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Abstract

Using an air-water mixture and 34 mm ID pipe, a series of pressure drop and void fraction
measurements were collected. The observed flow regimes were falling film, annular, bubbly,
cap bubble, slug, and churn flows. The temporal fluctuations of void fraction and pressure drop
measurements were firstly studied using signals visualization and PDF. It was revealed that
both signals can be used to identify the flow regimes. A new flow pattern map is proposed based
on the Froude number, calculated using the mixture velocity of the two phases, and the ratio of
gas-to-liquid superficial velocities. The behaviors of the total and frictional pressure drops were
studied and the influence of the superficial velocities as well as the flow regimes were
identified. The experimental results were compared to four existing vertically downward

frictional pressure drop models, none of which provided accurate predictions.
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1 Introduction

Two-phase gas-liquid flows can be seen in many industrial applications. One can cite gas-oil
production and transportation systems, nuclear and power plants, petrochemical industry, etc.
A simple examination of existing literature related to gas-liquid flow shows that the majority
of the works carried out for the vertical upward and horizontal configuration, while less effort
has been made for the vertical downward configuration which is the topic of this paper.
Recently, several applications need further investigation related to the downward two-phase
flow configurations, for example: the simultaneous injection of water and gas for reservoir
pressure maintenance (Hernandez et al., 2002) or Microbial Enhanced Oil Recovery (MEOR)
(Xue et al., 2013) in petroleum production and exploitation, the plate-type nuclear fuel of
research reactors (Chalgeri et al., 2022), the injection of CO> for CO> capture and storage (CCS)
applications (Hammer et al., 2021), or its utilization in cooling systems in the context of the
utilization of latter as a working medium with low Global Warming potential (GWP) (Schmidt
etal., 2022).

A review of the gas-liquid flows in a vertical downward configuration literature shows that
there is not a complete agreement on the classification of flow regimes in this configuration.
Barnea et al. (1982), observed three flow regimes in 25 and 51 mm ID pipes, namely, dispersed
bubbles, slug, and annular. Based on the fact that annular flow is the natural flow for this
geometry, the authors used this regime to model the transition between the other regimes. Later,
Usui (1989) introduced the falling film regime in his work. Moreover, the theoretical model of
Lee et al. (2008) is based on the four regimes defined by Usui (1989). Some authors, such as
Usui and Sato (1989), described the existence of six flow patterns, namely, bubbly, slug, cap
bubble, churn, annular, and falling film.

Table 1 presents the existing flow pattern maps in literature. These maps are presented in 2D

coordinates. Most of the published flow pattern maps are presented using the superficial gas



and liquid velocities for the x and y- coordinates. However, Yamazaki and Yamaguchi (1979)

and Lau and Rezkallah (1995) proposed two flow pattern maps using two different coordinates.

Accurate estimation of pressure drop and gas void fraction are very crucial in many industrial
applications. Proper estimation of the pressure drop is important for designing and optimizing
the required pumping power and the size and the cost of any pumping system (Lau and
Rezkallah, 1995, Liu et al., 2022). Gas Void Fraction (GVF) is also very important for
characterizing the gas-liquid flow, and it is used to calculate the average phase velocity as well
as the mixture density and to estimate the gravitational pressure gradient.

The most apparent difficulty to identify the flow regimes visually is the subjectivity of the visual
observations. To overcome this inconvenience, the temporal signals of hydrodynamic
parameters have been used in the present work as a tool to study, detect and identify the flow
regimes. The static pressure, differential static pressure, void fraction, liquid holdup and
temperature time series are generally used for this purpose (Guo et al., 2021; Liu et al., 2021,
2023; Arabi et al., 2023). Indeed, each regime has its own flow behavior through time, which
reflects on the evolution of the above-mentioned parameters through the behavior of the
temporal fluctuations. The fluctuations of the hydrodynamic parameters have been used by
many scholars in horizontal or vertical upward flow, unfortunately this is not the case for

vertical downward flow.



Table 1. Summary of existing flow pattern maps in vertically downward gas-liquid flow

Used Pipe diameter
Authors Coordinates Flow regimes
fluid (mm)
Yamazaki and
g Bubbly, slug, whispy annular, and
Yamaguchi Air-water 25
Uw, B annular
(1979)
Uy, U . .
Lau and gs» “ls Bubble, slug, froth, falling-film and
Air-water 9.53
Rezkallah (1995) /% Fry annular
ls
Bhagwat et al. Bubble, slug, froth, falling film, and
Air-water 12.52 Ugss Uis
(2012) annular
Xue etal. (2013)  Air-water 65 Ugs) Uss Bubble, slug, and churn
Bubbly, Slug, churn-turbulent and
Qiaoetal. (2017)  Air-water 50.8 Ugs) Uss
annular
Bhagwat and Annular, falling film, bubbly, slug,
Air-water 125 Regs, Reyg
Ghajar (2017) intermittent and transient
Bubbly, Large bubbly, Cap bubble,
2.35x 66.6
Kimetal. (2018)  Air-water Ugs, Uss Slug, Churn-turbulent, Falling film,
Rectangular section
Annular and Intermediate
Cap bubbly, churn-turbulent and
Lietal. (2018) Air-water 203.2 Ugs, Uss
annular
Hammer et al. Annular, Annular-bubble, Cap
COz 44 Ugs: Uls
(2021) bubble, Churn and Droplet
Schmidt et al.
CO2 8 G,x Annular, bubbly, slug, and churn
(2022)
Bubbly, slug, intermittent, transient,
Ghajar (2022) Air-water 12.7 Gy, G,

