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During CO; sequestration, hydrogen storage and geothermal recovery, dry gas flows through subsurface porous
media saturated with volatile liquid along high-permeability pathway, and vaporizes liquid in neighboring
porous matrix. We conduct microfluidic experiments to investigate the drying kinetics of this fracture-adjacent
process, here denoted flow-by drying, in which the air flows primarily through a neighboring fracture while
drying the porous matrix by evaporation. We surprisingly discover a counter-intuitive “inside-out” drying
pattern, that air invades deep inside the porous matrix and maintains a liquid-saturated belt along the air
preferential path. Its emergence is attributed to Marangoni effect, as a consequence of evaporation-induced
temperature gradient. This “inside-out” drying reshapes drying kinetics by decoupling evaporation front from
displacement front and keeping effective evaporation area unchanged. In addition, we also identify a quasi-
isothermal evaporation regime and a viscous displacement regime. Boundaries between the three regimes are
theoretically estimated, which well matches experimental results. This new discovery highlights the necessity to
take thermal effect into consideration during modeling subsurface hydrological processes with extensive phase
changes.

2014; Ott et al., 2015).
Evaporation in porous media without gas flow-through has been

1. Introduction

Displacement of volatile liquid by gas in porous media is a typical
scenario in various subsurface applications such as CO, sequestration in
deep saline aquifers (Peysson et al., 2014), hydrogen and natural gas
subsurface storage (Zivar et al., 2021; Krevor et al., 2023), and recovery
of geothermal energy or hydrocarbons from underground reservoirs
(Sim et al., 2009; Kamath and Laroche, 2003; Mahadevan and Sharma,
2003). Gas can induce evaporation of liquid in porous media, that results
so called “flow-through drying” (Allerton, 1948; Jagannathan et al.,
2006). During flow-through drying, spatial distribution and composi-
tion of the liquid accordingly evolves, that may induce complicated
subsequential physical, chemical and biological changes (Ott et al.,

extensively investigated (Attari Moghaddam et al., 2017; Chauvet et al.,
20009; Pillai et al., 2009; Prat, 2011; Ahmad et al., 2021; Chraibi et al.,
2009; Prat, 2007; Vorhauer et al.,, 2015). Such isothermal and
quasi-static evaporation is mostly diffusion-driven, that can be divided
into sequential three stages (Chauvet et al., 2009). Initially, a constant
rate period (CRP) emerges that the evaporating interface is directly
contacting the open space, which can be maintained by wetting films
(Lehmann et al., 2008; Yiotis, 2005; Scherer, 1990; Shokri et al., 2009).
When the region close to open surface dries out, the evaporation turns
into the falling rate period (FRP) when the internal mass transfer be-
comes significant. When the gas-liquid interface is so far away from the
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open space that internal mass transfer limits the drying, the drying falls
into receding front period (RFP) that the drying rate slows down with
the square root of time. With more complex boundary conditions, there
can be more factors involving (Lehmann et al., 2008; Prat, 2002).
Classical one-side-open micromodel evaporation studies have further
shown that drying typically proceeds through the development of a dry
region near the open boundary, a partially wet film region, and a fully
saturated region deeper in the porous medium, with the drying front
receding progressively away from the open side. Representative
benchmark studies have emphasized the roles of corner flow, thick-film
flow, surface roughness, and wettability in controlling this conventional
front-recession picture (Ding and Geistlinger, 2021; Geistlinger et al.,
2019).

In flow-through drying, however, the kinetics is highly complicated
by stronger viscous effects and more extensive phase change. It has been
found that gas flowing across the conduit/fracture-porous media inter-
face could cause higher evaporation efficiency than expectation, that
more liquid is evaporated before the fracture-matrix interface becomes
dry (Mahadevan et al., 2006), while the underlying mechanisms have
not been not fully resolved. One noticeable fact is that evaporation is
endothermic, so the evaporation front can be cooled down which gen-
erates local temperature gradient (Huinink et al., 2002). Unfortunately,
in field-scale simulation, high local gradient cannot be captured directly
due to the limitation of grid size (Vilarrasa and Rutqvist, 2017; Andersen
and Nilsen, 2018; Milly, 1984). Microscopic scale investigation is thus
required. It has been highlighted that temperature gradient induces
Marangoni effect that modify fluid-fluid displacement pattern at
pore-scale (D'Aubeterre et al., 2005; Huinink et al., 2002; Gourbil et al.,
2019; Plourde and Prat, 2003; Surasani et al., 2008; Surasani et al.,
2008; Surasani et al., 2009; Surasani et al., 2010; Vorhauer et al.,
2018), due to negative correlation between capillary pressure and
temperature. However, temperature gradient in proceeding microscopic
studies is imposed by adding external heat sources, which is very
different from that in flow-through drying, where the temperature
gradient is directly connecting to the evaporation kinetics as well as the
spatial morphology of evaporation front. The role of
evaporation-induced temperature gradient in flow-through drying is
still largely unexplored.

