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a b s t r a c t 

In a recent work, Serres et al. (2016) considered the stability of Taylor bubbles entering a confined highly 

porous medium (open cell solid foam of 96% porosity). This experimental work pointed out that a pe- 

riodic alternation of gas bubbles and liquid slugs in a millichannel can either keep its regularity, or be 

destructured at the porous medium entrance. A critical bubble length was proposed as a transition pa- 

rameter between the two observed regimes. This study presents two key results which complement the 

previous work and explain the regime transition. (1) The comparison of the Taylor flow upstream the 

porous medium with the Taylor flow in an empty millichannel demonstrates that the regime transtion is 

not due to the possible feedback of the foam on the upstream flow. (2) A phenomenological model is pro- 

posed, which accounts for the observed bubble coalescence and gas channelling in the porous medium 

in the range of parameters explored in the experiments. 

© 2018 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Three-phase flows are ubiquitous in a wide range of phenom-

ena, from natural to industrial processes. In the last decades, gas-

liquid flows in porous media – either rigid or mobile – have mo-

tivated many fundamental and applied studies, with the goal to

either understand and predict natural processes such as methane

venting ( Naudts et al., 2008 ) and pockmarks ( Hovland et al., 2002;

Gay et al., 2006 ) on the oceanic floor or mud volcanoes ( Planke

et al., 2003; Mastalerz et al., 2007; Mazzini et al., 2007 ), or to

optimize man-made techniques. Among these latters, soil decon-

tamination by air sparging ( Semer et al., 1998; Reddy and Adams,

2001 ), CO 2 sequestration ( Kang et al., 2005; Eccles et al., 2009 )

enhanced oil recovery ( Babchin et al., 2008 ) or catalytic reactors

( Losey et al., 2001; Hessel et al., 2005; Marquez et al., 2008 ) are

part of the present societal challenges. Indeed, the strong hydro-

dynamic coupling between the gas, liquid and – in mobile porous

media – solid phase motion, in addition to possible mixing and

chemical reactions, make this problem very difficult to tackle. 

In the particular context of heterogeneous catalysis, process in-

tensification has led to testing new porous materials and environ-

ments. In confined geometries, open cell solid foams are innova-

tive porous media which have a great potential due to their high
∗ Corresponding author. 
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orosity (up to 96%), leading to low pressure losses, large con-

act area and possibly enhanced mass and heat transfer ( Stemmet

t al., 20 05; 20 06; 20 08; Twigg and Richardson, 20 07; Tourvielle

t al., 2015a; 2015b; Lali et al., 2016; Zapico et al., 2016 ). However,

f the interest of such new material has been undoubtfully high-

ighted, the hydrodynamics of a confined gas-liquid flow across

uch medium still has to be characterized. 

In a recent work, Serres et al. (2016) have quantified the local

ydrodynamics of a periodic gas-liquid flow – Taylor flow – forced

nto an open cell solid foam in a confined geometry (horizontal

quare millichannel). They have shown that, in a given range of pa-

ameters, the periodic flow in the millichannel disorganizes at the

orous medium entrance, leading to a modulation of the upstream

aylor flow frequency. The transition was successfully described in

erms of a modified Weber number (see Serres et al. (2016) and

ection 3.2 of the present work). A tentative model was proposed

n terms of bubble fragmentation at the foam entrance, but with-

ut any further quantification. 

In the present study, we revisit the work of Serres et al. 

2016) based on new experimental evidences. First, we demon-

trate that the Taylor frequency upstream can be predicted by

 simple model of the periodic gas-liquid flow ( Section 3.1 ). It

emonstrates that the existence of the modulated regime is not

ue to a change in the upstream flow, but rather to the presence of

he porous medium. We then propose a phenomenological model

 Section 4 ) based on bubble coalescence and gas channelling – as

https://doi.org/10.1016/j.ijmultiphaseflow.2018.04.003
http://www.ScienceDirect.com
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porous medium (L ~ 16 cm)Taylor flow

h = 2 mm

λ

lB

Fig. 1. Sketch of the experimental setup. Periodic gas bubbles and liquid slugs (Taylor flow) are sent at the entrance of a porous medium of length L ∼ 16 cm in a millichannel 

of square cross-section h = 2 mm. l B is the typical bubble length and λ the spatial periodicity of the Taylor flow. 
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Fig. 2. Data processing [example for Q G = 6 Ncm 

