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« Multiphase flows in confined (quasi-
2D) open cell solid foams (OCSF)
exhibit different hydrodynamic
regimes.

« New quantities based on direct
visualization are introduced to
quantify the flow regimes. l

«Q

« The low activity regime consists of
small bubbles and chimneys.

« The high activity regime is
characterized by larger bubbles.

« The pseudo-trickling flow is only
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An experimental study of the hydrodynamics of a gas-liquid co-current flow inside a thin sheet of Open
Cell Solid Foam (OCSF) confined in a plate reactor is proposed. Image processing is used to quantify the
flow patterns when varying the gas and liquid flow rates and buoyancy (horizontal and vertical upflow).
The fraction of joint flow and interface motion areas, respectively &, and &;, are defined as relevant quan-
tities to characterize the different flow regimes and phases interaction. Two distinct regimes are observed
for the vertical flow: the low (LA) and high (HA) activity regimes characterized by a low or high phases
interaction. In the horizontal configuration, an additional regime is observed and is called pseudo-
trickling (PT) regime due to its similarity with the trickling regime observed in vertical downflow packed
beds. The transition between LA and HA regimes is compared to the regime transition in trickle beds.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Multiphase flows are widely encountered in chemical engineer-
ing (Dudukovic et al., 1999), from distillation and absorption pro-
cesses (Malone and Doherty, 2000; Hoffmann et al., 2005;
Yildirim et al., 2012) to multiphase catalytic reactors (Losey
et al., 2001; Hessel et al., 2005; Marquez et al., 2008) or transport
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in electrolyte fuel cells (Wang, 2004). In the specific field of reac-
tion engineering, a variety of multiphase contact principles have
been developed to optimize the contact between gas and liquid
reactants with a solid that can be a heterogeneous catalyst, an inert
structure or also a reactant. The choice of the appropriate contact
principle depends on various constraints (size and geometry,
energy consumption, costs, coupling with chemical kinetics, deac-
tivation, etc.) which relevance can change from one application to
the other. Therefore, an extensive literature can be found on the
study of gas-liquid flows through porous media and the different
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hydrodynamic regimes and associated patterns. In particular, packed
beds have been thoroughly investigated, with a special focus on
downflow or trickle bed configurations which are commonly
encountered in industrial reactors (Kan and Greenfield, 1978; Levec
et al., 1986; Saez et al., 1986; Grosser et al., 1988; Dudukovic et al.,
2002; Loudon et al., 2006; Joubert and Nicol, 2013).

Since 15 years and the pionnering work of Stemmet et al. (2005,
2006, 2007, 2008), open cell solid foams (OCSFs) are studied and
developed as alternative to dense packed beds. Main applications
range from (reactive) distillation (Lévéque et al., 2009; Grosse
and Kind, 2011) to heterogeneous catalysis with gas-liquid-solid
(G-L-S) reactors (Lali et al., 2016; Wenmakers et al., 2010a,b;
Philippe et al., 2009; Saber et al.,, 2012; Lévéque et al., 2016;
Tourvieille et al., 2015a,b; Dietrich et al., 2009; Pangarkar et al.,
2008). Compared to packed beds, these innovative materials offer
a relatively high surface contact area combined to a very high
porosity, resulting in efficient phases transport and low pressure
loss. The use of these new materials is therefore promising for
the optimization of G-L-S multiphase contact.

Previous studies focused on the ability of different solid foams
(metallic or not) to increase the gas-liquid mass transfer. Classical
techniques are mainly based on global measurements such as pres-
sure loss, residence time distribution or liquid hold-up (Stemmet
et al., 2005, 2006, 2008; Tourvieille et al., 2015a; Zapico et al.,
2016). To get a better insight on the local flow dynamics, more recent
experimental methods were developed. Millichannel (quasi-1D)
experiments were coupled to direct visualization and made possible
to identify the different flow patterns (Tourvieille et al., 2015a,b;
Serres et al., 2016, 2018). In unconfined (3D) experiments, the flow
cannot be visualized directly and heavier or more costly methods
can be employed such as X-ray, y-ray or impedance tomography
techniques (Schubert et al., 2008; Zalucky et al., 2017; Mohammed
et al, 2015; Wongkia et al, 2015; Calvo et al,, 2009; Ou et al,,
2017). Although few studies have focused on the flow regimes in
such materials (Zalucky et al., 2015; Dashliborun et al., 2018), the
effect of confinement and/or buoyancy on the contact between
phases still remains a fundamental issue. In particular, there is at pre-
sent a gap of knowledge between strongly confined flows in mil-
lichannels and large reactors. Plate reactors with OCSFs could
represent a real potential for chemical engineering applications,
and there is a strong need for a fundamental comprehension of the
flow regimes in such configurations. More specifically, the following
questions deserve a thorough investigation: What are the flow
regimes for G-L flows in plate reactors? Which quantities describe
accurately the multiphase contact? Can the regime(s) transition be
described by the empirical laws found in the literature for packed
beds, with a simple porosity correction?.