In this study, the gas-induced drying process also occurs through a
fracture-matrix configuration. Specifically, the gas flows primarily
through the upper fracture and induces evaporation and desaturation in
the adjacent porous matrix, rather than flowing uniformly through the
entire porous network. To distinguish this configuration from conven-
tional flow-through drying, in which the gas flows directly through the
porous network, we refer to the present process as flow-by drying. This
term is used throughout this paper to emphasize the fracture-adjacent
nature of the drying process. Our goal is to clarify how evaporation-
induced thermal effect reshapes the corresponding drying kinetics in
porous media, pore-scale invasion morphology, fluid distribution evo-
lution and relevant physical and chemical processes. To isolate and
visualize these thermal effects more clearly, we employ a highly volatile
liquid that amplifies evaporation-induced cooling under laboratory
conditions. The paper is organized as follows: 1) we describe the details
of the experimental design, set-up and data analysis methods; 2) we
show the experimental observation about evaporation patterns at
different gas flow rates and discuss their implications, especially in re-
gimes that evaporation-induced thermal effect takes dominance; 3) we
theoretically identify the boundaries between different drying regimes
and validate the theory with experiment; and 4) we discuss the
geophysical significance to bring in consideration of evaporation-
induced thermal effect.
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2. Setup and methods
2.1. Experimental setup

We design a glass microfluidic model consisting of a highly
conductive fracture, and a homogeneous porous matrix which is
exposed to the fracture at one side, as demonstrated in Fig. 1a. The other
three boundaries of the porous matrix are closed for simplicity. The
fracture width is wy = 0.5 mm. The porous matrix length parallel to the
fracture is l = 6 mm and the porous matrix width is 3 mm, that consists of
an array of cylindrical posts with diameter d, = 0.1 mm and the pore-
throat width is w; = 0.05 mm. The depth for all flow paths is h = 0.02
mm. The porosity of the porous media is 55%. The fabrication-induced
throat size contrast was quantified from optical microscope measure-
ments after calibration with a standard stage micrometer. After con-
verting the image scale from pixels to micrometers, the widths of
multiple representative throats across the micromodel were measured
and compared with the nominal design value. The nominal throat width
is w, = 0.05 mm, and the measured fabrication deviation is approxi-
mately Aw; = 1 pm, corresponding to about 2% of the nominal throat
width. The thickness of the glass microfluidic chip is z; = 4 mm (2 mm
for each side of the channel), and the glass thermal conductivity is x =
0.9 W/K/m. This design is to analog 1) fractured subsurface porous
media, and 2) gas diffusion layer in fuel cell (Carmo et al., 2013; Park
et al., 2015; Jiao et al., 2021).

We note that the three closed boundaries of the porous matrix are
slightly wider than the internal pore throats, most likely due to local
over-etching or fabrication-induced widening near the chip boundary.
These widened peripheral regions may have lower capillary entry
pressure than the regular internal pore network and can therefore pro-
mote earlier local air entry along the side and bottom boundaries. This
geometric feature imposes asymmetric boundary conditions for fluid
retained in the rest of the porous region, that can help to explore the
mechanisms at different flow conditions as discussed in following Re-
sults section.

