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Abstract An experimental study was conducted in order to investigate
two-phase flow regimes and fully developed pressure drop in a mini-size,
horizontal rectangular channel. The test section was machined in the form
of an impacting tee junction in an acrylic block (in order to facilitate visual-
ization) with a rectangular cross-section of 1.87-mm height on 20-mm width
on the inlet and outlet sides. Pressure drop measurement and flow regime
identification were performed on all three sides of the junction. Air-water
mixtures at 200 kPa (abs) and room temperature were used as the test
fluids. Four flow regimes were identified visually: bubbly, plug, churn, and
annular over the ranges of gas and liquid superficial velocities of 0.04 ≤ JG ≤
10 m/s and 0.02 ≤ JL ≤ 0.7 m/s, respectively, and a flow regime map was
developed. Accuracy of the pressure-measurement technique was validated
with single-phase, laminar and turbulent, fully developed data. Two-phase
experiments were conducted for eight different inlet conditions and vari-
ous mass splits at the junction. Comparisons were conducted between the
present data and former correlations for the fully developed two-phase pres-
sure drop in rectangular channels with similar sizes. Wide deviations were
found among these correlations, and the correlations that agreed best with
the present data were identified.
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Nomenclature

C – coefficient used in Eq. (7)
C1, C2 – coefficients used in Eq. (3)
DH – hydraulic diameter, m
f – Fanning friction factor,
G – mass flux, kg m−2s−1

J – superficial velocity, ms−1

ṁ – mass flow rate, kg s−1

p – pressure, Pa
pr – reference pressure, Pa
ReDH – Reynolds number
X – parameter defined by Eq. (6)
x – quality
z – distance in the flow direction, m

Greek symbols

α – void fraction
µ – viscosity, N s m−2

ρ – density, kgm−3

φ – pressure-drop multiplier

Suscripts

1, 2, 3 – sides 1, 2, and 3 of the tee junction
Corr – value predicted by a correlation
Exp – experimental value
G – gas
Hom – homogeneous
L – liquid
TP – two-phase value

1 Introduction

There has been a considerable interest recently in compact heat exchangers
with mini- and microsized flow channels. These heat exchangers contain
flow passages of various cross-sections (e.g., circular and rectangular), as
well as various types of dividing tee junctions (e.g., branching and impact-
ing). Therefore, a full understanding of the two-phase flow phenomena in
minisize junctions and flow channels, including the flow regimes, the fully
developed pressure drop in the channels, and the pressure drop and the
phase separation at the junctions is essential for the proper design of mini-
size heat exchangers under conditions of boiling or condensation.

Several investigations have been reported on the fully developed flow
regimes and pressure drop in mini-rectangular channels of various aspect
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ratios (e.g., [1–9]). It had been noted in some of these investigations (e.g.,
[9]) that the flow regimes and pressure drop in narrow channels with large
aspect ratios are strongly influenced by the height of the channel. While
a large volume of research has been reported on two-phase flow in mini-
channels, very little information is currently available on two-phase flow in
mini-size tee junctions.

The objectives of this research project is to generate original experimen-
tal data, models, and correlations on two-phase flow in a minisize impacting
tee junction with a rectangular cross-section. To the authors’ best knowl-
edge, this is the first study on mini-size impacting tee junctions in the
literature. The results presented in this paper cover the first phase of this
study, including the fully developed flow regimes and pressure drop in the
three sides of the junction.