falling film, and annular




Xue et al. (2013) analyzed the static pressure and pressure drop signals collected for bubbly,
slug and churn flows in a 65 mm ID pipe. It was observed that both signals contain small
amplitude with high-frequency fluctuations. The presence of a distinguishable peak was
reported for slug flow whereas the latter disappeared with the transition to churn flow. Li et al.
(2018) reported that the PDF calculated from time series of void fractions are different for cap
bubbly, churn-turbulent and annular flows. Chalgeri and Jeong (2019) collected void fraction
and differential pressure time series for the bubbly, large-bubbly, cap-bubbly, slug, churn-
turbulent, annular, and falling film. The void fraction time series have given more sensitivity to
detect the large-bubbly flow. The authors proposed the PDF obtained with void fraction time
series as a tool to detect the flow regimes. It is important to note that only few papers focused
on studying of the difference between pressure drop and void fraction time series. By comparing
the PDF obtained with both kinds of signal in the case of air-silicone oil two-phase flow vertical
upward flow, Abdulkadir et al. (2020) reported that the PDF signatures are different for slug
flow.

In addition to the visual identification of the flow regimes and their range of existence, some
investigators have focused on the study of the hydrodynamic behavior of specific flow regime.
This is was done for the bubbly flow (Ishii et al., 2004), annular flow (Hajiloo et al., 2001;
Santana et al., 2021; Voulgaropoulos et al., 2021, Cherdantsev et al., 2021), and slug flow
(Bouyahiaoui et al, 2018). The latter has generated a database of hydrodynamic parameters of
the slug flow, which are used as input parameters in predictive models used in the oil & gas
industry.

Due to the lack of enough knowledge on the vertical downward flow, in comparison with
vertical upward flow, some studies have made a comparison between the flow behavior in these
two geometric configurations in order to identify some analogies between both flows.

Bouyahiaoui et al. (2020) used the void fraction time series obtained using water-air mixture in



34 mm ID pipe to perform a comparison between the behavior of several parameters between
upward and downward configurations for churn flow regime. It was found different values of
distribution coefficient, Co, from drift flux analyses. Using the slippage number, introduced by
Al-Sarkhi et al. (2016b), the authors reported that the behavior of the churn flow for both
configurations is different for a mixture Froude number less than 4. Indeed, the slippage number
has positive and negative values for upward and downward flows, respectively. The negative
values of the slippage number mean that the void fraction is higher than the homogenous void
fraction. The plot of the structure velocities obtained in both cases has shown that this parameter
is more dependent on the mixture velocity in the upward flow compared to that in the downward
flow.

Hammer et al. (2021) generated a database of liquid holdup and frictional pressure drop for
upward and downward vertical flow using CO. as a working fluid. After comparing the
predictions of several existing models of these two parameters, the authors reported that the
values of the void fraction are practically the same for both directions. The frictional pressure
drop recorded in the upward configuration is found to be higher than those recorded in the
vertical downward configuration.

More recently, Abdulkadir et al. (2021) also performed a comparison between hydrodynamic
parameters in the case of upward and downward. The study was carried out with an air-water
mixture in a 127 mm pipe and using ring probes for liquid holdup measurement. In both
configurations, a total of 85 acquisitions of liquid holdup signals, corresponding to the same
flow conditions of both phases, were collected. The churn and annular regimes were observed
in the upward configuration, while only the latter was reported in the second geometry. They
reported that the coefficient Co in the case of a downward direction is higher than that found in
the upward direction. The experimental results of void fraction were also compared with some

existing models.



The results obtained by the three above-mentioned works allow us to understand that the
behavior of frictional pressure drop and void fraction are different for upward and downward
flows. Thus, the results obtained with the vertical upward flow cannot be extrapolated to the
vertically downward flow. The few works carried out for this flow configuration, compared to
the vertical upward flow, highlights the necessity to carry out further experimental
investigations and to generate additional databases to advance our knowledge for this
geometrical configuration. The database collected can also be used to validate the numerical
simulations obtained using Computational Fluid Dynamics (CFD) (Kang et al., 2021; Passoni
etal., 2023).

Concerning the studies devoted to the total and frictional pressure drop, Friedel (1979) has
stated that there is no study where the frictional pressure drop models are evaluated in the case
of vertical downward flow. He has also explained that the influence of the flow regime on the
pressure drop, in all pipe orientations, is not yet quantifiable. Using a database, the author
proposed two predictive models. The first is devoted to vertical upward and horizontal
configurations, while the second is specific to vertical downward flow. The latter is based on
1311 experimental data points. The fact that the author proposed a specific model for vertical
downward flow shows the specificity of this configuration, compared to the two other
configurations. After extensive literature review, we have enumerated only four models
(YYamazaki and Yamaguchi, 1979; Friedel, 1979; Yao et al., 2016 and Lu et al., 2018) built
specifically for vertical downward flow.

Using air-water in a 65 mm ID pipe, Xue et al. (2013) investigated the pressure drop for gas-
liquid two-phase flow downward vertical pipe. It was reported that the transition of the slug-to-
churn flow has induced a variation of the trend of the frictional pressure drop as a function of
the gas superficial velocity. It is important to note that the authors didn’t measure the void

fraction, so they calculated the gravitational pressure drop by using a void fraction model of



Godaetal. (2003). Bhagwat et al. (2012) and Yao et al. (2016) have also noted that the evolution
of the frictional pressure drop depends on the nature of the flow regime. These two studies also
evaluated the predictions of existing models, including that developed for vertical upward and
horizontal flow. Lu et al. (2018) pointed out the lack of existing data in the case of moderate
(10> ID > 100 mm) and large (ID > 100 mm) pipe diameters. Their data generated using a 50.8
mm ID were compared with some existing models and a novel correlation based on the
Lockhart-Martinelli approach was proposed. It is noted that the models developed for vertical
downward flow have not been evaluated by the authors.