This work investigates experimentally a co-current gas-liquid
flow through a thin sheet of an open-cell metallic foam, both in a
vertical (upflow) and horizontal configuration to quantify the
effect of buoyancy (Section 2). The multiphase flow characteristics
are described from direct visualization. We introduce two new
quantities which quantify the phases interaction, the fraction of
G-L joint flow area, &, and interface motion, ¢&; (Section 3). Differ-
ent hydrodynamic regimes are quantified both in the vertical and
horizontal geometries. The regime transition is discussed and com-
pared to the scaling laws proposed in the literature for dense
packed beds (Section 4).

2. Experimental setup

2.1. Description

The experimental setup consists of a quasi-bidimensional reac-
tor, so-called Hele-Shaw cell, of width W = 20 cm and total height

40 cm (Fig. 1a). The two tempered glass panels of 6 mm thickness
are sealed within a frame made of PEEK (polyether ether ketone), a
solid thermoplastic polymer often used for its strong mechanical
and chemical resistance. A gap e =1.75+0.05 mm is ensured
between the plates using a silicone seal inserted into a groove on
one of the PEEK supports, also ensuring the cell tightness. The cell
gap is very small compared to its height and width, ensuring a con-
fined, quasi two-dimensional flow. In addition, the cell is fixed to a
mechanical structure which makes it possible to adjust its orienta-
tion. In this work, we focus on the vertical and horizontal
configurations.

The gas-liquid co-current flow is generated at the base of the
cell as follows. The liquid (deionized water, density p, = 1000 kg.
m~3) is injected at a constant flow rate Q; [100-1000 mL/min]
using a magnetic drive pump (Bronkhorst Tuthill
DXS1.6PPT2NNM103) coupled to a Coriolis flow controller (Bron-
khorst CORI-FLOW). To ensure a stable and homogeneous liquid
flow, the liquid phase fills a homogenizing chamber drilled into
the PEEK frames before entering the cell (Fig. 1b). The gas (air, den-
sity po = 1.2 kg.m~3) is pushed in the cell at a total constant flow
rate Q¢ [100-1900 mL/min] through nine injectors connected to a
gas flow controller (Alicat MC-5SLM-D/CM-C2M). The injectors
have an outer diameter of 1/16” and an inner diameter of
0.0345” (~ 0.88 mm). They are evenly distributed at the cell base
(Fig. 1b) and are directly in contact with the base of the porous
medium (Fig. 1 and a). After crossing the porous medium, the
gas-liquid flow leaves the cell by a collector. The liquid phase is
then recycled, which enables the experiment to work in closed
loop. Note that, to ensure a uniform gas distribution, needle valves
are mounted upstream each gas injector. Their adjustment is per-
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Fig. 1. (a) Simplified scheme of the quasi-2D cell with a porous medium. The cell
can be oriented in the vertical or horizontal position. (b) Section of the experimental
device near a gas injector, showing the cell gap e and the fluids (gas and liquid)
injection system. A homogenizing chamber makes it possible to inject homoge-
neously the liquid phase through the above slit.
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formed before all experimental series in an empty cell (without
porous medium) filled with liquid, and the gas distribution unifor-
mity is controlled optically.

Direct visualization of the flow through the porous medium is
ensured by a light panel (Euroshopled) connected to a stable con-
tinuous power supply (TENMA 72-2545). The light panel is located
behind the cell and illuminates homogeneously the device. The
image acquisition is performed by a camera (Basler A2040-90um,
2048 x 2048 pixels) + 16 mm lens) located in front of the cell at
a distance of about 50 cm in both the vertical and horizontal con-
figurations. In all experiments, the frame rate is fixed to 100 fps, for
a total duration of 30 s (see Section 2.3 for the experimental
protocol).

2.2. Porous medium

The porous medium in the experiments is an open cell solid
foam made of an alloy NiCrFeAl (Alantum). Not many materials
are available as thin solid foam sheets with precise thickness. This
alloy was one good candidate, being also inert. The OSCF thin sheet
occupies the entire section of the cell (width and gap) and has a
length L = 28.7 cm, lower than the total cell height (40 cm) so that
the gas and liquid flow can escape freely but still in a confined
geometry after crossing the porous medium. The OSCF characteris-
tics provided by the supplier (Alantum) are given in Table 1 (upper
part). For sake of comparison, a simple calculation for packed beds
of spherical particles gives a specific geometric surface area (GSA)
as = 6(1 — &)/d,, where d, is the particle diameter and ¢ the bed
porosity. For a random packing, ¢ ~ 40%, leading to a particle diam-
eter of 522 um. For an equivalent as, the OSCF used in this work has
a porosity of 90%, which implies a much lower pressure loss for
multiphase flow crossing this innovative material, and thus a great
potential for further chemical reactions.