2 Experimental investigation

2.1 Test rig

A schematic diagram of the test rig used in the present study is shown
in Fig. 1. Compressed air from the main line at an average pressure of
690 kPa (abs) was passed through a pressure regulator followed by a pressure
controller in order to ensure a steady-state flow and also to have a fine
control on the air pressure. The air was then passed through a filtration
unit consisting of two filters; the first filter had a bore diameter of 1 µm and
the second filter had a bore diameter of 0.01 µm. These two air filters were
used to ensure clean air running through the test section. The air was then
passed through a bank of flow meters (three rotameters with overlapping
ranges) for measuring the air inlet flow rate before injection into the test
section through the mixer. The distilled water used in the experiments was
pumped into the loop using a programmed gear pump. Water leaving the
pump was passed through a filtration unit consisting of two stages (one filter
of a bore diameter 10 µm in stage 1 followed by four filters of a bore diameter
2 µm arranged in parallel in stage 2). After the filtration unit, the water
flow rate was measured using a bank of rotameters with overlapping ranges
and then was introduced to the mixer. Downstream from the mixer, the
two-phase mixture entered the inlet side of the junction, which consisted
of a developing length and a fully developed length before reaching the
junction. The pressure at the junction, for all the single-phase air and
the two-phase experiments, was kept at 200 kPa (abs). The inlet two-
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phase mixture was split at the junction into two outlet streams according
to the desired mass split ratio. The air-water mixture in each of the outlet
branches was directed to its respective separation tank, where the air and
water were separated into two streams. The mass split ratio at the junction
was controlled by adjusting the pressure in the two separation tanks. The
pressure in each separation tank was set at the desired value by adjusting
the air flow rate exiting the separation tank using a flow control valve. The
air and water flow rates from each separation tank were each measured by
a bank of rotameters with overlapping ranges. The air then was exhausted
to the atmosphere and the water was returned back to the water reservoir
to be reused.

Downstream from each air flow meter bank on the inlet and outlet sides
of the tee junction, a pressure gauge and a thermocouple were installed to
measure the local pressure and temperature. These measurements were
required for calculating the air flow rate at each flow measurement station.
On the water side, the temperature was measured at each flow meter bank
in order to calculate the local density. The separation tanks had relief valves
to ensure the pressure did not exceed a certain limit. Check valves were
installed before the mixer on the water and air lines to prevent any backflow.

2.2 Test section

Top views of both the test section and the mixer are illustrated in Fig. 2.
The whole test section was etched in an acrylic block with a surface area
of 787.4 mm × 558.8 mm, and a thickness of 76.2 mm to facilitate flow
visualization. The test section was in the shape of an impacting tee junction
with a rectangular cross-sectional area of 20-mm width by 1.87 mm height.
The pressure was measured at 22 locations in the inlet and the outlet sides.
The locations of the pressure taps are shown in Fig. 2.

A developing length of 53 hydraulic diameters was used in the inlet side
of the junction before the flow reached the first pressure tap. The pressure
measurement in the inlet side was done in the fully developed length of 41
hydraulic diameters. Each of the two outlets of the junction was about 90
hydraulic diameters in length and included developing and fully developed
regions. The mixer was designed to be a part of the test section. It consisted
of a stainless-steel plate fixed in the beginning of the test section at the
bottom of the channel. The bottom of the channel and the stainless steel
plate had the same level to prevent any unnecessary disturbances in the
flow. Twelve holes were drilled in the stainless steel plate to act as an air
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Figure 1. Schematic diagram of the test rig.

inlet. Each of these holes had a diameter of 2 mm. A schematic diagram of
the mixer is illustrated in Fig. 2.

2.3 Measuring devices

The air and water volume flow rates were measured using 22 rotameters.
The air rotameters were calibrated using wet test meters and venturi me-
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Figure 2. Details of the test section and the mixer.
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ters, the calibration of which traces back to the National Institute of Stan-
dards and Technology (NIST), while the water rotameters were calibrated
using a weigh and time method. Seven differential pressure transducers
were used to measure the pressure distribution through the 22 taps in the
test section. These transducers were calibrated using a micromanometer, a
water manometer, and a mercury manometer depending on the transducer
range. The pressure and temperature at different locations in the loop were
measured using analog pressure gauges and thermocouples. The pressure
gauges were calibrated using a deadweight tester and the thermocouples
were calibrated at the ice point and boiling point against precession ther-
mometers. A data acquisition system operated by the LabView software
was used to collect and process the data from the pressure transducers and
the thermocouples. The flow regimes were visualized and recorded using a
digital camera.

The procedure of Kline and McClintock [10] was used to estimate the
uncertainties in the measured and calculated variables. The resulting values
are listed in Tab. 1.