In light of the presented detailed review of the available literature on researches carried out on
downward vertical gas-liquid flows, it is clearly observed that the scarcity of studies carried out
as well as the limited existing database for void fraction and pressure drop, compared to other
geometrical configurations. In addition, it is realized that the knowledge acquired on vertical
upward flow cannot be directly extrapolated to the vertically downward flow. The present work
aims to fill this gap through generation of a novel experimental database for the two parameters
(void fraction and pressure drop) using a mixture of air-water flowing in a 34 mm pipe covering
six flow regimes namely bubbly, cap bubble, slug, churn, annular and falling film regimes. The
behavior of both parameters, mean values and time series evolution, for each regime will be
investigated in the present paper. Moreover, an evaluation of the available predictive models of

frictional pressure drop for downward flow will be presented in this paper.



2 Existing two-phase frictional pressure drop models for vertical downward

two-phase flow

In this section, the existing models to predict the frictional pressure drop, (Z—i)f , for the
,TP

vertical downward two-phase flow will be discussed. The total pressure drop is the sum of the

frictional, gravitational, and acceleration pressure drops, and given by (Eqg. 1).

(dP) _ (dP) 4 (dP) 4 (dP) )
dL/rp dL f.TP dL/arp dL g.TP

ap
z

where (Z—IZ) is the two-phase friction pressure gradient, ( ) the pressure gradient due
a,TP

f, TP
to the contraction or expansion of gas-phase as the two phases travel along the test section is

given by Eq. 2:

dpP d [ G} G;
CR T
dL/qrp dz\ggpy (1 —¢&g)py

with G is the mass flux. The indices | and g denote liquid and gas phase, respectively and & is

the void fraction.

(d—P) is the pressure gradient due to the gravity, calculated by:
dL g,TP

(dP) ind @)
—_— = sSin
dL) g rp PrrY
p1P, 9, and @ are the gas-liquid mixture density, gravity, and pipe inclination, respectively. The
density of the gas-liquid mixture is given by Eq. 4.
prp = €gpg + (1 —€5)py 4

The acceleration pressure drop term is generally neglected in the case of non-boiling two-phase

flow (Lu et al., 2018).



Regarding the frictional pressure drop, the existing vertical downward models are all based on
the heterogeneous flow assumption where the slip between the two phases is considered. In this

approach, the frictional pressure drop is the product of the liquid frictional pressure gradient,

(d—P) , or only liquid frictional pressure gradient, (d—P) , and the two-phase frictional multiplier,
daL/ daL/ o

d?or ¢7,, asin Egs. 5 and 6, respectively.

(%), . = 9 (&), ©)

(&), = 05 (&), (6)

The indices | and lo refer to liquid and liquid only, respectively. In the former case, the liquid

flow rate is assumed; while the two-phase mixture mass flux, Gtp is used in lo case. The

pressure drop in both cases are expressed as:

() -1
dL/, 2Dp,
(d_P) _ fioGtp ®
dL/i,  2Dp

where fi and fi, designate the Darcy-Weisbach friction factor for the | and lo case given

respectively by Egs. 9 and 10. Noting that for turbulent flow, we have considered the correlation

of Fang et al. (2011).

64/Re; for laminar flow
£, = 150.39  152.66\] (9)
0.25 |log PR - Re, for turbulent flow
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64/Re;y for laminar flow
fio = 15039  152.66\] " (10)
0.25 |log 58865 — for turbulent flow
Rey Rey,

Based on the lack of agreement in the literature regarding the Reynolds number at which the
transition from laminar flow to turbulent flow occurs, we have selected a critical value of Re =
1055 to distinguish between viscous and turbulent flows. This value corresponds to the

intersection of the curves for laminar and turbulent flows, as depicted in Fig 1.

|-
N —Laminar (64/Re)
— - —Turbulent (Feng et al. 2011)
§ i
S
“< 0.1 ¢
- "
2 -
2 :
E -
0.01 e T L
100 1000 10000

Reynolds number [-]

Fig. 1. Representation of the evolution of Darcy-Weisbach friction factor in function of

Reynolds number.
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The Reynolds numbers for the case of liquid, Re), and liquid only Reynolds number, Rejo, are

calculated as follows:

(11)

(12)

For the estimation of the two-phase multipliers, different studies have proposed different

correlations depending on the used database and on the significant parameters. These formulas

are summarized in Table 2.

Table 2. Existing models for predicting gas-liquid downward frictional pressure drop

Authors

Correlation

P =(1- Eg)_O'g

Yamakazi and

Yamaguchi (1979)

g4 _ B
(1-e)(1—-Key) 1-p
- Ugs
B B Ugs + Uss

K—{ 2—04/B forB <0.2
~1-0.25 + 1.25B for § > 0.2

¢fo=(1—x)2+x2ﬂ@+

Pg H

48.6x°8(1 — )02 (&)0.9 (Ba)"™ (1-

Friedel (1979)

Py flo WQI(:MZ
G
x ===
Grp
GZ
Fry = — TP
pPrpugD
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64/Re;, for laminar flow

Relo -2

1.964Re;, — 3.8215

fio = [0.86859ln(

)] for turbulent flow

64/Regy, for laminar flow
fgo =

Regy,
1.964Rey, — 3.8215

[0.86859ln<

-2
)] for turbulent flow

o7 - 1 c 1 .
14—t —+
L X x?