We conduct all our glass-micromodel experiments under nominal
ambient laboratory conditions. The laboratory air conditioner is set to
20 °C, and the room relative humidity is monitored using a laboratory
hygrometer, with a typical value of approximately 35% during the ex-
periments. Atmospheric pressure (P = 1 atm) is used as the air pressure
boundary condition. These ambient conditions are not varied as exper-
imental parameters in this study. The defending fluid we choose is
pentane (chromatographic-grade, Sigma-Aldrich, >99.9%) for its highly
evaporable property, which amplifies evaporation-induced cooling and
interfacial thermal effects, allowing the corresponding mechanism to be
directly visualized within laboratory time scales. We use air as the car-
rier gas to provide a simple and well-controlled gas-phase environment
for the microfluidic experiments. The vapor pressure of pentane at this
condition is p, =~ 56.55 kPa, the latent heat for evaporation is 1 = 3.9 x
10° J/kg, and the molar mass is M, = 0.072 kg/mol. To clear the dis-
solved gas bubbles in pentane, we saturate the pentane on a hotplate
with several rounds of injection and evaporation to fill the whole porous
media with pentane vapor. We pose the micromodel flatwise so gravi-
tational effect can be neglected (Surasani et al., 2009), as the Bond

2 . s .
number Bo = %«1, where Ap is the density difference between air

(1.29 kg/m3) and pentane (626kg/m3), g = 9.8 m/s? is the gravity
constant and ¢ is the surface tension. Under the experimental condition,
surface tension between air and pentane is ¢ = 15.5 mN/m, and its
temperature dependence is 9 = —0.11 mN/m/K (Grigoryev et al.,
1992).

We use syringe pump (Harvard PHD ULTRA 80-4415 CP) to precisely
control the air flow rates. The air first displaces the defending fluid in the
conductive fracture in a very short time, and then gradually evaporates
and displaces the liquid in the porous matrix. We start the video
recording right after the fracture is saturated with 100% of air. A typical



Y. Zhang et al.

@
oL
k ‘—[ Microscope

1. Syringe Pump; 2. Light Source; 3. Transparent
Micromodel; 4. Microscope Tmaging System; 5. Effluent.

Advances in Water Resources 214 (2026) 105367

Fig. 1. (a) Schematic illustration of the microfluidic experiment setup. (b) A typical image on the microfluidic model captured during the flow-by drying experiment.
Dark regions indicate air-filled pores, whereas light/transparent regions indicate liquid-filled regions.

image during the microfluidic experiment is shown in Fig. 1b when air
saturation is about 60% in porous matrix. According to the color dif-
ference between the air and liquid, we are able to quantify the evolution
of air saturation in porous media over time.

2.2. Key variables

We conduct demonstrated experiments under three cases, where we
adjust air injection rate (qq;) as 3 x 10~% ml/min (case 1), 8 x 104 ml/
min (case 2)and 0.6 ml/min (case 3), respectively. The corresponding
capillary numbers (Ca = 2 where y = 3 x 107* Pa:s is the air viscosity
and vgr = ,‘5“7‘; is the air velocity if it flows only along fracture) of these
three cases are 9.7 x 1078, 2.6 x 10°,1.9 x 1072, respectively (Hilfer

(a) S,i=0% S,i=20%
) S, =40% ] S, =60%
(© Su=0% 8, =20%

Su=40%

and @ren, 1996).
In addition, to compare the viscous dissipation along the fracture,
Apyis ~ ,’1‘2";‘1*12, and the capillary entrance pressure into porous matrix,

Pc = W%a, we define a modified capillary number Ca; = % = 6,11”2"‘ Ca,
where f denotes the fracture. Values of Cayin three cases are 4.4 x 1074,
0.12 and 87.3, respectively. If Cas<1, all displacement in porous matrix
can be attributed to evaporation; otherwise, viscous force can also

mobilize the liquid in porous matrix.

2.3. Tracking the trajectory of liquid mass center

To better characterize the evaporation pattern, we plot the trajec-
tories of liquid mass centers versus evaporation time. At the beginning,
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Fig. 2. (a) Original experimental image of case 1 at different moments; (b) mass center trajectory during case 1; (c) original experimental image of the parallel
experiment of case 1 using isoheptane at different moments; (d) mass center trajectory during the parallel experiment of case 1 using isoheptane. Dark regions
indicate air-filled pores, whereas light/transparent regions indicate liquid-filled regions.
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the mass center point stays in the middle of the model when the model is
fully saturated with liquid. We track the mass center point as the in-
crease of the air saturation and with different colors at different air
saturations. All the original experimental videos are provided in sup-
plementary files.

3. Experimental results

As abovementioned, we conduct three sets of experiments to perform
different evaporation patterns under different air flowrates. For case
1&2, we also conduct parallel experiments using isoheptane, which is of
much lower vapor pressure (x6.89 kPa), for comparison.