Table 1. Experimental uncertainties.

Variable Uncertainty range [%]

JL1 ±4.2 − ±6.7

JG1 ±5.1 − ±9.8

JL2 ±4.1 − ±7.0

JG2 ±5.0 − ±6.8

JL3 ±4.1 − ±8.9

JG3 ±5.0 − ±8.9

x1 ±2.1 − ±9.9

(dp/dz)TP ±0.1 − ±4.5

3 Results and discussion

3.1 Single-phase flow pressure drop

A series of experiments was executed to measure the fully developed pres-
sure drop during single-phase flow in the inlet and the two outlets of the test
section. The results were compared with the single-phase classical equations
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(for the laminar flow) and correlations (for the turbulent flow) in order to
validate the creditability of the test rig, the test procedure, and the measur-
ing devices. The experiments were executed using both air and water as test
fluids. The measured friction factors in the laminar region were compared
with the exact solution from Shah and London [11], and the friction factors
in the turbulent region were compared with empirical correlation proposed
by Sadatomi et al. [12].

The results of the measured single-phase friction factors and the com-
parison with the aforementioned equations and correlations are shown in
Fig. 3 for air as the test fluid. The root mean square deviation between
the measurements and classical equations and correlations was found to be
8.8%. These results also indicate that the critical Reynolds number for the
transition from laminar to turbulent flow is close to 2000. The results in
Fig. 3 confirm the adequacy of the test rig and the test procedure, as well
as the accuracy of the measuring device.

Figure 3. Single-phase air friction factor.

3.2 Flow regimes and their boundaries

A total of 116 experiments were performed to identify the flow regimes
and establish the boundaries amongst them. The observed flow regimes
corresponded to these ranges of superficial gas and liquid velocities: 0.04 ≤
JG ≤ 10 m/s and 0.02 ≤ JL ≤ 0.7 m/s, respectively. The flow regimes
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were observed only in the fully developed region of the inlet side of the tee
junction. fully developed conditions in this region were confirmed by the
linear pressure drop during both single-phase and two-phase experiments.
A digital camera was used to record the flow regimes. Based on the visual
observations and the captured pictures, a flow regimes map was generated
using the superficial gas and liquid velocities as coordinates. Four flow
regimes were observed within the velocity ranges stated above. At a very
small superficial gas velocity and high liquid superficial velocity, the bubbly
flow regime was observed. Due to the small height of the test section, the
spherical shape of the gas bubble deformed to a flattened shape. It was
noticed that as the superficial liquid velocity increased, the gas bubbles
broke down into smaller ones, as shown in Fig. 4a. The bubble break up is
known to be caused by pressure forces resulting from turbulence in the liquid
phase. At a smaller liquid velocity, the small gas bubbles agglomerated into
larger ones due to bubble impacts at the lower liquid turbulence, as shown
in Fig. 4b.

As the superficial gas velocity increased, flat elongated cylindrical shape
gas bubbles formed in the test section with liquid bridging the gap between
two consecutive bubbles. These bubbles had a plug-like shape, as shown in
Fig. 4c. The length of the gas plugs increased as the superficial gas velocity
increased; however, the length of the liquid bridge between the gas plugs
did not significantly change by increasing the superficial gas and/or liquid
velocities. This observation is consistent with the observation of Nicholson
et al. [13] for macrosize channels.

Figure 4. Photographs of observed flow regimes.



56 A.M. Elazhary and H.M. Soliman

With a further increase of gas velocity, the liquid bridges between the gas
plugs became unstable and the gas stream penetrated the liquid bridges
forming a continuous gas core with liquid flowing along vertical walls of the
channel. This flow regime, shown in Fig. 4d, is classified here as churn flow.

At high superficial gas velocities, the flow appeared as a gas core com-
pletely surrounded by a thin liquid film. It was not possible to determine by
visual observation or digital photography whether liquid entrainment was
present in the gas core or not. This flow regime, shown in Fig. 4e, was clas-
sified as annular flow. This flow regime is characterized by the domination
of the inertia force even with the small size of the test section.