5 for Re; < 1055 and Re; < 1055

10 for Rey; < 1055 and Re; = 1055

12 for Rey; = 1055 and Re; < 1055
(20 for Re; > 1055 and Re; > 1055

C =

Yao et al. (2018)

_ 0.41
_) 0'01(ﬂ>0'77 JaD
Hg Uis

gD (
B =36371| L
[(Uf)

2

Lu et al. (2021) Pr=14+—+—

3 Experimental facility and procedure

The experiments were conducted using air-water mixture flowing through a vertical 34 mm 1D

pipe. The experimental setup used previously by Bouyahiaoui et al. (2018, 2020) is displayed

in Fig. 2. The pipe is made from transparent Perspex to allow flow visualization. It has a 4 mm

13



thickness, 34 mm internal diameter, and is 7.8 m length. The experiments have been performed

at an ambient temperature of 25 °C. The properties of both phases are summarized in Table 3.

Test
section
% cri|S
—E==CP2 -
o © I.f':
S &
—===CP3 Mixer

1050

1040

OO

1060

DP cell

®D 2
|
z 3
RE 5
< sE g CP6
= =& M4
5 8 =g "
- O
< X

=%CP?’

Separator Tanlf)
Air from the
—
atmosphere

Compressor

Distances in mm

Fig. 2. Experimental facility Schematic.
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Table 3. Considered air and water properties

Parameter Water Air
Density [Kg/m?®] 997.13 1.2119
Dynamic viscosity [Kg/m.s] 1.00 x 103 1.185 x10°
Surface tension [N/m] 0.072

Water is pumped from a storage tank (separator) to the two-phase mixer. Water rotameters were
placed within the water circuit to control the water flow rates up to a value of 4.5 m3h. Air
from the atmosphere is drawn by a compressor to the mixing chamber and its flow rate is
controlled by air rotameters in a range of 1 to 150 I/min. The accuracies of the gas and the liquid

rotameters are within £ 2% of the full scale.

The mixing device consists of two Polyvinyl Chloride (PVC) pieces. The first piece is a
cylindrical tube with an 80 mm diameter and 64 holes of 1 mm diameter. The gas phase is
introduced through the holes in the mixing chamber, which is the annular space between the
two pieces of the mixer. The liquid phase is then injected into the mixing chamber. The detail

of this geometry can be found in Saidj et al. (2014).

The mixture of two phases moves upwards through a pipe that is 1 meter long. After that, the
flow is reversed to move downwards by using an inverted U-bend. The flow then moves through
the downward section of the test area which comprises a pipe that is about 6 meters length.

Finally, the mixture is discharged into a storage tank where the two phases are separated.

It is also worth to be mentioned that the static pressure and temperature of the two phases were
constantly checked, before being mixed using an absolute pressure transmitter with [0 — 1.6]
bar range with a 0.1% accuracy on the full scale and a thermometer measuring values up to

100°C with a 1% accuracy on the full scale.
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To determine the average void fraction across the cross-sectional area, seven probes were
installed along the test section. The probes included CP1, which was positioned 6D upstream
of the inverted U-bend, and CP2 to CP7 probes, which were installed at 11, 41, 72, 102, 134,
and 173D downstream of the bend. These conductance probes were specifically made in-house
to measure the void fraction. This technique works by measuring the electrical conductivity of
the water and air. The relation between the medium's electrical impedance and the phase
distribution was first derived, and then the cross-sectional averaged void fraction was obtained

using this technique.

The probe consisted of two stainless steel electrodes, shaped like rings, which were placed
inside a Plexiglas casing (see Fig. 3). The electrodes were 2 mm wide (referred as s) and spaced

12mm apart (referred as De). Bouyahiaoui (2019) provides further details on this technique.
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Fig. 3. Schematic diagram of the conductance probe.

The differential pressure drop was measured using differential pressure transmitters located
between 3.5 m and 4.5 m downstream of the U-bend, where the two-phase flow is fully

developed (Bouyahiaoui et al., 2018).

Figure 4.a shows the setup used for measuring differential pressure. To cover the entire range
of pressure drop, two FOXOBORO transmitters were used, one at a time. The DP cell
measuring [0 - 7.2 kPa] was used for low values, whereas the one measuring [0 - 36kPa] was
used for high values. Both transmitters have an accuracy of 2% of their full scale. To prevent
the penetration of the two-phase mixture into the pressure drop transmitters, which might

generate over-estimated fluctuations in the recorded signals, a purging system was installed.
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The purging system was previously discussed by Zeghloul et al. (2017). The two transmitters
were calibrated by converting their output voltage into pressure. Fig 4.b shows the linear

calibration curves obtained.

40
(a) Flow O] .
3507 DP=10.946V-10.937 &
?30 - Rz2=1 AA
DP Cell i 25 _ A
F i = oCD [0- 7] kPa A
L 220 r ,
S° | aCD[0-36]kPa ot
‘ '_Dq_.,tﬂ To drain @ 15 r P DP=2.1968V-2.0773
~10 t a RE=1
water m
= | A g
B & oo g o8 O
0 g0 -0 1 I I
0 1 2 3 4 5

Voltage [Volts]

Fig. 4. Details of differential pressure transmitter system used (a) positioning in the pipe and

(b) calibration curves.

The LabVIEW software by NIDAQ, 12 bit-6092E unit was used to acquire the experimental
data from the conductance probe, temperature sensor, pressure, and differential pressure
transmitters. For each run, signals of a duration of 60s was acquired at a sampling frequency of

200 Hz.

4. Results and Discussion

The present experiments consist of 194 data points corresponding to 0.019 < Uy, < 3.24 m/s
and 0.015 < U;; < 1.40 m/s. In these ranges of superficial velocities, six flow patterns were

observed: falling film, annular, bubbly, cap bubble, slug and churn flows (see Fig. 5).
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Fig. 5. Observed flow regimes in the present experiments.

4.1 Void fraction time series

It is worth noting that this paper only presents results obtained with CP 7. The void fraction
obtained with CP 2 to CP 7 is solely used to ensure that the flow is fully developed at CP 7.
The void fraction time traces of all flow regimes of the air water mixture in the 34 mm ID pipe

are presented in Fig. 6.