3 min −1 , Q L = 4 Ncm 

3 min −1 at 

the entrance of the porous medium]. (a) Raw image. The gas (dark zones) and liq- 

uid (light gray zones) phases are clearly visible, as well as the foam structure. (b) 

Example of εL vs. t . (c) Spectrogram associated with (b), computed with a sliding 

window of width �t = 4 s. The main frequency here is f 0 � 6 Hz. 
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videnced by new experimental measurements. This model suc-

essfully describes the transition between the periodic, Taylor-like

egime and the modulated regime. 

. Preliminary results 

.1. Experimental setup 

The experimental setup is a millichannel of square cross-section

 × h ( h = 2 mm). The setup is similar to the one presented in

erres et al. (2016) , and therefore is only briefly described here.

 regular Taylor flow, consisting of a periodic alternance of gas

ubbles and liquid slugs ( Garstecki et al., 2006; Angeli and Gavri-

lidis, 2008 ), is sent at the entrance of a porous medium of length

 � 16 cm ( Fig. 1 ). This latter consists of a highly porous struc-

ure, an open cell solid foam made of vitreous carbon (80 PPI, ERG

erospace, porosity ε = 96% ). The pore size distribution is charac-

erized by X-Ray tomography (GE Phoenix v|tome|x s, RX tube of

60kV with focal point of up to 1 μm) with a spatial resolution of

 μm. It evidences two pore structures: (1) the cells, corresponding

o the void cages of the foam and (2) the windows, which connect

wo neighboring cells (for more details, see Serres et al., 2016 ). The

ypical diameter of the cells and windows are d c = 604 ± 86 μm

nd d w 

= 257 ± 85 μm, respectively. 

The gas (G) and liquid (L) are nitrogen and ethanol of density

G = 1 . 25 kg/m 

3 , ρL = 795 kg/m 

3 , viscosity μG = 1 . 76 × 10 −5 Pa s,

L = 1 . 15 × 10 −3 Pa s and σ � 22 mN/m, the nitrogen-ethanol

urface tension at room temperature ( Dittmar et al., 2003 ). The

ow-rates are varied as follows, Q G = [2 − 35] Ncm 

3 min 

−1 and

 L = [0 . 5 − 8] Ncm 

3 min 

−1 , such that their ratio stays in the range

 G /Q L = [0 . 25 − 35] , ensuring a regular Taylor flow upstream the

orous medium. 

One of the experimental cell wall is made of glass, and makes

t possible to visualize directly the gas-liquid flow in the millichan-

el. A fluorescent dye (Rhodamine 6B, 3 . 2 × 10 −5 mol/L) is dis-

olved inside the liquid phase (ethanol) prior to the injection, en-

uring a good contrast between the liquid (bright gray) and the gas

black) phases on the images ( Fig. 2 a). The experimental data of

as and liquid flow with a porous medium were reanalyzed from

erres et al. (2016) , for which images acquisition was performed

ith a camera Solinocam H2D2 at 113 frames per second mounted

n a fluorescence microscope Olympus BX51M. To get a better in-

ight on the gas and liquid flow, additional images acquisition was

erformed with a fast camera (Optronis CR 600 × 2 at 10 0 0 fps).

hese experiments made it possible to observe the flow dynamics

nside the porous medium (see end of Section 3 ) and quantify the

elevant ingredients for the phenomenological model ( Section 4 ).

inally, similar experiments in an empty channel (without porous

edium) were also performed in order to quantify the possible

eedback of the porous medium on the upstream Taylor flow. 

.2. Data processing 

After a simple normalization by a reference image and bina-

ization process ( Serres et al., 2016 ), the gas and liquid phases

re separated in the raw images ( Fig. 2 a) and we extract for each
mage the volume fraction of liquid, εL . This technique has been

reviously used in micropacked beds, where it provided a visual-

zation of the flow close to the observed surface ( Faridkhou and

arachi, 2012 ). In open cell solid foams, the high porosity makes it

ossible to visualize the gas phase over the whole channel depth.

t thus provides a good estimation of the local liquid holdup, al-

hough the integration over the depth induces an underestimation

f the liquid holdup due to the presence of the solid phase. Fol-

owing Serres et al. (2016) , εL is thus referred to as the apparent

iquid holdup. 