Ali et al. [14] reported that for narrow channels (e.g., 1.465 mm, which
is close to the size of the present channel), the channel orientation from
vertically upward to horizontal to vertically downward had a small effect
on flow regimes and their transitions. Based on that observation, the gen-
erated flow regime map in this investigation for a horizontal channel was
compared with two other flow regime maps developed for air-water flow in
vertical channels. The first map was developed by Mishima et al. [7] for
a test section with dimensions of 2.45 mm × 40 mm. The hydraulic di-
ameter was 4.42 mm (35.2% larger than that of the present test section).
The aspect ratio was 16.3 (52.3% larger than that of the present test sec-
tion). The ranges of the superficial velocities were 0.01 ≤ JG ≤ 100 m/s
and 0.1 ≤ JL ≤ 10 m/s. The second map was introduced by Ide et al.
[3] for a test section with dimensions of 1.1 mm × 9.9 mm. The hydraulic
diameter was 1.98 mm (42% smaller than that of the present test section).
The aspect ratio was 9 (7.5% smaller than that of the present test sec-
tion). The ranges of the superficial velocities were 0.5 ≤ JG ≤ 20 m/s and
0.1 ≤ JL ≤ 0.7 m/s.

Figures 5 and 6 show the above mentioned comparisons. The boundary
between the bubbly and the plug flow regimes was not identified in the map
introduced by Ide et al. [3] because their ranges of the superficial velocities
did not cover the bubbly flow regime observed in the present study. The
other flow regime boundaries given by Ide et al. [3] were closer to those of
the present study than the regime boundaries given by Mishima et al. [7].
This observation indicates that the channel height could be more important
in determining the boundaries between the flow regimes than the hydraulic
diameter.
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Figure 5. Comparison between the present flow regime map and the map of Ide et al.
[3].

Figure 6. Comparison between the present flow regime map and the map of Mishima et
al. [7].

3.3 Two-phase flow pressure drop

A sample of the pressure distribution measured on the three sides of the
junction is shown in Fig. 7. Values of pressure, p, at all 22 taps were
plotted relative to a reference pressure, pr, which is the pressure at tap 1
(see Fig. 2). The fully developed pressure gradients on the three sides of the
junction were determined by fitting linear equations to the fully developed
data using the method of least-squares.
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Figure 7. Sample of the measured pressure distribution.

The measured fully developed two-phase pressure gradients were com-
pared with correlations from the literature. Some of those correlations were
based on the homogeneous flow model (HFM) and the others were based on
the separated flow model (SFM). The HFM is based on the assumption of
equal velocity for the phases and therefore, the two-phase mixture is treated
as a single-phase flow with averaged properties. Thus, the two-phase pres-
sure gradient can be calculated from

(dp/dz)TP = 2f G2
/
(ρHomDH) , (1)

where G is the mass flux, DH is the hydraulic diameter, f is the friction
factor, and ρHom is the homogeneous density, given by,

ρHom = (x/ρG+(1 − x)/ρL)−1 , (2)

where x is the mixture quality. The friction factor is usually given by

f = C1ReC2
DH

, (3)

where C1 and C2 are coefficients, and ReDH
is Reynolds number expressed

as
ReDH

= GDH/µTP , (4)

where µTP is the equivalent viscosity of the two-phase mixture. For rectan-
gular channels with the present aspect ratio, C1 = 21.334 and C2 = −1 in
the case of laminar flow (ReDH

≤ 2000), while C1 = 0.083 and C2 = −0.25
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in the case of turbulent flow (ReDH
> 2000). The difference among the

HFM’s reported in the literature is in the formulation of µTP .
Separated flow models (SFM) based on Lockhart and Martinelli [15]

analysis are frequently used in correlating the two-phase frictional pressure
gradient. The equations in this approach can be summarized by the follow-
ing relations:

(dp/dz)TP = φ2
L (dp/dz)L , (5)

where φL is a two-phase pressure-drop multiplier, and (dp/dz)L is the fric-
tional pressure drop if the liquid phase flows alone in the channel. Lockhart
and Martinelli [15] correlated φL in terms of a parameter X defined as,

X2 = (dp/dz)L/(dp/dz)G , (6)

where (dp/dz)G is the frictional pressure drop if the gas phase flows alone
in the channel. Lockhart and Martinelli showed that the variation of φL for
a wide range of operating conditions is well represented by

φL = 1 +
C

X
+

1
X2

. (7)

Several studies appeared in the literature in which the fully developed,
two-phase, frictional pressure drop was correlated following the method
given above by Eqs. (5)–(7). The main difference among these studies
is in the formulation of the parameter C.