To have a better insight on the structure of the material, images
were acquired with a digital microscope (Keyence VHX 6000) at
different magnifications (Fig. 2). The solid foam structure is com-
posed by struts and the void fraction can be divided into two sub-
units, cells and windows. The cells correspond to the void cages
enclosed by the struts, while the windows are the junctions
between two cells. The mean diameter and corresponding standard
deviation of these three structural units were estimated from
image analysis and are reported in Table 1 (lower part). Note that
the measured mean cells diameter is comparable to the one pro-
vided by the supplier. Additional information concerning the foam
is provided in Supplemental Material A.1).

2.3. Experimental protocol

To ensure a good reproducibility of the experiments, the follow-
ing protocol is applied for each experimental series. First, the cell is
totally flushed and filled with the liquid phase by applying a low
flow rate (Q; = 30 mL/min) while keeping the gas injectors closed.

Table 1

Characteristics of the NiCrFeAl open cell solid foam from the supplier (Alantum, upper
part of the table) and from measurements based on microscope imaging (this study,
lower part of the table). as is the specific geometric surface area (GSA).

Properties Value Unit
Porosity 90 %
as (GSA) 6900 m?/m3

Pore diameter 580 pm
Cells diameter 608 + 38 Hm
Windows diameter 376 + 45 pm
Struts diameter 82 +12 pm
Struts length 352 +53 pm

Fig. 2. Open cell solid foam NiCrFeAl (Alantum) visualized by a digital microscope
with different magnifications (a) x50, (b) x100. A cell (black contour) and a
window (white contour) are highlighted in (a).

This ensures the elimination of possible trapped gas bubbles and
avoids the formation of preferential paths. Then, the liquid flow
is set to a given value Q; and consecutively the gas flow rate Q.
is fixed. The nine gas injectors are quickly opened manually, from
the cell center to its sides. No difference was reported in the exper-
imental results when changing the opening sequence, as long as it
was performed rapidly (a few seconds at most). Thanks to the nee-
dle valves, the pressure drop is the same for each injector, thus
ensuring a uniform gas distribution (see Section 2.1).

The time required to reach a stationary regime was estimated as
follows. The intensity map obtained by performing the difference
between two successive images provides an estimation of the
motion in the system. We considered that the flow is in stationary
state when the average value of this intensity map reaches a con-
stant value and does not exhibit strong fluctuations anymore. For
all flow rates, the associated time was always smaller or equal to
4 min. Therefore, in all experiments, after imposing Q; and Qg,
we waited typically 5 min before starting the images acquisition.

2.4. Confinement effects

As stated above (Section 2.1), the cell gap e is small, providing a
quasi-2D flow. This confined environment was set on purpose to
enhance contact between the solid, gas and liquid phases by forc-
ing the gas/liquid flow through the gap. As detailed in the next sec-
tions, most of the regions occupied by the gas have a typical size
much larger than the gap size e. In such case, the lubrication films
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between the gas and the cell walls have a thickness h which can be
estimated as (Aussillous and Quéré, 2000; Roudet, 2008)

2/3
e 0
+ Ca

where Ca = nU/c is the capillary number, = 10~® Pa.s the fluid
dynamic viscosity, U the gas velocity and ¢ = 72 mN.m™! the air/
water surface tension. The gas velocity does not exceed a few tens
of centimeters per second in our experiments, leading to Ca <« 1
and hence h < e. We can therefore consider, in the following, that
the gas occupies all the cell gap.

3. Data processing
3.1. Gas and liquid phases

The first step in data processing is to identify the location of the
liquid and gas phases in the porous medium at each time step. To
do so, all images of a time sequence, I,,, are divided by a reference
image I, corresponding to the cell completely filled with liquid,
taken before opening the gas valves (Figs. 3 and a,b). An algorithm
(Matlab R2017b, Mathworks®) based on morphological analysis is
then applied. It makes possible to binarize the images so that each
pixel in the resulting matrix I, is 1 if it is occupied by the solid
foam or liquid phase, and 0 if it is occupied by the gas phase.

3.2. Joint flow

The binarized images I,,, are used to compute the fraction &, of
the porous medium in which an alternation between gas and liquid

N
Pig(X.y) = %Zln,b (x.y) 2
n=1

where N is the total number of images in the sequence (Fig. 3c). The

joint flow region is then defined as the region where the gas-liquid

alternation was such that the liquid or gas phase remained less than

70% of the total experimental time, 30% < py, < 70% (Fig. 3d). The

proportion of joint gas-liquid flow in the foam, &, is finally defined

as the ratio between the joint flow area and the foam area:
A(30% < pyq < 70%)

em = W . 3)

3.3. Interface motion

The second variable estimated from the binarized image sequences
is &;, the fraction of interface motion, corresponding to the percentage of
the image in which the gas-liquid interfaces have moved in time. At
each time step, we compute the absolute value of the difference
between two successive images, I, (Fig. and 3a) and I, (Fig. 3e),
[Ih,1 —I,| (Fig. 3f). This latter displays clearly the regions where
motion occurred in the system. This movement is directly linked to
the gas-liquid interface motion in the system, which is of drastic
importance in terms of applications to further chemical reactions
between phases, as it is representative of the gas-liquid-solid contact
area. The pixels associated with interface motion have a value much
larger than the pixels characteristic of still zones (strictly equal to
zero). A simple binarization is therefore applied (|I,.1 — I|,) and its
average value computed over the total image sequence, giving the
probability p;, of interface motion at each pixel (x,y):

