (Usg = 1.209 m/s and Ust = 0.523 m/s) and Fig. 6 (f) (Usg =
0.654 m/s and UsL = 0.817 m/s) present the Taylor bubbles length distributions at the port of y =
17mm for different liquid flow velocities. With increasing the superficial liquid velocity, the Taylor

bubble length distribution becomes more peak and the peak Taylor bubble length decreases.

Annular flow regime
Figures 7(a) and (b) present the annular flow regime evolution along the flow direction against

different superficial liquid velocities. The evolution and flow characteristics of the annular flow are
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described as (i) At a low superficial liquid velocity, the liquid film becomes thin and its thickness is
varied along the axial direction shown in Fig. 7(a) (Usg = 9.482 m/s and Ust = 0.196 m/s); (ii) Ata
high superficial liquid velocity, the liquid film thickness on the outer wall is always larger than that
on the inner wall in Fig. 7(b) (Usg = 11.441 m/s and Usy. = 0.686 m/s). The gas-liquid two-phase
interface becomes more waviness resulting from the strong secondary flow generated in the coiled
channel; (iii) At 6 =450°, the liquid film on the outer wall is the thickest due to the gravity effect.

The output probe signals of annular flow at & = 540° of the channel are shown in Fig. 7(¢) (Usg
=11.11 m/s and Us. = 0.163 m/s) and 7(d) (Usg = 9.15 m/s and Usr. = 0.67 m/s). At the superficial
liquid velocity of 0.6 m/s, no gas component at the port of y = 32 mm is captured by the electric
conductivity probe, hence the thickness of the liquid film on the outer wall is larger than 2 mm. The
liquid entrainment in the gas core is also detected by the probe. At a higher liquid flow rate, the liquid
entrainment at ports of y = 7 mm and 17 mm increases.

The transition from annular flow to intermittent flow is due to the formation of liquid bridges
or liquid slugs in the continuous gas core. The maximum time-averaged void fraction in the gas core
for upward two-phase flow is in the range of 0.993 - 0.998 according to Vieira et al. [31]. Hence the
annular flow in the present study can be identified by using the time-averaged local void fraction in

the gas core larger than 0.97. The criteria of recognition of annular flow can be expressed as follows:

a(y)>0.97 (5)

Development of flow regime map and their transition criteria
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About 200 air-water flow regime observations in the horizontal helically coiled rectangular
channel have been obtained under a wide range of superficial liquid and gas velocities. The observed
flow regimes of unsteady pulsating flow, bubbly flow, slug flow and annular flow in the horizontal
helically coiled channel are plotted in the flow map in Fig. 8. Unsteady pulsating flow is a peculiar
flow regime occurring at the low liquid and gas flow rate, and it occupies the lower left-corner of the
flow regime map. The transition from unsteady pulsating to intermittent flow is the boundary line of
liquid phase continuous flow and discontinuous flow. The bubbly flow happens in the condition of
high liquid flow depending on strong liquid turbulence. Hence bubble flow distributes in the top left
corner of the flow regime map. The appearance of annular flow is in the case of the gas phase
destroying the liquid bridge in formation of the continuous gas core in the center of the channel. The
annular flow distributes in the right side of the map when the superficial gas velocity is almost larger

than 7 m/s.

Comparisons of experimental flow regime data to the existing transition criteria

The experimental BI boundary for helically coiled channel is compared with the existing BI
transitions proposed by Mandhane et al. [32], Zhu et al. [14] and Murai et al. [11] shown in Fig. 9(a).
It is can be seen that the gradient of experimental BI boundary is much smaller than that of other BI
boundaries, and it occurs at a lower liquid flow rate than other transitions. This is because the strong
secondary flow generated in test channel is conducive to the formation of bubble flow so that BI
transition happens at a lower liquid flow rate.

A comparison of the present flow transition from annular to intermittent flow (AI) boundary to
17



various existing Al transitions is presented in Fig. 9(b). The Al transition lines selected for the
comparison are those proposed by Taitel and Bornea et al. [25], Mandhane et al. [32], Julia and Hibiki
[33] and Zhu et al. [14]. It is found that the transition boundary in the helically coiled tube occurs
earlier than that in straight tubes. The reason is that the centrifugal force promotes the separation of
the gas-liquid two-phases. On the other hand, the annular flow regime in the horizontal helically
coiled channel occurs at a higher superficial gas velocity than that in a vertical helically coiled tube.
This is due to the liquid film affected by the strong secondary flow may destroy the continuous gas
core and generate the liquid bridge in the test channel.

The flow regime transition criteria have been extensively studied in various tubes with different
geometry structures by many researchers over the past decades. Flow regime transition criteria are
strongly affected by the flow regime transition mechanisms for different flow regimes in various
channels with different structures and different arrangements. In this study, new criteria to
demarcating the observed flow regimes have been proposed base on the relationship between the
averaged void fraction and flow regimes. The average void fraction acquired by the QCV method

corresponding to the flow regimes is shown in Fig. 10.