3.1. Case 1: quasi-isothermal evaporation

In case 1 (qqir = 3 % 10°° mL/min, Ca = 9.7 x 1078, Cay = 4.37 x
107, the air invades into the porous media in a relatively compact
recession pattern with a rough interface, and forms a dry fracture/ma-
trix interface soon after the onset of the evaporation process, as shown in
Fig. 2a. The distance between the evaporation front and the fracture
keeps increasing. Drying in case 1 shows no strong lateral bias, as shown
in the evolution of pentane mass center trajectory (Fig. 2b) that the
liquid mass center moves very slightly near the center.

It should be noted that drying pattern is very symmetric, although
the gas flow rate in the fracture is much higher than through the side and
bottom boundaries. Such asymmetric boundary does not induce asym-
metric drying, indicating that neither momentum transfer nor mass
transfer affect fluid perturbation sequence under such low flow rate.
This also matches with the observation that similar drying pattern is
reproduced in the parallel experiment using isoheptane that is more
difficult to evaporate with much longer drying time, as shown in Fig. 2c,
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d.

We thus conclude that evaporation and corresponding thermal effect
can be neglected in this case. We consequently denote case 1 by
“isothermal evaporation” and use case 1 as a reference.

3.2. Case 2: “inside-out” drying

In case 2 (¢qr= 8 x 10~* mL/min Ca = 2.58 x 107, Cas = 0.12), we
observe very different evaporation pattern from that in case 1
(isothermal evaporation). As shown in Fig. 3a, the displacement front
keeps penetrating inside the porous matrix after air invading, without
desaturating the liquid near the matrix-fracture interface. Note that the
irregular penetrating path in our homogeneous porous media is caused
by local capillary instabilities (Edery et al., 2018). Only after drying out
of the deeper liquid, when air saturation is >60%, mild drying at the
matrix-fracture interface starts. During this “inside-out” evaporation,
the mass center keeps moving towards the fracture, as shown in Fig. 3b

By “inside-out”, we do not mean that evaporation literally initiates
from the three closed sides. Here, “inside” and “out” are defined relative
to the fracture-matrix configuration: ‘inside’ refers to the porous matrix
interior, whereas ‘out’ refers to the fracture-side boundary of the matrix.
Therefore, the term “inside-out” does not mean drying from the three
closed outer boundaries, but rather that matrix-interior gas invasion
becomes pronounced before complete local dry-out occurs at the
fracture-side boundary.

The widened peripheral boundaries still promote recession from the
side and bottom closed boundaries in this case at very early stage.
However, unlike the symmetric fluid recession pattern in the low-flow
case 1, the drying pattern becomes asymmetric in y-direction: gas
starts to invade from the fracture side into the matrix interior, while the
liquid near the fracture-porous media interface remains connected and
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Fig. 3. (a) Original experimental image of case 2 at different moments; (b) mass center trajectory during case 2; (c) original experimental image of the parallel
experiment of case 2 using isoheptane at different moments; (d) mass center trajectory during the parallel experiment of case 2 using isoheptane; Dark regions
indicate air-filled pores, whereas light/transparent regions indicate liquid-filled regions. Only the pentane case in panel (a) is classified as inside-out drying; the
isoheptane control in panel (c) still shows a geometry-modified receding-front pattern.
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wet for a much longer time. Simultaneously, the pattern is still highly
symmetric in x-direction. It strongly indicates the dominant role of mass
transfer/phase change and negligible effect of viscous effect (mo-
mentum transfer) in shaping the fluid recession pattern.

This conclusion is further confirmed by the observation of the iso-
heptane control experiment under the same flow rate in Fig. 3c, d, where
the drying front still recedes compactly from the fracture side and three
closed boundaries because of the widened peripheral channels.

3.3. Case 3: convective drying

We further increase the air flow rate in case 3 (gqr = 6 X 107! mL/
min, Ca = 1.94 x 1072, Cas = 87.3), that Cas>>1. The displacement
becomes mainly left to right, while the “inside-out drying” morphology
is only observed in very late time, when liquid loses continuity and
becomes discrete clusters, as shown in Fig. 4a. Under this high-flow
condition, the mass center trajectory shows stronger fluctuations, sug-
gesting that the invasion process becomes more unstable with viscous
effects dominated. Although non-classical morphology persists in Cases
3, the dominant control is no longer identical to that of Case 2 because
viscous air-flow effects become increasingly important.