N-1
hgs been observed in time (alls.o called frflcti.on ofjoint.ﬂow area). Pine(%,Y) = %Z'I’M *x,y) — L(x, ), (4)
First, we compute the probability pj, of liquid occupation at each n=1
coordinates (x,y) in the foam:
I Probability map Thresholded map

(@)

R (R

liquid
W gas

M joint flow
(&n)

Probability map
0,

interface motion

(&)

M no interface
motion

no
interface §
motion }

Fig. 3. Illlustration of data processing and computation of the fraction of joint flow area ¢, and of interface motion area ¢; [vertical co-current upflow, Q; = 400 mL/min,
Q, = 700 mL/min, see Supplemental Material A.2, Movie 1]. (a) Raw image I, from data acquisition at the time step n. Note that it is difficult to distinguish the position of the
gas and liquid phases. (b) Image I, divided by the reference image I, corresponding to the foam completely filled with liquid. (c) Map of the probability of liquid occupation,
Piig- (d) Thresholded probability map (from (c)) displaying the regions mainly occupied by the liquid phase (yellow, p;, > 70%) or the gas phase (blue, p;, < 30%) and the joint
flow region green, (30% < p;, < 70%). (e) Raw image I, from data acquisition at the time step (n + 1). (f) Absolute value of the successive images difference |I,;1 — I,|. (g)
Map of the probability of interface motion, p;,,. (h) Thresholded probability map (from (g)) displaying the regions for which interface motion occurred in the system (yellow,

Pine > 10%).
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The interface motion region is then defined as the region for
which p;,, > 10% (Fig. 3h). The fraction of interface motion, ¢, is
finally computed as the ratio between the area of the interface
motion region and the total foam area:

APin > 10%)

= (5)

4. Results & discussion
4.1. Influence of buoyancy

Fig. 4a shows the evolution of ¢, as a function of the liquid flow
rate Q,, at fixed Q. The increase in Q; seems to have a direct
impact on &, in the horizontal configuration respect to the vertical
flow. Indeed, for the latter, at Q; > 400 mL/min, all data points
fluctuate around a stable mean value. However, these results are
unfortunately incomplete for horizontal flows due to the fact that
for Q; > 250 mL/min the image processing fails (see Section 5).
The data point in Fig. 4a at Q; = 150 mL/min, &, ~ 30% has been
checked, and is an outlier. Fig. 4b presents the evolution of ¢, as
a function of the gas flow rate Qg, at fixed Q,. The increase in Qg
impacts stronly the evolution of &, in the vertical flow, with a
steady increase up to ¢, ~ 30% at the maximum gas flow rate pos-
sible with our experimental setup. In contrast, the value of &, in
the horizontal flow remains almost constant and is always much
lower compared to the vertical flow. This last observation indicates
that ¢, is strongly influenced by the buoyancy, and that joint flow
areas are improved when the cell is in the vertical configuration.
Note that a good reproducibility is found for the estimation of &,.
Fig. 4b shows data sets from different experiments but same
imposed conditions (here Q; =200 mL/min and Q; = 100 mL/
min). The values of &, are very close, with a difference of less than
a few percents.

Figs. 4c and d present the variation of ¢; as a function of either
the liquid flow rate or the gas flow rate (the other being kept con-
stant). Similarly to &, & is always larger for the vertical flow than
for the horizontal flow. The impact of the liquid flow rate on the
interface motion seems larger, as it leads to a stronger increase

Q¢ = 1000 mL/min Qr = 100 mL/min

(@ 139 2 (b) &
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Fig. 4. (a) Fraction of joint flow area, &, as a function of the liquid flow rate Q;
[Q¢ = 1000 mL/min]. (b) &, as a function of the gas flow Q¢ [Q; = 100 mL/min]. (c)
Fraction of interface motion area, &, as a function of the liquid flow rate Q;
[Q¢ = 1000 mL/min]. (d) ¢ as a function of the gas flow rate Q. [Q; = 100 mL/min].
The colors indicate the hydrodynamic regimes discussed in Section 4.2 and
displayed in Fig. 7 [white = LA regime, gray = transition regime, black = HA regime,
white squares with circle inside = PT regime].

in ¢ than the gas flow rate. For a fixed Q; (Fig. 4d), the difference
in ¢ for the vertical and horizontal flow is lower, especially for
low gas flow (Q¢ < 300 mL/min). Note also that the reproducibility
in & was also carefully checked. The same conditions of liquid and
gas flows were tested several time and the results reported in
Figs. 4c and d. Within a few percents, the measurements are in fair
agreement.