The present experimental results for the two-phase, fully developed,
frictional pressure gradient were compared with 25 previous correlations
from the literature and the results of these comparisons are listed in Tab. 2.
The first seven entries in Tab. 2 correspond to the HFM given by Eqs.
(1)–(4) with various formulations of µTP . The next 13 entries in Tab. 2
correspond to the SFM given by Eqs. (5)–(7) with various formulations of
the parameter C in Eq. (7). The remaining five entries in Tab. 2 correspond
to the SFM with formulations different from Eqs. (5)–(7). The deviations
between the data and the correlations are quantified by the arithmetic mean
deviation (AMD, %) and the root mean square deviation (RMSD, %). Table
2 shows large differences among the predictions obtained from different
correlations. These large differences confirm that extreme care should be
exercised when selecting a correlation for predicting (dp/dz)TP and that
further research is required for developing correlations/models capable of
more consistent predictions.
The best prediction among the seven HFM’s in Tab. 2 was obtained from
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the correlation of Beattie and Whalley [20] and the best prediction among
the SFM’s was obtained from the correlation of Zhang and Mishima [29].
These two comparisons are illustrated in Figs. 8 and 9, respectively.

Table 2. Summary of the comparison between the present data and existing correlations.

Author AMD [%] RMSD [%]

McAdams et al. [16] 1.3 29.5
Ackers et al. [17] 34.9 67.3
Cicchitti et al. [18] 125.7 200.2
Dukler et al. [19] -34.8 41.0
Beattie and Whalley [20] -6.7 20.9
Lin et al. [21] 42.9 75.6
Awad and Muzychka [22] 76.5 126.1
Chisholm [23] -31.6 37.3
Wambsganss et al. [24] -47.5 50.7
Mishima et al. [7] 28.6 49.9
Mishima and Hibiki [25] 40.9 61.2
Lee and Lee [6] -43.0 47.9
Qu and Mudawar [26] 23.4 37.9
Lee and Mudawar [4] 25.9 35.4
Hwang and Kim [27] -38.9 41.8
Zhang [28] -22.7 27.4
Zhang and Mishima [29] -10.7 28.8
Li and Wu [1] 45.9 78.5
Zhang et al. [30] 24.7 46.7
Tran et al. [31] 127.5 165.8
Friedel [32] 191.5 252.3
Müller-Steinhagen and Heck [33] -3.7 38.1
Ide and Matsumura [8] 22.1 178.4
Ide et al. [3] -26.3 34.7
Sun and Mishima [2] 17.9 40.8

The comparison shown in Fig. 8 indicates that the HFM can be suc-
cessful in predicting the pressure gradient if the selected two-phase flow
viscosity adequately reflected the characteristics of the flow regimes. Beat-
tie and Whalley [20] started from the two-phase flow viscosity proposed by
Dukler et al. [19] that is given by

µTP, Dukler = µGαHom + µL (1 − αHom) , (8)
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Figure 8. Comparison between the present data and the correlation due to Beattie and
Whalley [20].