In the high-flow case, the peripheral recession becomes much less
apparent because the strong imposed air flow rapidly disrupts this
pathway and drives air invasion into the matrix interior. The system
becomes highly asymmetric in x-direction, indicating that viscous effect
is dominant.

3.4. Summary of experimental observations

In above experiments, we vary Ca by more than six orders of mag-
nitudes, that covers major range of concern in most geophysical appli-
cations relevant to flow-through drying. Our major discovery is the
emergence of “inside-out” drying pattern, which appears when evapo-
ration rate is adequately extensive. When Ca is extremely large, how-
ever, viscous displacement effects dominate and the “inside-out” pattern
can only be observed in late time when liquid loses continuity and be-
comes discrete clusters.

To further visualize the temporal evolution of the invasion pattern,
cumulative air-invasion maps are provided in the Supplementary In-
formation (Fig. S5), where the color indicates the first time at which
each pore (or local region) becomes air-invaded. These maps comple-
ment the representative snapshots in the main text and help distinguish
the classical front recession observed in the low-flow cases from the non-
classical inside-out morphology observed in the higher-flow pentane
cases.

(a) _ Sair=0% Sﬂir=20'%’

S, =40% S, =60%

air

I.mm
—_—

Advances in Water Resources 214 (2026) 105367
4. Theory and discussion
4.1. Hypothesis

The evaporation of volatile liquid cools down the fracture-matrix
interface, results in a temperature contrast between the fracture and
deep porous matrix (See Figure S2 for our temperature measurement
using infrared camera). The temperature contrast leads to surface ten-
sion contrast, Act. As do/dT < 0, the capillary entrance pressure (p. =
u%,”) into a pore-throat is higher in cooler region than in warmer region.
The pore-percolation favors the neighboring throat with minimum p,, so
air-liquid displacement prefers warmer direction, i.e., towards the re-
gion far away from the fracture-matrix interface. This evaporation-
induced local cooling and sequential Marangoni effect can rationalize
the “inside-out” drying pattern that we observe in experiments.

Nevertheless, for Marangoni effect to be important in the percolation
sequence, its impact must be comparable or larger than other competing
driving forces. In porous media flow-through drying, displacement
pattern is also determined by 1) throat size distribution, and 2) pressure
gradient resulted by viscous dissipation.

Marangoni effect’s contribution to p, can be quantified by (Aot/0) p;
throat size difference’s contribution to p, can be quantified by (Awy/wy)
pc where Aw; is throat size contrast (fabrication error in this work);
viscous effect can be quantified by dissipation along the distance of a

. dp+wi
pore size, as -+

Ap,is. Only when (Ao7/0) p. is larger than both (Aw,/

wp p. and d’ﬁw‘ Ap,is can Marangoni effect be dominant in shaping the

fluid distribution pattern during flow-by drying.

4.2. Estimation of the effective cooling area A

A simplified experimental model is shown schematically in Fig. 5.
Based on the injected air flow rate the Pe number (Pey) in the fracture can
be calculated as Pe; = "%, respectively. D is the diffusion coefficient of
pentane vapor (D = 9.3 x 10°m?/s (Elliott and Watts, 1972)). For Case
1 and Case 2, Pes is much smaller than 1 so diffusion dominates. At the
much higher air flow rate of Case 3, Peris much larger than 1, indicating
that convection dominates mass transfer in the fracture.

When the injection air flow rate is low, the characteristic diffusion
length of the system is the fracture width (wy), and the vapor takes the
low temperature. Since diffusion is independent of pore structure and
permeability, the diffusion of pentane vapor into the fracture at the
evaporation surface is accompanied by the diffusion of a distant satu-
rated pentane vapor towards the inlet of the injected air, and both have
the same diffusion distance. The area characterized by diffusion at low
injection flow rates is sz, i.e., the effective cooling area for evaporation:

Aef = ZW?.