Although the image processing relying on the images morpho-
logical analysis fails in estimating ¢, when the liquid flow rate is
large in the horizontal configuration, the experimental results
comparing the effect of buoyancy on ¢, are displayed in Figs. 5a
and b. They confirm that the joint flow area is strongly enhanced
by buoyancy (vertical vs. horizontal configuration) and by the gas
flow rate, while the liquid flow rate has a much lower impact on
the increase of &,. Results for ¢ are more numerous, as they are
less sensitive to the analysis, especially in the horizontal configura-
tion. Figs. 5¢ and d summarize the experimental results and their
interpolation for the vertical (Fig. 5¢) and the horizontal (Fig. 5d)
flow. The interface motion is almost negligible for a wide range
of gas and liquid flow rates in the horizontal configuration, where
Q; has to be higher than 500 mL/min to observe an increase in ¢;
(Fig. 5d). In the vertical configuration, ¢&; is strongly impacted by
both the gas and liquid flow rates. As soon as an additional energy
is supplied to the flow, the interface movements are distributed
over a large area in the porous medium thanks to the buoyancy
of the gas bubbles and the inertia of the liquid phase which can
deviate the gas bubbles from their trajectories.

4.2. Different hydrodynamic regimes

By varying the gas and liquid flow rates (Q¢, Q,), different flow
regimes were observed, characterized by different displacement
patterns. The classification of these regimes was based on the
probability maps of both the liquid phase occupation, p;, (top
images, Fig. 6), and the interface motion, p;,, (bottom images,
Fig. 6). In all this section, for sake of clarity, each couple of gas
and liquid flow rate will be indicated (Qg,Q;), for instance
(100,100), where the values of Q; and Q; are in mL/min.

e Pseudo-trickling (PT)

At low gas and liquid flow rate (100,100), in the horizontal con-
figuration, the gas and liquid phases are mostly separated
(Fig. 6a) and the flow does not display any significant interface
motion (Fig. 6d). We name this flow pseudo-trickling as it pre-
sents strong similarities with classical trickle flows, although
slow movements of the gas phase are observed in our experi-
ments. This regime is not observed in the vertical configuration
because even at low flow rate, the gas phase rises due to
buoyancy.

Low activity (LA)

This regime is observed for both the horizontal and vertical con-
figurations. Examples of the associated probability maps are
given in Figs. 6b,e (1200,250) for the horizontal and Figs. 6g,i
(400,700) for the vertical flow. It is characterized by three types
of structures: (1) Regions only occupied by the liquid phase
(piq = 1, yellow areas, Fig. 6b) and without any interface motion
(Pine = O, dark blue areas, Fig. 6e); (2) Trains of small bubbles
separated by slugs of liquid, flowing through preferential paths
(0.4<py, <0.6, Figs. 6b,b,g and p;, ~ 0.15, Figs. and 6¢,i); (3)
Chimneys consisting of a continuous and stationary gas chan-
nel; in these zones p;,, ~ 0 on the heart and p;,, ~ 0.15 for the
edges. In this regime, the gas-liquid interface mobility is rela-
tively small, which makes it easy to identify by simply visualiz-
ing the image sequences.
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@ VERTICAL ®) HORIZONTAL
2000 2000
Q1 [mL/min] 00 Q¢ [mL/min] Qr [mL/min] 00 Q¢ [mL/min]
© @ HORIZONTAL
2000 2000
1000
Qr [mL/min] 00 Q¢ [mL/min] QL [mL/min] 00 Q¢ [mL/min]

Fig. 5. Evolution of the fraction of joint flow area, &, (a,b) and of the fraction of interface motion, ¢; (c,d) as a function of Q; and Q for the vertical (a,c) and horizontal (b,d)
flows. The circles represent the experimental points, and the colored surface their interpolation (Matlab function interp2). For sake of comparison, the axes were fixed to the
same range for both variables and configurations. The gray area in (b) for Q; > 250 mL/min indicates the region where no ¢, determination was possible (see text).
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Fig. 6. Probability maps of the liquid occupation, p;,, (a-c.g-h) and of interface motion, p;,. (d-f, i-j) for the horizontal (left) and vertical (right) flow with three different flow
rates representative of the different hydrodynamic regimes (see corresponding movies in Supplemental Material A.2, Movies 1 to 5). (Q¢, Q,) are indicated in the following in
mL/min. Horizontal configuration: (a,d) Pseudo-trickling PT (100,100); (b,e) Low activity LA (1200,250); (c,f) High activity HA (1500,750). Vertical configuration: (g,i) Low
activity LA (400,700); (h,j) High activity HA (1400,600). No pseudo-trickling (PT) regime is observed in the vertical configuration.

e High activity (HA) flow rates, the image processing technique based on morpho-

This last regime is observed for high values of flow rates in
both the horizontal (1500,750) and vertical (1400,600) con-
figurations (Figs. 6¢,f and h,j). It is characterized by the same
structures as the ones described for the low activity regime
but in different proportions. Areas without interface mobility
(Dine = 0) are smaller and the chimneys have almost disap-
peared. Therefore, there are more “active” zones in terms
of interfaces motion, with the existence of preferential paths
for larger bubbles. This regime is thus called the “high activ-
ity regime”, and can clearly be distinguished as an increase
of activity in the system (Figs. 6f,j). For high values of the

logical analysis fails in computing the probability maps of
liquid occupation, py,, in the horizontal configuration
(Fig. 6¢).