Fig. 2 b illustrates an example of apparent liquid holdup vari-

tions in time, in which the downward peaks correspond to gas

ubbles crossing the image. The frequency content of εL ( t ) is

hen quantified by means of spatiotemporal diagrams ( Fig. 2 c)

omputed with a sliding window of width �t = 4 s. The main

requency f 0 is extracted by computing the median value of the

requency corresponding to the maximum peak in the spectrum
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Fig. 3. Different hydrodynamic regimes. The spatiotemporal diagram of εL in the Taylor flow region, upstream the porous medium ( left column ) and at the entrance of the 

porous medium ( right column ) displays two different regimes. (1) The Taylor-flow frequency is not altered by the porous medium [Taylor-like regime (a,b) Q G = 2 Ncm 

3 min −1 , 

Q L = 4 Ncm 

3 min −1 ]; (2) The Taylor flow is disorganized at the entrance of the porous medium and displays a low-frequency modulation [modulated regime (c,d) Q G = 

10 Ncm 

3 min −1 , Q L = 4 Ncm 

3 min −1 ]. In this last case, the disorganization by the porous medium can have a feedback on the upstream flow (see text). 
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at each time t , over the full acquisition (typically about 10 s). Up-

stream the porous medium, f 0 = f T , the Taylor frequency. 

2.3. Hydrodynamic regimes 

The previous work of Serres et al. (2016) focused on the be-

havior of the Taylor bubbles when entering the porous medium.

In particular, they evidenced two hydrodynamic regimes when the

gas-liquid flow enters the porous medium: (1) a Taylor-like regime,

for which the Taylor frequency is preserved ( Fig. 3 a,b); (2) a mod-

ulated regime, for which a low-frequency modulation of the initial

Taylor flow periodic signal is observed ( Fig. 3 c,d). In this last case,

we sometimes report a feedback of the low-frequency modulation

on the upstream Taylor flow, as evidenced in Fig. 3 c at t � 5 s. This

feedback, due to a coupling between the flow disorganization at

the foam entrance and the upstream flow, is usually observed for

high gas over liquid flow rates, Q G / Q L . In the next section, we quan-

tify the possible disorganization of the Taylor flow at the porous

medium entrance. 

3. Taylor flow disorganization 

3.1. Taylor flow frequency 

The Taylor flow upstream the porous medium is character-

ized by its main frequency f T (see Section 2.2 ). Here, we com-

pare this frequency, measured experimentally, with the theoretical

frequency computed as follows. In a first approximation, the rela-

tionship between the Taylor spatial wavelength λ and the bubble

length l B (see Fig. 1 ) is 

λ � l B 

(
1 + 

Q L 

Q G 

)
. (1)

This relationship holds true as long as we neglect the lubrication

films around the bubbles and consider that the liquid around the

meniscii at the bubble front and rear have a negligible volume re-

spect to the bubble volume. This latter point is always checked
xperimentally. An estimation of the cross-section liquid fraction,

 , in the square millichannel is provided by Leclerc et al. (2010) ,

onsidering the films on the cell walls and the gutters at the four

orners: 

 = 

4 h L 

h 

(
1 − h L 

h 

)
+ 

4 − π

h 

2 

(
h 

4 

− h L 

2 

)2 

, (2)

here h is the channel width and h L the liquid film thickness far

rom the channel corners. This latter can be estimated by the fol-

owing relationship ( Aussillous and Quéré, 20 0 0; Roudet, 2008 ): 

h L 

h 

∼ Ca 2 / 3 

1 + Ca 2 / 3 
(3)

here Ca = μU/σ is the capillary number, μ the fluid dy-

amic viscosity, U the typical bubble velocity and σ � 22 mN/m

he nitrogen-ethanol surface tension at room temperature

 Dittmar et al., 2003 ). In all the experiments, Ca � 1 ( 5 . 4 × 10 −4 <

a < 9 . 7 × 10 −3 ), leading to 0.07 < W < 0.2. In a first approxima-

ion, we therefore neglect the lubrication films. 

