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NOMENCLATURE
Subscripts, superscripts etc.

A tilde above a letter indicates a dimensional variable; no tilde above a letter
denotes a dimensionless variable

A semicolon separates the group of a function’s arguments into independent
variables and system parameters.

An asterisk (as superscript) indicates a value corresponding to critical flow
conditions

index (subscript) indicating a non-wetting phase variable

index (subscript) indicating a wetting phase variable

i,j,k,m indices

Ca
Jeu

D~ O

QngC/z

N

Physical variables — Latin letters
Capillary number
energy utilization factor, or, energy efficiency
fractional flow
absolute permeability of the porous medium
relative permeability
Macroscopic pressure
non-wetting phase /wetting-phase flow-rate ratio
wetting phase saturation
flow-rate
superficial velocity, or, flow intensity
reduced macroscopic pressure gradient
coordinate length along the macroscopic flow direction
Physical variables - Greek letters
interfacial tension between the wetting and the non-wetting phase
dynamic contact angle for advancing meniscus
dynamic contact angle for receding meniscus
non-wetting/wetting phase viscosity ratio
non-wetting/wetting phase mobility ratio

dynamic viscosity
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Abbreviations
CFC(s) critical flow condition(s)
IDCP Intrinsic Dynamic Capillary Pressure

n/w non-wetting phase /wetting phase
REV Representative Elementary Volume
SCAL Special Core Analysis Laboratory

1 Introduction

Two-phase flow in porous media is a fundamental process underpinning a wide range of
energy and environmental applications, including enhanced oil recovery, CO: sequestration,
geothermal energy storage, groundwater remediation, operation of trickle bed reactors and
fuel cells, etc. The flow system comprises two immiscible phases flowing simultaneously
through a complex network of interconnected pores. In such systems, one of the two phases,
the wetting phase, WP, preferentially wets the solid surface against the other, non-wetting
phase, NWP. The degree of wettability is governed by the physicochemical affinities between
the two fluids and the solid matrix.

In general, the aforementioned processes span a wide range of spatial and temporal scales:
pore-scale phenomena occur at micrometer to millimeter scales, while field-scale behavior
extends from meters to a few hundreds of meters, Figure 1. Correspondingly, the governing
mechanisms must be described within a hierarchical, multiscale framework. At the pore /
microscopic scale, highly nonlinear interactions dominate a variety of intrinsic flow
phenomena, whereas at the macroscopic scales flow is typically described within a
representative elementary volume (REV), where the flow system is treated as an effective
mixture of interacting continua. The flow dynamics are primarily controlled by momentum
transport associated with two competing mechanisms: capillary forces, arising from
interfacial curvature (Young—Laplace / wettability effects), and viscous forces, described by
Navier—Stokes flow within the pore network.

The transition from pore-scale to REV-scale relies on spatial averaging (upscaling),
whereby the ensemble of interfacial and viscous interactions are integrated into
phenomenological constitutive relations. These relations, such as fractional-flow extensions
of Darcy’s law, link average phase fluxes to pressure gradients and form the basis for
continuum-scale modeling and simulation [Dullien, 1992; Bear, 2018]. Importantly, the
definition of an REV is scale-dependent and problem-specific, particularly in multiscale or
multiphysics systems where different flow components may exhibit distinct characteristic
sizes and volumetric fractions.

Albeit two-phase flow in porous media is central to a wide spectrum of energy and

environmental technologies, its macroscopic description remains fundamentally incomplete.
In practice, the phenomenology of steady-state two-phase flow in porous media is recorded in
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diagrams of relative permeabilities obtained through systematic experimental studies in
Special Core Analysis Laboratory (SCAL) interventions. In these experiments, proxy fluid
phases are co-injected through core samples under controlled flow conditions and pressure
drops are measured to infer relative permeabilities via generalized (i.e. multiphase) Darcy-
type relations, Figure 1(c). Advanced imaging techniques, including X-ray micro-computed
tomography (uXRCT) [Georgiadis ef al., 2013; Wildenschild & Sheppard, 2013; Oughanem
et al., 2015; Youssef et al., 2017; Andrew et al., 2015; Pak et al., 2015] have further
enhanced insight into pore-scale flow structures, enabling direct observation of saturation
distributions and dynamic events such as Haines jumps [Berg et al., 2013] or contact angle
variations [Singh et al., 2016]. Downstream the application pathway, the resulting core-scale
REV descriptions are implemented in reservoir simulators for field-scale predictions.

The conventional framework based on fractional extensions of Darcy’s law, rooted in
saturation-dependent relative permeability functions, is also applied in SCAL measurements
that traditionally express relative permeability as a function of phase saturation. However,
theoretical inferences [Valavanides & Payatakes, 2001; Valavanides, 2018(b)], supported by
numerical [Constantinides & Payatakes, 1989; 2000; Valavanides et al., 1998; Blunt ef al.,
2002; Nguyen et al., 2006; Sinha et al., 2017; 2021; Valavanides, 2018(a); Yiotis et al.,
2019], and experimental evidence [Wyckoff & Botset, 1936; Avraam & Payatakes, 1995;
1999; Wildesrschild et al., 2001; Tallakstad et al., 2009; Datta et al., 2014; Youssef et al.,
2014; Riicker et al., 2015; Tsakiroglou et al., 2015; Armstrong et al., 2016; Zou et al., 2018;
Gao et al., 2020; Valavanides et al., 2020, Zhang et al., 2021; Karadimitriou et al., 2023],
indicates that steady-state flow behavior depends not only on saturation, but also explicitly on
flow conditions, particularly in regimes where capillary and viscous forces are comparable,
and disconnected non-wetting phase structures (ganglia and droplets) remain mobile through
dynamic connectivity in intermittent micro-flows [Reynolds et al., 2017; Spurin et al., 2019;
Anastasiou et al., 2024; Wang et al., 2025]. The take away message is that widely used
relative permeability models based on saturation dependency lack universality and often fail
to provide predictive accuracy outside the narrow conditions under which they are calibrated.
These findings motivate the development of flow-dependent constitutive models,
implementing different upscaling approaches, based on pure mechanistic or hybrid
mechanistic-thermodynamic-stochastic analyses [Berg et al., 2026].