Note that the low and high activity regimes differ from the
commonly named low and high interaction regimes. These
latter are used in the literature to distinguish the flow
regimes in the specific configuration of trickle bed reactors,
in which the low interaction regime refers to the trickle flow
regime (no joint flow or interface motion), while the high
interaction regime describes pulsing, bubbling or wavy flows
(Holub et al., 1993; Bansal et al., 2005; Cavani et al., 2009).
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4.3. Regime diagram

The different hydrodynamic regimes observed in the experi-
ments are reported in a regime diagram in the phase space
(Qr, Q) for both the horizontal (squares) and vertical (triangles)
configurations (Fig. 7). The white symbols correspond to the low
activity (and pseudo-trickling with circle inside for the horizontal
co-current flow only) and the black symbols to the high activity
regime. Although the LA and HA regimes occupy well-defined
regions, for some experiments, it was difficult to distinguish
between both regimes. As it was not possible from the flow pat-
terns to recognize a pure LA or HA regime, we defined a transition
regime (T, gray symbols in Fig. 7), which indicates that the transi-
tion between the hydrodynamic regimes is smooth and continu-
ous. The reproducibility in the regime identification was tested
by repeating the experiments for different flow rates (Q¢,Q;)
(see Apppendix A and Fig. A.9). Except marginally at the bound-
aries between regimes, the flow regimes are identical when repeat-
ing the experiments.

Figs. 7a,b display in background the fraction of joint flow area,
&m, While Figs. 7c,d display the fraction of interface motion, &;, for
the vertical (Fig. 7c) and horizontal (Fig. 7b,d) configurations. For
the interpolation of ¢, and ¢; to get a continuous map, both vari-
ables were fixed to ¢, = & = 0 for Q; = 0 mL/min, as there is no
gas phase into the porous medium. For Q; = 0 mL/min, there is
no injection of liquid phase in the solid foam and thus neither joint
flow or interface motion, leading again to &, = ¢ = 0. Fig. 7a shows
that &, increases when the flow goes from the LA to the HA regime.
This latter corresponds to a joint flow which occupies a larger
region in the solid foam. The correlation between the regime tran-
sition and the variable &, was not possible to estimate for the hor-
izontal flow. Indeed, for Q; > 250 mL/min, the method based on
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morphological analysis failed to compute ¢, in a reliable way. To
our knowledge, no signal processing techniques exist at present
for such image segmentation, although strong efforts from the Sig-
nal Processing community are in progress (see Section 5). For
Q; <250 mL/min, note that &, in the horizontal configuration
(about ~ 12% maximum) is much lower than for the vertical
upflow, where &, reaches values of about 40 — 45%. Results for ¢;
(Fig. 7¢,d) lead to similar conclusions: the values are much lower
for the horizontal (& ~ 8%) than for the vertical (& ~ 46%) flow.
For ¢g;, however, we observe less correlation between the transition
towards the HA regime and strong interface motion. Indeed, at low
liquid flow rates (Q; <300 mL/min), we observe almost no change
in the (low) value of ¢ whereas a HA regime is clearly reported
(black squares, Fig. 7d). The HA regime for the horizontal flow is
mostly associated with higher values of & but, similarly, data
points for Q; <300 mL/min do not exhibit any apparent increase
1n é&;.

4.4. Transition between LA & HA regimes

Flow regime transitions for gas-liquid flows in solid foams have
been reported in the literature since the pioneering work of
Stemmet et al. (2005). However, up to now, only few studies have
attempted to model it. To our knowledge, models attempting to
predict such transition for gas-liquid flow through open cell solid
foams have been developed to capture the trickle to pulsing regime
transition in trickle bed geometry with co-current downflow
(Zalucky et al,, 2015). However, as already mentionned at the
end of Section 4.2, with the exception of the pseudo-trickling
regime, none of the flow regimes reported here correspond to the
ones observed in trickle beds. The low and high activity regimes,
mainly characterized by small or large bubbles, may be a direct
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Fig. 7. Regime diagrams in the phase space (Q;, Q) for the vertical (a,c) and horizontal (b,d) co-current gas-liquid flow. The symbols correspond to regimes observed in the
horizontal (squares) or vertical (triangles) experiments [white squares with circle inside, pseudo-tricking (PT); white, low activity (LA); gray, transition (T); black, high
activity (HA)]. The colormap corresponds to the fraction of joint flow ¢, (a,b) and interface motion ¢; (c,d) in the solid foam. For the horizontal configuration, no estimation of
&m is possible with the present method for Q; > 250 mL/min (gray zone in b). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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consequence of the peculiar confinement of the quasi-2D cell. In
particular, we never reported in our experiments a pulsing flow,
contrary to what has been observed in a foam packed millichannel
(Tourvieille et al., 2015a,b).