As previously reported in the literature, the Taylor bubble

ength l B is a linear function of the gas-liquid flow-rate ratio, Q G / Q L 

 Garstecki et al., 2006; Leclerc et al., 2010; Abadie et al., 2012; Ser-

es et al., 2016 ): 

l B 
h 

= α
Q G 

Q L 

+ β (4)

ig. 4 a displays the Taylor bubble length normalized by the channel

idth, l B / h , as a function of the gas-liquid flow-rate ratio, Q G / Q L ,

n the experiments with the porous medium (white squares) or

ith the empty channel (gray stars). Both sets of data follow the

inear trend expected from Eq. (4) inside the experimental error

ars, computed as the standard deviation. For empty channel ex-

eriments, we report as the dashed line in Fig. 4 the linear rela-

ionship proposed by van Steijn et al. (2007) as an improvement

f the Garstecki et al. (2006) model for microchannels of rectangu-

ar cross-section ( Abadie et al., 2012 ): α = 1 . 5 and β = 1 . 5(2 r/h )

here r = 0 . 5 mm is the radius of the gas inlet, leading to β =
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Fig. 4. (a) Normalized bubble length l B / h as a function of the flow rates ratio Q G / Q L 
[(white squares, upstream the solid foam); (gray stars, with an empty channel)]. The 

lines indicate the linear relationship l B /h = αQ G /Q L + β for the empty channel [ α = 

1 . 5 , β = 2 . 25 , dotted gray line] and the bubbles upstream the porous medium [ α′ = 

0 . 76 , β ′ = 0 . 54 , dashed black line]. (b) Theoretical frequency of the Taylor flow f th 
(from Eq. (5) ) as a function of the Taylor bubbles frequency measured upstream the 

porous medium in the foam experiments, f T [( � , Taylor-like regime), ( � , modulated 

regime)] and in the empty channel experiments [gray stars]. The black line is a 

guideline for the eyes. 
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w  
 . 25 . Note that the error bars increase with increasing gas-liquid

ow-rate ratio, as a signature of a flow becoming more irregular,

nd approaching the transition between a periodic Taylor flow to a

hurn flow ( Kreutzer et al., 2005 ). For a same set of gas and liquid

ow rates, the bubble length upstream the porous medium in the

xperiment with the foam is significantly lower. A linear fit gives
′ = 0 . 76 and β ′ = 0 . 54 ( Fig. 4 a, dashed line). This relation differs

lightly from the one proposed in Serres et al. (2016) , which only

onsidered the rough scaling l B / h � Q G / Q L . Interestingly, although

he flow through the porous medium exhibits two different hy-

rodynamic regimes (see Section 2.3 ), the bubble length upstream

ollows a single linear trend. This indicates that the flow dynamics

nside the foam has no significant impact on the upstream flow. 

The theoretical Taylor flow frequency , f th = U/λ, where U =
(Q G + Q L ) /h 2 , can be written by using λ given by Eq. (1) and l B 

y Eq. (4) : 

f th = 

Q G + Q L 

h 

3 
[
(α + β) + α Q G 

Q L 
+ β Q L 

Q G 

] (5) 

t is estimated by taking the coefficient ( α, β) from the empty

hannel experiment. Fig. 4 b displays the theoretical Taylor fre-

uency, f th , as a function of the experimental Taylor flow frequency

 T either upstream the porous medium (black and white triangles)

r in the empty channel (gray stars). The data roughly collapse on

 single trend (dashed line). Therefore, in spite of a noticeable im-

act on the bubble length ( Fig. 4 a), the presence of the porous

edium does not affect significantly the Taylor flow frequency re-
pect to empty channel experiments. We observe that the global

rend does not correspond to the slope 1. This can be explained by

he crude approximations which lead to Eq. (5) . First, due to the

resence of gutters, the flow velocity in square cross-section chan-

els is expected to be higher than (Q G + Q L ) /h 2 . Then, the liquid

lug length may differ from l B Q G / Q L ( Eq. (1) ), leading to a nonlin-

ar correction to Eq. (5) . Finally, we neglected the lubrication films,

hile the cross-section liquid fraction may be up to W = 20% (see

bove). 