As the injection air flow rate increases, convection begins to affect
the evaporative heat and mass transfer process in porous media. At this
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Fig. 4. (a) original experimental image of case 3 at different moments; (b) mass center trajectory during case 3. Dark regions indicate air-filled pores, whereas light/

transparent regions indicate liquid-filled regions.
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Fig. 5. Schematic diagram of transversal fracture area in experimental model.

time, the characteristic length of the system along the fracture(l*) is the
sum of the diffusion characteristic length and the convection charac-
teristic length I’. I’ is the distance that the fluid travels through the
fracture at the average velocity during the fracture diffusion time, that is

" — w?, . . e .
' = 777, where 7; = - is the diffusion characteristic time in the fracture

and ¥=1} (1 +pop_—0pv) vair is the average velocity of the fluid in the
transversal fracture. Therefore, when the injected air flow rate is large,
the evaporation characteristic distance along the fracture direction is I*

= ws + I. The effective area of evaporative cooling is A,y = wyl* =

2wf (1 + Peyf), where there is Pe; = V%. We conduct more experiments

with qui; varying from 3 x 10°ml/min to 6 x 10™'ml/min, and all the
observed fluid distribution patterns are shown in Figure. S1.

4.3. Estimation of temperature and surface tension contrast

The temperature contrast in the system can be estimated as AT,y =

K"}"ff , where m, is the mass flow rate of vapor, K is the effective heat

transfer coefficient from the flow channel to the ambient environment,
and A, is the effective cooling area. Accordingly, we can easily estimate
the surface tension contrast induced by thermal effect as Aoy = g—; AT,;.
We here neglect the surface tension contrast induced by pentane
contaminant concentration gradient, Acc = Z%Acest, since we consider
the high purity of pentane ensures highly uniform concentration
gradient during the flowing and evaporating process.

It should be emphasized that the present glass micromodel system
cannot be treated as an ideal adiabatic saturator since it continuously
exchanges heat with both the surrounding glass and the ambient air.
Heat can diffuse through the glass walls and partially replenish the
evaporative cooling during air passage through the fracture. A charac-
teristic comparison between air residence time in the fracture and
thermal diffusion time through the glass is provided in Supplementary
Text S3, which further shows the evident that current system cannot be
treated adiabatically. Therefore, the Marangoni-relevant temperature
contrast is not a constant bulk value determined only by the liquid-air
pair, but a local and transient quantity that depends on evaporation rate,
air flow rate, effective evaporation area, and heat supply from the sur-
rounding glass. As a thermodynamic reference, we also estimate the
adiabatic saturation temperatures of the pentane-air and isoheptane-air
systems under the inlet conditions considered here (detailed calculation
provided in Supplementary Text S3 and Table S1). However, the adia-
batic saturation temperatures are only used as the thermodynamic
reference, rather than as the actual Marangoni-driving temperature
difference in the glass micromodel. The temperature contrast AT, used
in the present regime analysis represents an effective local temperature
difference in the non-adiabatic system.

Assuming ideal air behavior and, as a first-order approximation,
saturated outlet vapor, we get m, = Mgpﬁﬂpljv 4 We also performed a
simple mass-balance check of outlet vapor saturation (see Supplemen-
tary Text S4 and Table S2). The saturated-outlet assumption is most
nearly satisfied for Marangoni case 2. Consider both the heat resistance
across the glass chip and in the ambient environment, we get K = zh%

2

Kair

where kg is natural convection heat transfer coefficient (5-20W/m?%/K
in most practical scenario, and we take 10W/m?/K for estimation).
Based on estimation of evaporating front length along the fracture, we

ywr

have Agy ~ 2w?(1+Pe;) where Pes = is denoted by transversal

fracture Peclect number andv = % (1 + popf“pv> Vairis the average flow rate

along fracture.
4.4. Hypothesis validation and phase diagram

Values of qg;r, relative contribution of viscous effect (M Apyis/pc =

@ Cay, denoted by Cap), AT, and relative contribution of Marangoni
effect Ac1/0, for three cases are listed in Table 1. Remind that Aw,/w; is
2% in the glass microfluidic chip.

The calculation well matches experimental observations in three
cases:

e In case 1, Aoy/oc << Awy/w;, so Marangoni effect is negligible; Ca,
<< Awy/wy, so viscous effect is also negligible.

e In case 2, Aoy/c > Awy/w; >> Cap, so Marangoni effect is stronger
than both pore-size contrast and viscous forcing. This makes Case 2
the clearest Marangoni-related case.

e In case 3, Awy/w; << Acr/c << Cap, so the fluid distribution
evolution is controlled mainly by viscous effect.