Although we cannot propose here a comparison between our
experimental data and a model accounting for both the foam and
its specific confinement, we can discuss our flow regimes in
regards to what is known for more conventional geometries, in
particular trickle bed reactors, either filled with packed beds
(Charpentier and Favier, 1975; Larachi et al.,, 1993; Attou and
Boyer, 1999; Attou et al., 1999) or open cell solid foams (Zalucky
et al., 2015; Zalucky et al., 2017). To do so, we display in Fig. 8
the observed regimes in the classical phase diagram u; /u¢ vs. ug,
where u¢ and u; represent the superficial gas and liquid velocities.
In a crude approximation, we can describe the regime transition by
the empirical law

= b (©)

with «=2.1,8=5.7x10" for the horizontal configuration
(Fig. 8a) and o =3.1,=4.1 x 107° for the vertical configuration
(Fig. 8b).

The gray lines in Fig. 8 (dashed and dotted) report the transition
from the trickle to pulsing regime for co-current air/water down-
flow in packed beds and unconfined geometry. We consider here

the modified version of Charpentier & Favier’s diagram, proposed
by Larachi et al. (1993):

N (PL\U _ (Pey, V7

() ()= (o) g
with o ~ 1.3 (Attou and Boyer, 1999; Schweich, 2001). The flow
parameters / and y are defined by
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Fig. 8. Regime diagram of the hydrodynamic regimes [same symbols than Fig. 7,
log-log axes, identical for (a,b)]. (a) Horizontal configuration; (b) Vertical upflow.
The black solid line represent the transition found in this work for the horizontal (a)
and vertical (b) configuration. The gray lines display the transition for packed beds
proposed by Larachi et al. (1993) (dashed), including porosity correction (dotted).
The orange lines show the transition predicted for SiSiC foams by Zalucky et al.
(2015) for 20PPI (solid) or 30PPI (dashed). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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where p,, o and p, are the density, surface tension and viscosity of
phase k (G or L), respectively. The additional parameter
¢ =476 +0.5p./pg;, introduced by Larachi et al. (1993) accounts
for pressure effect on the transition in the trickle bed configuration
(Schweich, 2001). As the gas is air and liquid water in our experi-
ments, the above parameters are constant and simplify to
/=1,y =1 and ¢ =5.26. Eq. 7 is reported as a dashed gray line
in Fig. 8a and b.

To account for the foam very high porosity (90%) respect to clas-
sical packed beads (~ 40%), we follow Gianetto et al. (1978) and
introduce a correction accounting for the material porosity (in
uc/€, dotted gray lines, Figs. 8a,b). This correction shifts the transi-
tion line without modifing its slope. Both scaling laws capture
roughly the order of magnitude of the transition but, as expected,
cannot account for the experimental observations in our confined,
quasi-2D foam. As a comparison, we also reported in Figs. 8 a,b the
model proposed by Zalucky et al. (2015). This model is based on
the film stability model proposed by Grosser et al. (1988), and
accounts fairly for the trickle to pulsing regime transition in uncon-
fined, SiSiC foams of different porosities. This model has been
specifically developed to capture this transition - once again, not
the one we report in our experiments - and is based on several
empirical measurements or fitting parameters such as the Ergun
parameters, the static liquid holdup, or the relative permeabilities.
It is out of the scope of this work to adapt such model to our con-
figuration, as it is probable that the confinement of our experiment
and the buoyancy effects (upward vertical or co-current horizon-
tal) have different consequences on the macroscopic flow. How-
ever, as a comparison, we report in Figs. 8ab the regime
transition for SiSiC foams of 20PPI (solid orange line) or 30 PPI
(dashed orange line). Although the gas velocity is outside our
experimental range, we can infer that this model, once again, is
not adapted to describe the regime transition observed in our
experiments.

5. Conclusion

The hydrodynamics of a multiphase gas-liquid flow through a
thin sheet of open-cell solid foam of 90% porosity was investigated
experimentally. The goal of this work was to quantify the flow
regimes and phases interaction in a confined environment, here a
quasi-2D reactor. For a co-current air/water flow, we explored a
wide range of gas and liquid flow rates, Q; and Q,. In addition,
we also compared the flow patterns when changing the buoyancy
in the system, from a vertical upflow to a horizontal configuration.
To quantify the phases interaction, we introduced two new quan-
tities computed from direct flow visualization: the fraction of joint
flow area, ¢,, and of interface motion, ¢;. These quantities make it
possible to distinguish between two main flow regimes which
appear when varying (Q¢, Q; ): the low activity regime (LA), charac-
terized by small bubbles or chimneys and the high activity regime
(HA), characterized by large bubbles. The pseudo-trickling regime
(PT), which presents similarities with classical trickle flows, only
exists in the horizontal configuration. The high activity regime is
directly linked to an increase in &, and ¢;, although the correlation
is not so well-marked in the horizontal setup. In addition, we find a
striking effect of buoyancy, with a strong increase of both &, and ¢;
for the vertical co-current upward flow respect to the horizontal
flow. This configuration would therefore optimize the phases sur-
face contact area for further applications to chemical reactions.
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The image analysis algorithm in its present version fails in cap-
turing correctly the gas and liquid phase location at high liquid
flow rate. The detection under these conditions is difficult as the
images are strongly textured, and would require advanced signal
processing tools to distinguish correctly the gas and liquid phases.
A collaboration in progress with the Signal Processing community
lead to promising preliminary results, but the time to separate the
gas and liquid phases on a single image (about 1.5 h) and the algo-
rithm instability are still prohibiting large data sets analysis.