The falling film flow was the first flow regime to appear in this study even at “zero” gas flow
rate. Figure 6.a shows the void fraction time series of the falling film regime. The signal shows
a consistently high void fraction, with a value exceeding 0.95. This is because the gas takes up
the central core of the tube, leaving only a thin liquid film. The small fluctuations in the signal

are caused by low-amplitude waves at the interface of the gas core and liquid film.

As the liquid flow rate increments, an increase in interfacial waves at the interface between the
gas core and the liquid film occurs. This behavior is due to the transition to annular flow

appearing in the void fraction time series, as shown in Fig. 6.b.
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Bubbly flow only appears for very high liquid flow rates. Fig. 6.c shows that the lowest values
of void fractions were recorded in this regime since the pipe was full of water with gas bubbles

flowing downward along the tube.

An increase in gas flow rates creates larger bubbles with higher void fractions called cap
bubbles. An example of the signal obtained with this flow regime is presented in Fig. 6.d. The
transition to a cap bubble is due to the bubble's coalescence. The coalescence phenomenon of

gas bubbles increases with the increase of gas superficial velocities.

The time series of slug flow (depicted in Fig. 6.e) displays the intermittent nature of this flow
pattern, which affects the passage of Taylor Bubbles at a high void fraction and the liquid slug
at a low void fraction. This flow pattern has been previously studied by Bouyahiaoui et al.
(2018). The churn flow is observed at high gas flow rates, and the void fraction signal shows

high mean void fractions with significant fluctuations caused by the breaking of Taylor bubbles.
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Fig. 6. Examples of VVoid fraction time series obtained for the six reported flow patterns.

4.2 Pressure drop time series

Figure 7 presents examples of pressure drop time series obtained for the six regimes observed
in the current study. For superficial gas and liquid velocities of 0.02 m/s (Fig 7.a), falling film
flow pattern takes place and it is characterised by a gas core and a liquid film falling sticking to

the tube wall. The liquid film is constantly crossed by long waves with low amplitudes flowing
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downward. Similar to the void fraction time series (Fig. 6.a), the pressure drop signal is
relatively constant with the presence of small fluctuations. As the rates of liquid flow increase,
the waves forming within the liquid film start to gain more amplitude and become more
significant. This, in turn, leads to higher values of shear stress at the interface between the gas

and liquid, which can cause small liquid droplets to tear apart.

Figure 7.b represents the pressure drop signal of a typical annular flow observed at U,; =

3.12m/s and U, = 0.40m/s. A detailed analysis reveals that annular flow experiences
greater fluctuations than falling film flow, which was already discussed in by Zadrazil et al.

(2014).

Increasing the superficial liquid velocity, the segregated flow with a clear separation of the two
phases disappears, forming the bubbly and intermittent flows. This phenomenon appears on the
signature of pressure drop signals, with the presence of important fluctuations. Bubbly flow is
the hardest flow regime to get in the downward two-phase flow configuration. It is observed at
high liquid rates and low gas rates. As shown in Fig. 7.c, the passage of dispersed gas bubbles
inside the space between the two pressure taps is reflected by an increase in the pressure drop.
As vertical upward flow (Arabi et al., 2022), the increase of gas superficial velocity induces the
coalescence of the gas bubbles forming cap bubbles. The reduction in the fluctuation of pressure
drop time series (shown in Fig. 7.d) is attributed to the fact that the number of cap bubbles is

less than that of gas bubbles.

The time series collected with the slug flow is characterized by important fluctuations of the
pressure drop (Fig. 7.e). This is due to the successive passage of liquid slugs and Taylor bubbles.
These structures have tendency to vanish with the transition to churn flow (Bouyahiaoui et al.,

2020). The increase in gas flow rates causes Taylor bubbles to break, resulting in a churn flow
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pattern. The signal obtained with this kind of flow is relatively similar to the one obtained with

the annular flow, except the presence of more important fluctuations (Fig. 7.f).

The reported shapes of pressure drop time series for the six flow regimes are similar to those

reported for void fraction time series.
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4.3 PDFs of void fraction and pressure drop time series

In addition to the void fraction time series, the Probability Density Function (PDF) of the
pressure drop time series was calculated to identify the flow regimes. It is well known that the
PDF obtained with the void fraction or liquid holdup signals is used for this purpose for vertical
upward flow (Costigan and Whalley, 1997). In order to have signals values between 0 and 1,
the pressure drop signals were normalized using the method proposed by Matsui (1984). Each
value of the collected pressure drop of the signal (4P) is divided by the differential pressure of
static liquid column in the corresponding measured section (4Pi) as follows:

e AP _ 4P,
YT AP pgh

(13)

with AP;" the normalized pressure drop and h the distance between the two pressure taps

expressed in meter (1.04 m in the present study).

The PDF of the normalized pressure drop expressed in Eq. 13 as well as of the void fraction

time series are plotted together in Fig. 8 for the six observed flow regimes.

It appears that the PDF of pressure drop of the falling film (Fig. 8.a), annular (Fig. 8.b), and
churn (Fig. 8.) are similar by the presence of a single peak at high values of normalized pressure
drop. One peak at low normalized pressure drop values is exhibited by the PDF of bubbly and
cap bubble flows, as shown in Fig. 8.c and 8.d, respectively. For slug flow (Fig. 8.e), two
distinct peaks are observed. The peaks observed at high and low values of normalized pressure

drop corresponds to the passage of the liquid slugs and Taylor bubbles, respectively.