Accordingly, we define dimensionless number Mp = (Aot1/0)/(Awy/
wp) to characterize the relative significance of Marangoni effect to pore-
size contrast, and Mv = (Ac71/06)/Ca, to characterize the relative signif-
icance of Marangoni effect to viscous effect. Based on these two in-
dicators, we construct the phase diagram in Fig. 6 as a mechanistic
classification framework. In this framework, the dashed lines Mv =1, Mp
= 1 and Mv = Mp represent the threshold conditions at which the
Marangoni contribution becomes comparable to the competing effects.
Specifically:

e Marangoni-related regime: Mp > 1, My > 1, where Marangoni effect
is stronger than both pore-size contrast and viscous forcing. Case 2
falls most clearly in this regime.

e Isothermal regime: Mp < 1, Mv/Mp > 1, where both Marangoni and
viscous effects are negligible. Case 1 corresponds to this regime.

e Viscous regime: Mv < 1 and My/Mp < 1, where viscous forcing
dominates. Case 3 corresponds to this regime.

We use the liquid mass center offsets as an experimental diagnostic
for regime classification. The normalized center offsets are defined as
Oy = XemerXemin qpd O, = YemeYemn \where L, = 6mm and Ly, = 3mm are

X Y

Table 1
key variables and dimensionless numbers for case 1-4.

Case # qqir (ml/min) Ca, (%) ATes (K) Aoct/c (%)
Case 1 3x10° 0.001 0.016 0.01

Case 2 8 x 107 0.30 3.77 2.68

Case 3 6 x 107" 218.25 34.93 24.77
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Fig. 6. Mechanistic phase diagram in the Mv-Mp space. Here, Mp characterizes the relative importance of Marangoni effect to pore-size contrast, and Mv charac-
terizes the relative importance of Marangoni effect to viscous forcing. The dashed lines My = 1 and Mp = 1 mark the primary threshold conditions between competing
controls, while the diagonal boundary Mv/Mp = 1 separates the viscous and isothermal regimes in the lower-left part of the diagram. The triangle indicates the
Marangoni-related regime, the circle indicates the viscous regime, and the diamond indicates the isothermal regime. Symbols are assigned according to the liquid
mass-center offsets. Regions close to the dashed lines should be interpreted as transition boundaries rather than sharp separations.

the length and width of the porous matrix. We identify cases belongs to
the isothermal regime, when both O and Oy are smaller than 10%. Cases
in Marangoni-related regime have O, < 10% but Oy > 10%. In the
viscous-dominated regime, both Oy and Oy exceed 10% and even larger.
Therefore, M, and M, define the theoretical regime boundaries, whereas
the symbols in Fig. 6 are assigned based on the experimental classifi-
cation criteria derived from the liquid mass-center offsets. Slight dis-
crepancies between the theoretical position and the experimental
classification may occur.

Additional experiments with qg; varying from 3 x 10"°ml/min to 6 x
10~'ml/min show patterns broadly consistent with this framework, as
summarized in Fig. 6.

4.5. Implications and limitations

1) Decoupled drying fronts. The non-classical ‘inside-out’
morphology implies that the evaporation front remains near the
fracture while the displacement front penetrates deeper into the
porous matrix. The clearest Marangoni-related manifestation of this
behavior is observed in case 2, whereas the higher-flow case 3 in-
volves stronger viscous effects. This decoupling maintains air-liquid
contact near the fracture side and delays local dry-out relative to the
classical front-recession pattern. However, this should not be inter-
preted as implying a universally higher global evaporation rate,
because the overall evaporation rate may still be constrained by air
throughput and vapor carrying capacity when the outlet air is close
to saturation. In this sense, the main kinetic consequence of the
inside-out morphology is to reshape the spatial distribution of
evaporation and air invasion, rather than to guarantee faster overall
drying.

Implications for real subsurface fractured media. In real three-
dimensional fractured subsurface systems, heat dissipation away
from the fracture may be less efficient than in the present thin glass
micromodel, so that some local regions could behave closer to an
adiabatic system. Under such conditions, evaporation-induced ther-
mal gradients, and thus Marangoni effects, may become more pro-
nounced. At the same time, the influences of pore-scale