Development of transition criteria of flow regimes

The transition mechanism from bubbly to intermittent flow regime was studied for upward two-
phase flow by many researchers such as Das et al. [34] and Lucas and Kreper et al [33] etc., just to
name two examples here. When the buoyancy force dominates the flow, the bubble agglomeration

and coalescence is the main cause of the BI transition [36]. Base on the visualization analysis in the
18



present study, the mechanism of BI transition in horizontally helical two-phase flow may be
interpreted as the bubble coalescence. According to the existing research, the BI transition is closely
related to a critical averaged void fraction, which is independent of the gas and superficial liquid
velocities. In this case, the critical average void fraction may be used to identify the flow regime

changes. Thus, the critical averaged void fraction o. for the Bl transition may be expressed as follows:
o, = constant (6)

Figure 10 shows the relationship between the averaged void fraction and flow regimes in the
horizontal helically coiled channel. It can be found that the critical average void fraction of BI
transition is around 0.23 which may be used to identify the bubbly and intermittent flow regimes.

Therefore, Eq. (7) can be rewritten as following:

o, =0.23 )

For the horizontal helically coiled channel, the correlation for the average void fraction a has

been developed by Xia et al. [30] as

o= 0.302{(%Xiﬂ | (8)
UsL Fr
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UsL
gde

Fr=

)

where g is acceleration of gravity, d is the equivalent diameter of test channel.

Substitute Eq. (7) into (8) to obtain a correlation which may be used for calculating the BI
transition boundary when the critical averaged void fraction @, is equal to 0.23. Thus, the
correlation used for predicting the BI transition for the helically coiled rectangular channel on case

of Usg > 0.34 may be expressed as follows:

Usc =0.256 FrUsL (10)

It is worth noting that the critical averaged void fraction a. of 0.23 in the horizontally helically
coiled rectangular channel is higher than the critical average 0.065 in the vertical helically coiled
tubes [14]. This indicates that the secondary flow effect is stronger for helically coiled channel in
horizontally arrangement than that in vertical arrangement. This strong secondary flow may destroy
the bubble coalescence and result in the BI transition occurring at a higher gas phase flow rate in
horizontal helically coiled rectangular channel. The BI transition line is plotted in the average void
fraction corresponding to the flow regime as shown in Fig. 10. It captures the experimental data
reasonably well.

The transition mechanism from the unsteady pulsating flow to the intermittent flow regime can
be explained as the inertia force of mixture overcoming the gravity force to generate the continuous

two-phase flow. Therefore, the transition correlation is strongly related to the Froude number Fr
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defined in Eq. (9) which represents the ratio of inertia force to the gravity force. As shown in Fig. 10,
it is impossible to separate the unsteady pulsating flow and the intermittent flow by a constant value
of the average void fraction. It is clear that the transition boundary is a function of superficial gas

velocity. The critical average void fraction may be correlated as follows:

@, =0.17U +0.2 (11)

The correlation that calculates the transition boundary from unsteady pulsating flow to

intermittent flow (UI) in case of Usg > 0.4 m/s has been proposed as

Ug =177|:£%j[ij} | -1.176 (12)
UsL Fr

According to the relationship between the average void factions and the corresponding flow
regimes in Fig.10, the Al flow transition is independent of the average void fraction. Therefore, the
Al transition criterion among the flow regimes is only dependent on the superficial gas velocity and

can be expressed as follows:

U, = constant (13)

According to the experimental data, the intermittent and annular boundary is around the
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superficial gas velocity of 7 m/s. Therefore, the criterion for predicting the boundary from the

intermittent flow to annular flow is expressed as

Uy, =7 mis (14)

The experimental data for all the four flow regimes are compared to the new proposed flow
regime transition criteria as shown in Fig. 11. It can be concluded that new transition correlations
have a good predictive capability to capture the measured flow regime data. The new proposed flow
map is applicable for a wide range of conditions: UsL and Usg are in the range of 0.09 - 2 m/s and

0.18 - 16 m/s, respectively.

Conclusions
Experimental study of flow regimes of air-water two-phase flow in the horizontal helically
coiled rectangular channel with flow visualization together with the simultaneous measurements of
the local and average void fractions corresponding to the flow regimes. The mechanisms of flow
regime transitions have been understood according to the experimental data and flow visualization
analysis. Furthermore, a new flow regime map and correlations of flow regime transitions have been
proposed. The following conclusions have been reached:
(1) Four main flow regimes, i.e. unsteady pulsating flow, bubbly flow, intermittent flow and
annular flow are classified as the main flow regimes in the horizontal helically coiled rectangular

channel. The unsteady pulsating flow regime is typical and peculiar to be defined in the helically
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coiled channel with the horizontal orientation.