Figure 9. Comparison between the present data and the correlation due to Zhang and
Mishima [29].

where the homogeneous void fraction is given by

αHom =
x (ρL/ρG)

x (ρL/ρG) + (1 − x)
. (9)

Beattie and Walley [20] stated that the viscosity expression given by Eq. (8)
is more appropriate for annular flow because it was based on the concept
that, due to interfacial waves, the viscosity at the outer region of the vis-
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cous sublayer intermittently changes between the liquid viscosity and the
gas viscosity with the intermittency fraction being assumed to be the ho-
mogeneous void fraction. Consequently, the expression given by Eq. (8) was
intended to approach the gas viscosity when the void fraction approaches
one and the liquid viscosity when the void fraction approaches zero. Beattie
and Whalley modified Eq. (8) by replacing the liquid viscosity by a pro-
posed viscosity that can be used for the bubbly flow. The final expression
for the two-phase viscosity took the form

µTP = µGαHom + µL (1 + 2.5αHom) (1 − αHom) . (10)

Expression (10) still gives µTP → µL as αTP → 0. As Fig. 8 suggests, the
modification introduced by Beattie and Whalley [20] succeeded in producing
good predictions for the four flow regimes observed in the present study.

The correlation proposed by Zhang and Mishima [29] was based on the
SFM expressed by Eqs. (5)–(7). The coefficient C in Eq. (7) was based
on a concept that was first proposed by Sugawara et al. [34]. Sugawara
et al. conducted experiments on small-diameter tubes and observed that
as the tube diameter decreased, the momentum coupling between the gas
and liquid phases decreased and that was directly reflected on the value of
the coefficient C. In other words, as the diameter of the tubes decreased,
the value of the coefficient C decreased. Hypothetically, the coefficient C
was suggested to be zero at a hydraulic diameter of zero. It was reported
by Sugawara et al. that, at large hydraulic diameters, the coefficient C
reached an asymptotic value of 21. Instead of correlating the parameter C
in terms of the hydraulic diameter [34], Zhang and Mishima [29] correlated
the coefficient C in terms of a confinement number to extend the validity
of the correlation to different test fluids.

For the conditions covered in the present experiment, the coefficient C,
as suggested by Zhang and Mishima [29], has a constant value of a 7.56 for
the whole range. This value of C covers the range of laminar or turbulent
gas flow and laminar liquid flow, which were the combinations encountered
in the present experiment. The value of 7.56 is almost the average of the two
values of the coefficient C suggested by Chisholm [23] for turbulent-laminar
and laminar-laminar gas-liquid flows. As illustrated in Fig. 9, this choice
of the parameter C gave satisfactory values of the AMD and the RMSD
between the present data of all flow regimes and the correlation of Zhang
and Mishima [29].
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4 Conclusions

A research project dealing with two-phase flow in a mini-size horizontal im-
pacting tee junction was initiated. The inlet and outlet sides of the junction
had rectangular cross-sections with dimensions of 20 mm in the horizontal
direction and 1.87 mm in the vertical direction. Air-water mixtures with
200 kPa (abs) at the junction were used as the test fluids. This paper re-
ports results for the observed flow regimes in the three sides of the junction
and the frictional, fully developed pressure gradient in the three sides of the
junction measured during single- and two-phase flow tests. The following
conclusions can be drawn from the results presented in this paper:

1. The measured single-phase pressure gradient deviated by a maximum
of 8.8% from the exact solution (for laminar flow) and an empirical
correlation developed for a similar aspect ratio (for turbulent flow).
This agreement confirmed the credibility of the test rig, the accuracy
of the measuring devices, and adequacy of the measuring technique.

2. Four flow regimes were observed: bubbly, plug, churn, and annular.
Liquid only zones with a complete absence of gas existed in the bubbly
flow regime at relatively low liquid superficial velocity and in the plug
flow, which indicated the significant effect of surface tension.

3. Based on the comparisons between the present flow regime map and
the maps generated by Ide et al. [3] and by Mishima et al. [7] for test
sections of 1.1 mm × 9.9 mm and 2.45 mm × 40 mm, respectively, it is
thought that the channel height could have a more significant role in
determining the flow-regime boundaries than the hydraulic diameter.

4. The comparison between the present data of two-phase pressure gradi-
ent and 25 correlations from the literature resulted in wide deviations
among the predictions from the different correlations. The best agree-
ments with the present data were obtained with the HFM of Beattie
and Whalley [20] and the SFM of Zhang and Mishima [29].
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