2

~

3

—

4)

heterogeneity and three-dimensional fracture geometry are expected
to be more complex and require more detailed investigation. From a
thermodynamic and geochemical perspective, if non-volatile solute
involves, the decoupled evaporation front and displacement front
may reshape phase separation pattern, or retention within the porous
media, as that during salt precipitation during flow-through drying
in saline aquifer (Giorgis et al., 2007; Rufai and Crawshaw, 2017).
Limitation of fluid system. The relevance of the present pentane-
—air experiments to subsurface water—CO:2 systems or other gas-liquid
combinations should be interpreted mainly at the mechanistic level
rather than as a one-to-one quantitative analogy. The most relevant
physical ingredients are the volatility (or saturation vapor pressure)
of the liquid, the latent heat of vaporization, the sensitivity of
interfacial tension to temperature, the heat supply from the sur-
rounding solid/fluid phases, and the capillary resistance of the
porous medium. Together, these factors determine whether evapo-
ration can generate sufficiently strong local cooling and interfacial
thermal gradients to modify the drying morphology. If evaporation-
induced surface-tension gradients are too weak under a given sub-
surface condition, the specific Marangoni-related behavior high-
lighted here may be weak or absent.

Limitation of geometry and scale. The experiments are conducted
on a 2D microfluidic glass model, which might not fully represent the
complexities of natural subsurface media and engineering porous
media (Xu et al., 2008). Even though the pore heterogeneities in real
subsurface could hinder global thermal equilibrium which contrib-
utes the Marangoni flow, some local places where rocks have higher
thermal conductivity, e.g., carbonate rock is about 4-6W/K/m that
much higher than glass, which may suppress local Marangoni flows.
In addition, the experiments are primarily conducted in ambient
conditions with reachable boundary and complete evaporation, so its
applicability to wider range remains to be tested (Schwartze and
Brocker, 2000; Costa and da Silva, 2003). The scale of experiment
is also not large enough to capture long-term effects, such as the
period that molecular diffusion controls the kinetics. Further effort is
required to clarify its up-scaled behavior, and incorporate it into
numerical modeling and theoretical evaluation methods.
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5) Possible alternative explanations. We further note that other
factors may also influence the detailed drying morphology. First, the
exact outlet saturation state and vapor-removal pathway remain
uncertain, very small leakage or unquantified vapor exchange cannot
be fully excluded without direct outlet measurements. However, gas
leakage is not observed during the experiments, and the gas phase
remains confined within the designed micromodel domain. Second,
wettability effects are not directly measured. Because the micro-
model surface is glass throughout the pore network, we expect large
spatial wettability variations to be limited. Third, pore-scale het-
erogeneity is expected to be relatively small because the internal post
array is nominally homogeneous and the measured internal throat-
size variation is smaller than the widened peripheral boundary re-
gions. Overall, these factors may influence local invasion details, but
the Marangoni-related interpretation is supported by the combined
evidence from volatility contrast, flow-rate dependence, delayed
fracture-side dry-out, matrix-interior invasion, observed evaporative
cooling in the supplementary thermal experiment, and the known
temperature dependence of pentane-air interfacial tension.

5. Conclusion

We demonstrated the significant role of evaporation-induced Mar-
angoni effect during flow-by drying in porous media based on micro-
fluidic experiments and theoretical analysis. It may bring major
consequences in COy sequestration, hydrogen storage, natural gas re-
covery, fuel cell water management and other potential geophysical,
geochemical and engineering applications. It also provides new insights
into the coupling of fluid flow, phase change and thermal effects in
disordered media.

We discovery a surprising “inside-out” drying pattern, for gas flow
rate ranging over several orders of magnitude. We hypothesize that it is
attributed to Marangoni effect, that temperature contrast generated by
evaporation modifies capillary entrance pressure field, thus induces gas
percolation towards warmer and deeper porous matrix. Theoretical
analysis supports this hypothesis, and reveals that Marangoni effect is
competing with viscous effect and throat size distribution in determi-
nation of pore-percolation sequence. We propose a theoretical phase
diagram to identify different fluid evolution patterns (isothermal
regime, Marangoni regime and viscous regime) during flow-by drying in
porous media adjacent to a gas-flowing fracture in the system, which is
further validated by more experiments.

The present results provide mechanistic insight into how strong
evaporation-induced local thermal effects can reshape pore-scale drying
morphology. The “inside-out” pattern during flow-by drying in porous
media adjacent to a gas-flowing fracture may delays local dry-out and
improves gas storage stability than that predicted by classic isothermal
models. More efforts are thus required to upscale it to macroscopic scale,
and incorporate its effects into field-scale models.
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