The above results show that (1) at first order, the presence of

he porous medium does not modify drastically the expected Tay-

or frequency upstream; (2) neither the bubble length nor the Tay-

or frequency exhibit a drastic change when the gas-liquid flow-

ate ratio increases, in spite of the sudden change of hydrodynamic

egime at the entrance of the porous medium. The regime tran-

ition between the Taylor-like regime and the modulated regime

 Section 2.3 ) is therefore not due to a possible feedback of the flow

n the foam on the upstream flow, but rather to the hydrodynamics

nd flow propagation inside the porous medium. 

.2. Dimensionless analysis 

To quantify the hydrodynamic regimes, Serres et al. (2016) in-

roduce a dimensionless number representative of the multiphase

ow. Upstream the porous medium, the governing parameters are

he flow-rate ratio, Q G / Q L , and the inertial and viscous forces, lead-

ng to the dimensionless number Re G /Re L = (Q G /Q L )(ρG μL /ρL μG ) .

nside the porous medium, the dominant parameters are the ve-

ocity (typically Q G + Q L ), the inertial and capillary forces, which

efine a multiphase Weber number W e = ρL (Q G + Q L ) 
2 d w 

/ (S 2 σ )

here S is a typical surface through which the gas-liquid flow can

ropagate in a cross-section of the porous medium, and d w 

the

indow diameter, representative of the pore structure for the flow.

ollowing previous studies ( Clements and Schmidt, 1980; Serres

t al., 2016 ), a modified Weber number, We ′ , accounting for both

he hydrodynamics in the porous medium and the upstream flow,

an be written: 

 e ′ = 

(
ρG 

σ

)(
μL 

μG 

)(
Q G 

Q L 

)(
Q G + Q L 

S 

)2 

d w 

. (6) 

Here we also introduce the dimensionless frequency, also called

he Strouhal number, defined by St = f 0 / (U/λ) , where f 0 is the

ain frequency of the flow (see Section 2.2 ), U = (Q G + Q L ) /h 2 the

heoretical flow velocity and λ is given by Eq. (1) , where l B is taken

s the experimentally measured bubble length. 

Fig. 5 displays the Strouhal number versus the modified Weber

umber upstream the porous medium (white squares) and when

ntering the porous medium (gray circles). The data are the same

han in Fig. 8 of Serres et al. (2016) , but displayed with dimension-

ess parameters on both axes. 

The two hydrodynamic regimes described in Section 2.3 are

learly visible: for We ′ < 1, the flow main frequency in the porous

edium is conserved at the porous medium entrance; for We ′ > 1,

he low frequency characteristics of the modulated regime appears.

his result, already pointed out by Serres et al. (2016) , was previ-

usly interpreted in terms of bubble fragmentation at the foam en-

rance. Indeed, the authors proposed that a critical bubble length

 

∗
B exists. For l B < l ∗B , the incoming bubble from the Taylor flow can

nter the porous medium and propagates as a whole; for l B > l ∗
B 
, a

ragmentation mechanism was proposed, leading to the flow disor-

anization. 

.3. Experimental observations 

To check the above hypothesis proposed by Serres et al. (2016) ,

e performed additional experiments with a fast camera (see
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TAYLOR-LIKE REGIME MODULATED REGIME

Taylor flow
porous medium

Fig. 5. Strouhal number, St , as a function of the modified Weber number, We ′ (see 

text) [white squares, Taylor flow upstream; gray circles, inside the porous medium]. 

The dashed line indicates the separation between the Taylor-like and the modulated 

regimes. 
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Section 2.1 ). High-speed imaging made it possible to have more in-

formation on the mechanism at the origin of the regime transition

through direct visualization of the gas-liquid flow. The observations

evidence that the mechanism at stake is not bubble fragmentation,

but coalescence . Indeed, bubbles in the Taylor-like regime cross the

porous medium as a whole, although deformed by their propaga-

tion in the solid foam (see Supplemental Material, movie 1). In the

modulated regime, periodic bubbles crossing the medium alternate

with a sudden bubble coalescence, which leads to the formation of

a gas channel along the porous medium (see Supplemental Mate-

rial, movie 2). This channel remains open for a certain time, then

destabilizes and pinches off, leading back to the periodic bubbling

regime. 