For both the horizontal and vertical flows, the transition
between the low activity (LA) and high activity (HA) regime is
smooth. An empirical law is proposed for the flow regime transi-
tion in each configuration. In absence of any existing model for
two-phase flows in quasi-2D foams, we discussed our results in
comparison to the regime transition proposed by Larachi et al.
(1993) (dense packed beds) or Zalucky et al. (2015) (SiSiC open cell
solid foams) for two-phase co-current downflows. The results
show that for a relatively low ratio of liquid to gas superficial
velocity (u,/uc<1), the transition to the high activity regime occurs
at a much lower gas flow rate than the pulsing flow transition in
trickle bed reactors - either with dense packed beds or foams. This
could represent an advantage of this type of quasi-2D configura-
tion in terms of chemical engineering applications, in particular
in the vertical geometry.

A model explaining the transition between the different
regimes could not yet be implemented successfully. A possible
strategy, at least for the vertical configuration, could be to consider
the transition between columns of small bubbles, observed in the
low activity regime, and columns of large bubbles, observed in
the high activity regime, as a coalescence phenomenon (Serres
et al.,, 2018). Considering that, in the low activity regime, the typ-
ical bubble diameter d is roughly constant, we can model the gas
upflow, in absence of liquid flow (Q; = 0), as N columns of bubbles
rising through the porous medium, with N ~ 3 — 4. Note that N in
the experiments is always smaller than the gas injectors number,
due to the formation of a gas pocket in the lower part of the foam.
Bubbles are emitted in each of the N columns at constant flow-rate
Q¢/N, at constant time steps T = ¢/v where ¢ is the typical dis-
tance between two bubbles center of mass in each column and v
the bubble velocity. Preliminary measurements of bubbles velocity
have been performed in the foam, and surprisingly, vis of the order
of the bubble rising speed in the quasi-2D cell without the foam.
We can thus take, as a first approximation, the law proposed by
Roudet (2008) for Reynolds number between 10 and 1000, which
is the case in most experiments: v~ 0.5,/gd. When increasing
the gas flow-rate, the bubbles are emitted at shorter time steps ©
(or distance ¢). At the transition between the low and high activity
regime, ¢ = d and they coalesce to form larger bubbles. We thus get

the critical gas flow-rate as the bubble volume, 7t(d?/4)e, divided
by the time step 7, weighted by the number of bubble columns N:

Q :Nanze(g). (10)

Replacing v by the above expression leads to
c T 3/2
Q=N 3 e\gd (11)

where g = 9.81 m/s 2 is the gravitational acceleration. Considering
d~1cmandN ~ 3 — 4 leads to Q¢ ~ 387 — 516 mL/min, compati-
ble with the transition found in Figs. 7a,c for the vertical configura-
tion at Q; = 0.

Although this crude model captures fairly well the transition in
absence of liquid flow-rate for the vertical upflow, it would require
strong improvements to account for the influence of the liquid
flow. Indeed, this latter cannot be simply introduced as an addi-
tionnal advection velocity, which would lead to Qg increasing with
Q;, which is not observed in the experiments. On the contrary, Q¢
decreases when Q; increases (Figs. 7a,c). A more elaborated model
should maybe consider the competition between two bubble pop-
ulations, or a dependence of d on Q,. It is the goal of a future work.
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Appendix A. Reproducibility of the flow regimes

The reproducibility of the flow regimes was tested by repeating
several experiments with the same imposed flow rates (Q¢,Q;).
The results are highlighted in Fig. A.9 which displays all the flow
patterns identified in the regime diagram (Qg¢,Q;), where the
frames indicate repetitions of the same experiment.

For most of these multiple-checked points, the flow pattern is
the same and the regime (LA, T or HA) unequivocal. Only a few
points at the transition between the LA and HA regimes lead to a
different identification, for the following gas and liquid flow rates
(Q¢,Qp) (in mL/min): (600,300); (1000,300); (1300,100). This
uncertainty in the transition vicinity confirms that the transition
between LA and HA is smooth, and correctly described by the
introduction of the transition regime (T).
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Fig. A.9. Regime diagram in the phase space (Q;, Q;) for the upward vertical flow, including the reproductibility tests (framed) [LA = low activity, T = transition, HA = high
activity]. The gray frames indicate the tests for which different flow patterns were identified for the same injected flow rates. Note that these cases are always at the border of

the transition zone (T) and the LA or HA regimes.

Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.ces.2020.115811.
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