There are some similarities between the PDF obtained from void fraction time series and those
obtained from slug , bubbly, and cap bubble flows. However, the PDFs obtained from the latter

signals enable the differentiation between falling film, annular, and churn flows.
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Indeed, for the falling film regime, the PDF has a sharp and extremely narrow peak situated at
a very high void fraction value; while the peak presents in the annular flow is larger than that
of the falling film flow. In addition, it is positioned at lower void fraction value than that
observed for the falling film regime. The churn flow generates multiple peaks of high sizes and

more wrinkles on the PDF curve compared to the two previous patterns.
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4.4 Flow pattern map

The experimentally observed flow regimes are represented in a flow map using mixture Froude
number, Frv, and the ratio of gas-to-liquid superficial velocities, Uy, /Uy, as coordinates. The
result is depicted in Fig. 9. The mixture Froude number, given by Eq. 14, is used to normalize

the mixture velocity, Um, which is the sum of gas and liquid superficial velocities (Eq. 15).

P Uy
Fry, = o 14
M |pi—pg gD (14)
Uy = Ugs + Uy (15)

Figure 9 shows clearly that the data of each flow pattern is presented in a specific region. The
Falling film, and annular flow patterns are the dominant regimes, occupying wide ranges of
Froude number and U,/ U,s. The obtained lines separating each regime, drawn in the flow map,
are the transition lines of the present experimental setup. The proposed flow map has the
advantage of using dimensionless numbers as coordinates compare to the majority of existing

ones, summarized in Table 1.
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4.5 Mean void fraction

The void fraction refers to the section occupied by the gas to the total cross-sectional area. It is
a crucial hydrodynamic parameter, particularly for vertical downward flows, which have not
been extensively studied in literature. To gain more understanding in this area, we analyzed the
temporal mean void fraction measured for all observed flow regimes. The values were obtained

by averaging the recorded values during the acquisition.

In Fig. 10.a, the results of void fraction for different U, are shown as a function of Ugy. The

plot reveals the presence of three distinct zones. In Zone I, an increase in Uy, leads to a
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significant increase in the void fraction, while U, appears to have little effect in this zone. In
Zone 11, the void fraction increases due to the increase in gas superficial velocity and the
decrease in liquid superficial velocity. On the other hand, in Zone Ill, the void fraction remains

independent of Ug;.

Noting that the presence of three zones was already reported in the literature by Bhagwat and
Ghajar (2012), Xue et al. (2016) and Chalgeri and Jeong (2019). The observed critical value to
distinguish between zones Il and 111 is the same as that reported by Bhagwat and Ghajar (2012)
(e = 0.7). Xue et al. (2016) have reported that this transition occurs at a greater value of the
void fraction. Only the behavior of zone 1l is reported in vertical upward flow (Chalgeri and
Jeong, 2019). This special feature of void fraction for downward flow constitutes additional

evidence of the uniqueness of this flow configuration compared to upward flow.
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We also have analyzed the evolution of the void fraction based on the gas superficial velocities
and flow regime nature (See Fig. 10.b). The analysis revealed a direct relationship between the
flow regimes and the zones. Zone | comprises of data obtained from bubbly and cap bubble
flows, with some data from slug flowas well. Zone Il and Il are occupied by slug flow and
segregated flow data respectively. Note that segregated flow comprises both annular and falling
film flows. The churn flow, which is a transition between slug and annular flow, occupies both

latter zones.

The distribution of flow regimes in the three zones was also observed by Xue et al. (2016).
However, they also reported the presence of churn and some points of annular flow in zone 11.
On the other hand, Bhagwat and Ghajar (2012) noted that Zone Il is mainly occupied by
annular and falling film flows. These discrepancies between the different studies can be
attributed to the difference in pipe diameters, as well as the ranges of liquid and gas superficial
velocities that were studied. It should be noted that Chalgeri and Jeong (2019) did not

investigate the relationship between the three zones and the flow regimes.

Figure 11 shows the evolution of the mean void fraction measured for the 194 points as a
function of the gas-to-liquid superficial velocities ratio. The latter was chosen as coordinate
because it was demonstrated in the flow map (Fig. 9) that it is appropriated to model the
transition between the six flow regimes. As already observed in Fig. 10.b, the void fraction is
almost constant for each liquid superficial velocity value for falling film and annular flows. Fig.
11 highlights also that an increase of the gas-to-liquid superficial velocities ratio leads to a raise
of the ratio of the surface occupied by the gas in the cross-section area of the pipe for the four
other studied flow regimes. Focusing on the void fraction values obtained, it seems that the
transition from bubbly to churn through, respectively, cap bubble and slug flows is

accompanied by an increase of void fraction. The falling film and annular flows exhibit the
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highest values of the mean void fraction ranging from 0.933 < &; < 0.973 and 0.809 < g; <

0.892, respectively.

The evolution of the homogenous void fraction or gas volumetric fraction ratio, £, given by Eq.
16, is also displayed in Fig. 11. It appears that the majority of the void fraction values are larger
than the calculated homogenous void fraction. This case refers to the buoyancy-driven flow,
according to Ghajar (2020). Note that except of bubbly and cap bubbly flow, other flow regimes

exhibit the inertia-driven flow behavior (eq < ) for some superficial velocities ratio values.
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Fig. 11. Evolution of void fraction, &, in function of U, /U, and comparison with the

homogenous void fraction.
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4.6 Total pressure drop

Figure 12 presents the measured total pressure drop versus gas superficial velocity. For better
visibility, the data obtained in falling film and annular are represented separately (Fig. 12.a and
12.b, respectively). The rest of the data are plotted for each superficial liquid velocity (Fig.
12.c-f). Fig. 12.a depicts the results obtained with falling film and it shows the presence of three
zones. For Uy, < 0.096 m/s, the increase of superficial gas velocity induces a decrease of total
pressure drop. In the zone of intermediate values of superficial gas velocities, the total pressure
drop increase with the increase of the latter until it becomes relatively constant. The annular
flow exhibits also three zones, as it appears in Fig. 12.b. Indeed, it was observed successively
the increase, decrease and relative stabilization of the total frictional pressure drop with the
increase of the gas flow rate. It seems important to relativize the observed behavior knowing

the low values of the collected total pressure drop for these two segregated flows.