Based on these observations we propose, in the next section,

a phenomenological model to account for this mechanism. This

model is then compared to experimental observations, with the fi-

nal goal to predict the observed hydrodynamic regimes. 

4. Phenomenological model 

4.1. Description and hypotheses 

The phenomenological model is based on the observations of

bubble deformation when entering the porous medium. Taylor

bubbles propagating in the millichannel upstream (length l 0 
B 
, wave-

length λ0 ) are forced to propagate inside the porous medium

through a smaller cross-section, typically of the cell size (diam-

eter a = d c , area A = πa 2 / 4 ) ( Fig. 6 a). Therefore, they are elon-

gated (length l B , wavelength λ) and we consider that the remain-

ing cross-section area ( h 2 − A ) is occupied by the liquid phase only.

The flow inside the porous medium is thus separated in two dif-

ferent zones, which can propagate a priori at different velocities:

the gas-liquid zone (zone A, velocity u A ) and the pure liquid re-

gion (zone B, velocity u B ). This velocity difference, also called ‘slip

velocity’ or ‘drift flux’, is classical and has already been pointed out

in the literature ( Wallis, 1969; Darton and Harrison, 1975; Larachi

et al., 1991; Molga and Westerterp, 1997 ). 

Assuming that the gas and liquid are incompressible, their flow

rates in zone A can be written, respectively: Q 

A 
G = Q G = V G u A /λ and

Q 

A 
L 

= V A 
L 

u A /λ, where V G is the volume of a gas bubble and V A 
L 

the

volume of the liquid slug in zone A. The liquid flow rates in zones

A and B can thus be written Q 

A 
L = (V A L /V G ) Q G = (λ/l B − 1) Q G and

Q 

B = Q L − Q 

A , respectively. The velocities of regions A and B are

L L 
hen given by u A = (Q 

A 
L 

+ Q G ) /A and u B = Q 

B 
L 
/ (h 2 − A ) , leading to 

 A = 

(
λ

l B 

)
Q G 

A 

(7)

 B = 

Q L − (λ/l B − 1) Q G 

h 

2 − A 

(8)

ote that h > A and λ≥ l B , so u A > u B is always checked. 

The second hypothesis of the model is that due to viscous

osses, u A → u B with a relaxation time τ . At first order, one can

ssume an exponential relaxation: 

d u a 

d t 
+ 

u a 

τ
= u B (9)

ith the initial condition u A = u 0 
A 
, leading to 

 A = (u 

0 
A − u B ) e 

−t/τ + u B . (10)

eplacing u A and u B by their expression given in Eqs. (7) and

8) provides the equation describing l B normalized by the wave-

ength λ( t ): 

l B 
λ(t) 

= 

(
h 2 

A 
− e −t/τ

)
Q G (

h 2 −A 
A 

)(
λ0 

l 0 
B 

)
Q G e −t/τ + ( Q G + Q L ) ( 1 − e −t/τ ) 

. (11)

ote that the bubble length is constant once it enters the porous

edium, and given by l B = l 0 
B 

× h 2 /A . 

.2. Relaxation time 

A first estimation of the relaxation time τ can be obtained

y considering that, in the modulated regime, the typical time at

hich coalescence occurs ( l B = λ) is given by t = t c � 1 / f 0 . This

akes it possible to plot, from Eq. (11) , the dependence of τ as a

unction of Q L and Q G ( Fig. 7 a). We find that τ decreases strongly

ith the liquid flow rate ( Fig. 7 a), while is does not depend dras-

ically on the gas flow rate ( Fig. 7 a, inset). 