(2) For the helically coiled rectangular channel, it is observed that at a higher superficial liquid
velocity, more liquid phase shifts to the outer side of the channel due to the centrifugal effect, which
leads to the increase of liquid film thickness on the outer wall. This is used to explain the flow regime
transition mechanisms in the study.

(3) The complex geometry in the horizontal helically coiled rectangular channel may result in
the strong secondary flow which induces the generation of dispersed small bubbles. Thus, the bubble
flow region increases in flow regime map compared with inclined tubes and vertical helically coiled
tubes observed in the literature.

(4) Due to the effect of the centrifugal force generated in the coiled channel, separation the
two-phases and the annular-to-intermittent flow transition occurs earlier than in those in straight tubes.

(5) According to the relations between the average void fractions and flow regimes, the
transition criteria and correlations between the flow regime transitions have been proposed to
distinguish the flow regime. The results show that the critical average void fraction from bubbly to
intermittent flow is 0.23 and their transition boundary is UsL = 0.256FrUsL. The intermittent and
annular boundary is around the superficial gas velocity of 7 m/s. The predicted flow regime
transitions by these criteria and correlations have a good agreement with the experimental data.

(6) A new flow regime map has been proposed by incorporating the new flow regime transition
correlations. Compared to the entire experimental flow regime data observed in this study, the flow
map captures the experimental flow regimes reasonably well. The flow map is applicable to a wide

range of conditions.
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Nomenclature
A Area of rectangular cross-section, m?
Al  flow regime transition from annular to intermittent flow
BI  flow regime transition from bubbly to intermittent flow
D coil diameter, m
dr  equivalent diameter of test channel with rectangular cross-section, m
Fr  Froude number defined in Eq. (9)
g  gravity acceleration, m/s’
h height of rectangular cross-section of channel, m
/s bubble length, m
n number of bubbles in sampling time
O.D. outer diameter of the channel, m
P pitch, m
P(#) phase discriminate function
QCV quick close valve
At;  resident time of ith bubble, s
T sampling time, s
TV  threshold value
Usc superficial gas velocity, m/s

Us. superficial liquid velocity, m/s
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Ul unsteady pulsating to intermittent flow

v average velocity of bubbles, m/s

J(t) output voltage signal of the probe, V'

w  width of rectangular cross-section of channel, m
x  x-coordinate defined in Fig. 2

y y-coordinate defined in Fig. 2

Greek symbols
o average void fraction of channel
ac critical averaged void fraction
a(y) local void fraction at a given axial and radial location
6  axial location along the channel, ©

@  helix angle, rad
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Table 1. Geometry parameters of the helical coiled channel.

Parameters Value
Channel height, 4 (m) 0.034
Channel width, w (m) 0.025

Pitch, P (m) 0.140
Coil diameter, D (m) 0.141

Helix angle, ¢ (rad) 0.306
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Table 2. Uncertainties of the measured parameters.

Measurement parameters Unit Uncertainty
Area of rectangular cross-section A4 m? 1.18%
Superficial liquid velocity Us. m/s 3.22%
Superficial gas velocity Usc m/s 5.99%
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Table 3. Experimental conditions.

Fluids Superficial velocity (m/s)

Water 0.09 -2.00

Air 0.18 - 16.00

34



List of figure captions

Figure 1. Air-water two-phase flow experimental system.

Figure 2. Schematic diagram of horizontal helically coiled channel with its main

geometry dimensions.

Figure 3 The measurement method of electric conductivity probe: (a) Structure of probe,

(b) Probe measurement ports and (c) Output signal of probe.

Figure 4 Visualization of unsteady pulsating flow and its flow characteristics (a)

visualization images of flow regime evolution; (b) and (c) the probe output signals.

Figure 5. Visualization of bubbly flow and its flow characteristics: (a) and (b)
visualization of bubbly flow evolution; (¢) and (d) the probe output signals; (e) and (f)

bubble chord length distribution.

Figure 6. Visualization of intermittent flow and its flow characteristics: (a) and (b)
visualization of bubbly flow evolution; (c) and (d) the probe output signals; (e) and (f)

bubble chord length distribution.

Figure 7. Visualization of annular flow and its flow characteristics: (a) and (b)
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visualization of bubbly flow evolution; (c) and (d) the probe output signals.

Figure 8. Flow regime map of air-water flow in helically coiled channel.

Figure 9. Comparison of flow regime transition with previous works: (a) transition from

bubbly to intermittent flow; (b) transition from intermittent to annular flow.

Figure 10. Correlations of flow regime transition criteria base on the relationship

between average void fraction and flow regimes.

Figure 11. Comparison of proposed flow regimes transition boundaries with

experimental data.
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Figure 9. Comparison of flow regime transition with previous works: (a) transition from

bubbly to intermittent flow; (b) transition from intermittent to annular flow.
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Figure 10. Correlations of flow regime transition criteria base on the relationship
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Figure 11. Comparison of proposed flow regimes transition boundaries with

experimental data.
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