Concerned the data obtained with the dispersed (bubbly and cap bubble), slug and churn flow
regimes, we can observe that an increase of superficial gas velocity, for each value of superficial
liquid velocity, induces a diminution of the total pressure drop for bubbly, cap bubble and slug
flows. The transition of the churn flow is accompanied by a stabilization of the value of this
parameter. We can note that Lu et al. (2018) reported also that an increase of superficial gas

velocity induces a decrease of the total pressure drop for bubbly, cap bubble and slug flows.
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Fig. 12. Evolution of total pressure drop in function of superficial gas velocity and for

different superficial liquid velocities and flow patterns

4.7 Frictional pressure drop

The frictional pressure drop are calculated utilizing Egs. 1, 3 and 4. The frictional pressure drop
is plotted as a function of the gas superficial velocity in Fig. 13. One can see that for the falling
film (Fig. 13.a) and for U, = 0.05 and 0.09 m/s, the increase of superficial gas velocity induces

an increase of frictional pressure drop before a decrease. For high values of U, the frictional
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pressure drop is not influenced by the latter. For the case of U;; = 0.015 m/s, it seems that the
gas superficial velocity has no influence on the evolution of the frictional pressure drop. This
parameter is influenced by the gas superficial velocity for annular flow only for Uy less than =
0.174 m/s as it appears in Fig. 13.b. For the four other observed regimes, we can observe that
an increment of superficial gas velocity induces an increase of frictional pressure drop for
bubbly and cap bubble flows. Its increment induces a decrease or stabilization of frictional
pressure drop for churn flow. For the slug flow, it seems that an increase of superficial gas
velocity induces successively an increase, a decrease and then an increase of pressure drop.
Similar observations have been reported for slug flow by Bhagwat et al. (2012), while Yao et
al. (2018) have observed only the first inflection point for some slug flow conditions. These
discrepancies can be explained by the difference in the pipe diameter and the superficial

velocities of the phases, investigated in each study.

As pointed by Yao et al. (2018), in the two-phase gas-liquid vertical downward flow, the
buoyancy forces act on gas bubble in the opposite direction to the flow. The clustering of gas
in form of Taylor bubble in the case of slug and churn flows has the effect of further decelerating
the motion of gas bubbles. Knowing that both slug and churn flow have formed by the
alternating flow of two hydrodynamic structures (Bouyahiaoui et al., 2018, 2020) and that the
liquid is flowing faster than the ahead Taylor bubble, it is expected that the liquid flow will
overtake the latter. This ‘overtaking” will cause a further friction, resulting in an increase of the
frictional pressure drop. Intuitively, it appears that this additional increase of the momentum is
dependent on the liquid and gas bubble velocities and also on the length and the width of the
gas bubble. The increase of the slug frequency leads also to promote the occurrence of this
overtaking phenomenon. This phenomenon can be the reason to the behavior of frictional

pressure drop with respect to Ugs.
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Fig. 13. Evolution of frictional pressure drop in function of gas superficial velocity and for

different liquid superficial velocities and flow patterns.

It is also worth noting that we have observed a peculiar outcome that involves the presence of

points in instances where the calculated frictional pressure drop is less than zero. This unusual

behavior has only been reported in the cases of slug and churn, and it appears to occur solely

when the liquid superficial velocities are at 0.49 and 0.58 m/s.
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Al-sarkhi et al. (2016a) studied in detail the negative pressure drop phenomenon and explained
the reason for that. The authors first made a literature survey on studies that reported this
phenomenon when only experimental investigations carried out on vertical upward flow were
reported. After, the authors modeled the wall shear stress in the Taylor bubble and the liquid

slug zones to explain the root cause of this phenomenon.

According to Al-Sarkhi et al. (2016a), the total wall shear stress in the slug unit is the addition
of two opposite wall shear stresses. The one generated by the liquid film upward, driven by the
buoyancy of Taylor bubbles and that provoked by the liquid slugs flows in the direction of the
flow. The positive or negative values of the pressure drop depends on the magnitude of these
two opposite shear stresses. The fact that the negative pressure drop is observed in the present
study only for the slug and churn flows can only confirm the validity of the explanation of Al-
Sarkhi et al. (2016a) for vertical downward flow. The presence of both inertia-driven and
buoyancy-driven flows behavior for slug and churn flows, noted in Section 4.5, reinforces this
explanation. Note that the points of churn flow when negative pressure drop was reported are

close to the slug-to-churn transition.

4.8 Comparison of frictional pressure drop with existing models

In this section, the experimental results of frictional pressure drop obtained in this study are
compared with the predictions given by the four existing models developed for vertically
downward flow; namely the model of Yamazaki and Yamaguchi (1979), Friedel (1979), Yao
et al. (2018) and Lu et al. (2018). For this purpose, we have used two parameters which are the
mean absolute relative deviation (MARD) and the mean relative deviation (MRD) The two

parameters are expressed by Egs. 17 and 18, respectively.
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N

_ 1 y(i)pred - Y(i)exp
MARD = N; o (17)
1 N . .
MRD = — y(l)pred - y(l)exp (18)

N = y(i)exp

1=

which y(i)preq and y(i)exp, are respectively the prediction and the experimental measured

value of the i experimental data point. A positive and negative value of MRD mean that the

model overestimate and underestimate, respectively, the experimental results.