However, to get a prediction on l B / λ( t ) from the phenomenolog-

cal model, it is necessary to estimate the relaxation time τ inde-

endently from Eq. (11) . To do so, we assume that the liquid is the

ain responsible for viscous losses and relaxation and propose the

ollowing scaling, hereafter named τ s . The relaxation time should

e proportionnal to the liquid residence time in the foam, i.e. the

ypical time necessary for the liquid to cross the entire porous

edium, τ s ∝ Lh 2 / Q L . Moreover, when the liquid Reynolds num-

er increases, the dissipation increases and the relaxation time de-

reases, so τs ∝ Re −1 
L 

, with Re L = ρL Ua/μL , U = U T P = (Q G + Q L ) /h 2

he two-phase flow characteristic velocity and L = 16 cm the to-

al length of the porous medium. The scaling therefore gives τs ∼
e −1 

L 
(Lh 2 /Q L ) and can be written 

s ∼ Lh 

4 μL 

ρL (Q G + Q L ) Q L a 
. (12)

ote that τ s only depends on the liquid properties ( μL , ρL ), as it is

ssumed that the relaxation through viscous losses is due mainly

o the liquid phase. 

Fig. 7 b displays the relaxation time τ estimated from

q. (11) with t = 1 / f 0 as a function of the relaxation time τ s pre-

icted from this scaling. We find a fair proportionality, with a co-

fficient ζ ∼ 20 which cannot be determined by the dimension-

ess analysis (dashed line, Fig. 7 b). The coefficient ζ must be in-

erpreted with caution, due to the poor fitting in Fig. 7 b. How-

ver, this simple phenomenological model only aims at predicting

t first order the coalescence phenomenon, and the roughly linear
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Fig. 6. (a) Sketch of the phenomenological model. Taylor bubbles (length l 0 B , wavelength λ0 ) in the millichannel deform when entering the porous medium (length l B , 

wavelength λ). They are forced to propagate in a narrower section, roughly corresponding to the pore section A = πa 2 / 4 , where a is the pore diameter. (b) Two different 

regimes when the bubbles cross the porous medium. Left: The bubble deformation is small and they keep their periodicity – hence, the Taylor frequency – when propagating 

inside the porous medium. Right: The bubbles get closer and experience a coalescence inside the porous medium, leading to the formation of a gas channel (middle) after a 

typical time t c . This channel then destabilizes, leading back to pediodic bubbles. This alternance generates a low-frequency (modulation) in the spatiotemporal evolution of 

εL . 

Fig. 7. (a) Relaxation time τ as a function of the liquid flow rate Q L (main graph) 

and the gas flow rate Q G ( Inset ). (b) Relaxation time τ determined from Eq. (11) as 

a function of τ s determined from the scaling ( Eq. (13) ). The dashed line represents 

the linear fit (slope ζ ∼ 20). 
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rend in Fig. 7 b is sufficient to provide an estimation of the relax-

tion time: 

s = 

ζ Lh 

4 μL 

ρL (Q G + Q L ) Q L a 
(13) 

his estimation is independent from Eq. (11) , knowing the param-

ters of the problem (cell geometry, porous structure, fluid proper-

ies and imposed gas and liquid flow rates). 

i  
.3. Residence time 

A second important time in the system is the residence time,

 s , corresponding to the typical time necessary for the bubbles

o cross the entire porous medium. Indeed, as they cross the

orous medium, the bubbles keep their length l B constant, while

he wavelength λ decreases ( Eq. (11) ). If l B � λ for t ≤ t s , then the

oalescence can occur, starting from the downstream end of the

orous medium. This mechanism has been observed in the experi-

ents with the fast camera. 

The residence time of the gas phase is estimated by the equa-

ion : 

 s = 

( ε − εL ) Lh 

2 

Q G 

(14) 

here ( ε − εL ) Lh 2 is the volume faction of the millichannel occu-

ied by the gas phase, with ε the porosity and εL the liquid frac-

ion estimated by direct visualization ( Section 2.2 ). 

.4. Results 

Fig. 8 displays the normalized bubble length, l B / λ( t ), as a func-

ion of the time normalized by the residence time, t / t s , when vary-

ng the liquid flow rate at constant gas flow rate ( Fig. 8 a) and when

arying the gas flow rate at constant liquid flow rate ( Fig. 8 b). The

ubble length l B is computed from Eq. (11) by using the indepen-

ent estimation of the relaxation time τ s ( Eq. (13) ), and a = d c (the

ubbles occupy typically a single cell in the channel cross-section).