The MARD and MRD calculated for each model and each flow regime are summarized in Table
4. Note that the data when negative frictional pressure drop are collected have not been
considered in the assessment study. The first observation that emerge from this table is that the
predictions of each model depend greatly on the nature of the flow pattern. The most remarkable
example is observable with both segregated flows. Indeed, with MARD = 141.80 % and MRD
= 109.74 %, the model of Yao et al. (2016) has largely overestimated the data collected for
annular, meanwhile, it has underestimated the experimental results obtained with the falling

film (MARD= 104.60 % and MRD = -71.81 %).
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Table 4. Performance evaluation of the existing correlations against the experimental data. The

results are given in %.

Yamazaki and

Yamaguchi (1979)

Friedel (1979)

Yao et al. (2016)

Lu et al. (2018)

MARD MRD MARD MRD MARD MRD MARD MRD

Falling

84.72 -84.72 83.26 -83.26 104.60 -71.81 75.96 -75.95
film
Annular 78.50 -78.50 75.30 -75.30 141.80 109.74 69.95 -69.95
Bubbly 37.52 -37.52 29.53 -29.53 37.79 -37.79 25.85 -25.08
Cap

54.12 -54.12 41.56 -41.56 57.80 -57.80 40.02 -40.03
bubble
Slug 72.16 -72.16 62.55 -61.83 68.32 -30.42 65.43 -64.51
Churn 55.40 -55.40 51.46 -51.46 38.03 35.22 44.37 -44.37
All

68.89 -68.89 63.02 -62.81 78.02 -0.04 59.74 -59.44
database

* the best predictions for each database is written in bold.

Evaluating the prediction models for each flow regime, it has been observed that the model by

Lu et al. (2018) is the most accurate in predicting the results for falling film, annular, bubbly,

and cap bubble flows. However, it is important to note that both statistical parameter values for

segregated flows are high. For bubbly flow, the model by Friedel (1979) and Lu et al. (2018)

predicted the data with a similar order of magnitude. Additionally, the values of MARD and

MRD for bubbly flow are the only ones those are below 30%.

The model of Friedel (1979) is the model that gives the best prediction of the slug flow

experimental results, noting that the considerable (high) values of MARD and MRD (62.55%

and -61.83%, respectively). The model of Yao et al. (2016), which takes into account the
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buoyancy forces give the best prediction with the data collected for churn flow. The fact that
the model of Lu et al. (2018) is the model that best predict four out of the six regimes ensures
that it gives the best prediction of all database. Noting that the important value of MARD
(59.74%) as well as the recorded MRD values are negatives and their absolute values are equal
to the MARD values for almost the whole database (except for slug flow). These observations
mean that the models have underestimated the whole experimental database for five flow

regimes.

Figure 14 represents a graphical plot used for the assessment evaluation of the four models. The

diagonal line as well as the deviation bands of -30 % and +30% are also displayed in the figure.
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Fig. 14. Comparison between the prediction of the existing predictive models and the

experimental results.
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For the model of Yamazaki and Yamaguchi (1979), it appears clearly from Fig. 14.a that the
model highly underestimates the experimental results for all the six regimes. Only few points
are above the line of -30%. The same observation is also valid for the model of Friedel (1979)
(Fig. 14.b). A deep observation of the plot shows that this model gives acceptable results for
the low experimental values recorded with bubbly and cap bubble. Referring to what is
explained in section 4.7, this low value refers to the low values of gas and liquid superficial
velocities. The comparison of the experimental results with the prediction of the model of Yao
et al. (2016), depicted in Fig. 14c, shows that this model is the model that gives the most
important scatterings of the results. It is also the model that the most results within £30% have
been obtained. From Fig. 14.d, it appears that the model of Lu et al. (2018) predicts the acquired

data satisfactorily at low superficial velocities of both phases for dispersed flow.

This analysis shows that no model developed for vertical downward flow can predict
satisfactorily the entire database. In addition, except for bubbly flow regime with the models of
Friedel (1979) and Lu et al. (2018), no MARD values less than 30% have been recorded. This
shows the difficulty of predicting the pressure drop for this geometry and the necessity of

proposing a new model.

5. Conclusions

This study aims to investigate experimentally the vertical downward gas-liquid two-phase
flows. For this purpose, experiments were carried out in order to collect a total of 194 database
of mean void fraction and pressure drop corresponding to different values of gas and liquid
superficial velocities. For the experimental conditions investigated, a total of six flow regimes

were observed. The conclusions drawn from this study can be summarized as:
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The analysis of the time series of void fraction and pressure drop allowed to observe
that the obtained signals are specific for each flow pattern. The utilization of the PDF
as a tool to identify and distinct between the flow regimes is shown. The results seem
more interesting with the void fraction time series than the pressure drop time series.
A new flow pattern map was proposed for the used pipe diameter. This flow pattern
uses the mixture Froude number and the ratio of gas-to-liquid superficial velocities as
coordinates.

The influence of both liquid and gas superficial velocities on the mean void fraction was
found to depend on the flow regime.

Similar to void fraction, the behaviors of total and frictional pressure drop with the gas
and liquid superficial velocities depend on the nature of the flow regime.

For some cases, the phenomenon of negative frictional pressure drop was observed. The
analogy with the explanation made by Al-sarkhi et al. (2016a) for the case of vertical
upward flow allowed to explain this phenomenon.

The prediction of the four existing frictional pressure drop models developed for the
vertical downward flow are evaluated with the present experimental data. The
comparison showed that none of the models can predict accurately the experimental
results. Additionally, the prediction of each model was found to be dependent on the
nature of the flow regime.

In addition to the generated database of void fraction and pressure drop which can be
used to develop more robust and efficient predictive models as well as for the validation
of simulations obtained using CFD. The paper has allowed to bring into the surface the
great influence of the flow regime on the studied parameters. It is strongly recommended
to conduct additional studies to understand flow behavior and transitions and to generate

more databases.
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