 B / λ( t ) increases in time. If it reaches l B /λ = 1 for t < t s , i.e. before

he gas has let the porous medium, then a coalescence should oc-

ur and the modulated regime should be observed. Otherwise, if

 B / λ< 1 for t = t s , the model predicts that the bubbles manage to

ross the entire porous medium without experiencing coalescence.

he solid lines represent the sets of parameters for which a Taylor-

ike regime was observed, while the dashed lines indicate a mod-

lated regime in the experiments. The phenomenological model is

n good agreement with the experimental observations. It only fails

o predict the hydrodynamic regimes for two sets of parameters

 Q G , Q L ) ( Fig. 8 ): (10,1) and (10,2) Ncm 

3 min 

−1 , for which the flow

s close to the transition between both regimes. 

Observations with the high speed camera point out, however,

hat in most cases, the bubbles occupy more than a single cell

n the cross-section of the porous medium. The typical cell di-
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Fig. 8. Bubble length l B normalized by the wavelength λ( t ) (computed from 

Eq. (11) with a = d c ) as a function of the time t normalized by the residence time t s 
(a) for different liquid flow rates at constant gas flow rate [ Q G = 10 Ncm 

3 min −1 ]; 

(b) for different gas flow rates at constant liquid flow rate [ Q L = 10 Ncm 

3 min −1 ]. 

The solid or dashed lines represent the hydrodynamic regimes reported in the ex- 

periment: Taylor-like (solid lines) or modulated (dashed lines). The model fails in 

determining the hydrodynamic regimes for two sets of parameters (dashed lines in 

(a)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Bubble length l B normalized by the wavelength λ( t ) (computed from 

Eq. (11) with a = 3 d c ) as a function of the time t normalized by the residence time 

t s (a) for different liquid flow rates at constant gas flow rate [ Q G = 10 Ncm 

3 min −1 ]; 

(b) for different gas flow rates at constant liquid flow rate [ Q L = 10 Ncm 

3 min −1 ]. 

The solid or dashed lines represent the hydrodynamic regimes reported in the ex- 

periment: Taylor-like (solid lines) or modulated (dashed lines). The model success- 

fully predicts the hydrodynamic regimes. 
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ameter, d c = 604 ± 86 μm (see Section 2.1 ) is such that about 3

cells occupy the whole channel width. We then computed the nor-

malized bubble length from the model, as described above, for

a = 3 d c (( Fig. 9 ). The model predicts successfully the hydrodynamic

regimes reported in the experiments, including the two sets of

parameters which were at the transition between both regimes

(dashed lines in Figs. 8 a and 9 a). 

5. Conclusion 

Based on the work of Serres et al. (2016) , we proposed a

phenomenological model to account for the two hydrodynamic

regimes observed when a Taylor flow crosses a confined highly

porous medium – here, an open cell solid foam of 96% porosity. We

have shown that the tentative explanation of bubble fragmentation

at the entrance, proposed in a previous work ( Serres et al., 2016 )

is not corroborated by observations with a fast camera, which

rather show bubble coalescence inside the medium. A simple phe-

nomenological model based on neighboring bubbles getting closer

to each other due to (1) the narrower section in which it is forced

to enter the porous medium (pore vs. millichannel section) and

(2) the evolution of the wavelength in time during propagation

along the medium recovers, at first order, the two hydrodynamic

regimes. On the one hand, if the bubbles do not get close enough

before exiting the porous medium, the frequency in the open cell
olid foam remains equal to the Taylor frequency at the entrance

Taylor-like regime). On the other hand, when the wavelength de-

reases enough to connect bubbles, a coalescence is reported, lead-

ng to the formation of a channel along the medium. A contin-

ous degassing through the foam then occurs. The channel fur-

her destabilizes, leading back to periodic bubbles. This introduces

 low frequency in the system, corresponding to the modulated

egime. 

Although this first order model captures well the observations,

urther improvements could be made. In particular, one could ac-

ount for a more realistic bubble volume, including the meniscii

olume computation and a bubble length variation during its prop-

gation. In addition, the proposed model does not depend ex-

licitely neither on the gas properties nor on surface tension,

hich may impact the bubble coalescence mechanism. This param-

ter is hidden in the factor ζ ( Eq. (13) ), which has to be adjusted

rom the relaxation time estimation ( Fig. 7 b). Changing the surface

ension and investigating the empirical dependence of ζ on this

arameter could be the goal of a future work. 
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