SCAL experiments form the cornerstone of industrial practice for characterizing two-
phase flow in natural porous media [API, 1998; McPhee, 2015]. Yet, a critical challenge in
SCAL is the presence of so-called end effects, arising from the abrupt transition from single-
phase flow in inlet tubing into two-phase flow within the porous medium. This transition
induces a spatial reorganization of the flow structure past the inlet, before a fully developed
(FD) state is reached further downstream, Figure 1(c). Consequently, a non-negligible
portion of the core operates under transient or evolving flow conditions (non-fully developed,
non-FD), even when macroscopic steady state appears to have been established. This directly
violates the underlying premise of REV-scale modeling and introduces a latent bias in



144
145
146
147
148
149
150
151
152
153
154

155

156
157
158
159
160
161
162
163
164

165

166
167
168
169
170

Mouravas et al., - Comparative Study of Flow-Rate Dependence and End Effects in Steady-State 2-Ph Flow through Model Pore Networks

measured pressure gradients and inferred relative permeabilities. Despite the efforts to
correctly reproduce the real flow conditions (steady-state or transient, drainage or imbibition,
confining /overburden pressure and temperature) as well as system properties (viscosity ratio,
wettability and other physicochemical properties of the proxy fluids), end effects pose an
inherently critical problem in SCAL. They bias the interpretation of any relation between the
measured values of the physical quantities (pressure gradients, saturation and flow-rates),
thereby compromising the validity of the inferred REV-scale constitutive relations. End
effects may be substantial or not, depending on the extent of the non-FD zone relative to the
core length. Their magnitude depends on flow conditions, fluid properties, as well as pore
network characteristics and overall length, and they are particularly pronounced in low
capillary number regimes.

production
well
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& elon it a (b) Core / REV scale
SR Stream tube,
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Tt AL = (a) Field scale,
10-100 m scale

My

(d) Pore scale N
0.01-1 mm scale

' ’/H r Pous
Flow ’%LnonFD —

Distributor
SiL —>Z I (c) Pore network / core scale
1-10 cm scale

Figure 1 Typical up-scaling / down-scaling implemented in modeling two-phase flow
in porous media. (a) The field scale. (b) The Darcy (or REV stream tube) scale of the
fractional flow, constitutive model. (c) The core, or network scale model, and imposed flow
conditions; the evolution of the flow structure is exhibited by representative size distributions
of the disconnected non wetting phase elements. (d) The pore-scale model whereby the
virtual magnification depicts the internal structure of the composite flow within the core of a
porous medium at the scale of a few pores; the disconnected non wetting phase (in red) is
dispersed within the continuous wetting phase (in light blue).

In that context, end effects distort the trueness of the REV constitutive relations and,
consequently, the specificity of field-scale simulators. End effects are typically treated as
experimental artefacts —to be minimized— rather than as intrinsic features of the flow that
must be quantified and incorporated into modeling frameworks. Crucially, there is currently
no systematic methodology to assess their impact using standard SCAL measurements, nor a
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clear understanding of how they depend on flow regime, wettability, and pore network
geometry.

The present study addresses this gap by pursuing two objectives: (i) to examine if end
effects contribute systematically —and predictably— to the observed flow structure,
particularly in low capillary number and low flow rate ratio regimes, and (ii) to investigate
whether their signature can be extracted from conventional, ex-core measurements alone,
bypassing any direct access to interstitial, pore-scale information.

To achieve this, we extend a precursor study in microfluidic network [Karadimitriou ef al.,
2023] by decoupling the roles of pore geometry and wettability. To this end we deploy
systematic experiments in both periodic and non-periodic microfluidic, planar model pore
networks fabricated from different materials. In parallel, we take advantage of the
transparency of the matrix material and introduce an imaging-based methodology to resolve
the spatiotemporal evolution of flow structures, enabling direct correlation between
interstitial flow structure and external measurements. This approach allows us to identify
characteristic invariants of the flow and to reinterpret SCAL data within a flow-structure-
informed framework consistent with the hybrid mechanistic-stochastic theoretical framework
of Decomposition in Prototype Flows (DeProF) [Valavanides, 2018(b); 2023] (the DeProF
paradigm).

Our study provides evidence that end effects are integral components of the observed flow
response, with measurable impact on REV-scale constitutive relations. This challenges the
conventional interpretation of SCAL measurements in terms of saturation dependency and
calls for a revision of standard protocols, accounting for flow rate dependency of relative
permeabilities. In parallel, it establishes a pathway to infer flow-structure information from
macroscopic observables, and contributes toward the development of flow-dependent, true-
to-mechanism relative permeability models with improved specificity.

The paper is organized in 4 sections, including this introductory section. Section 2
provides the theoretical framework, i.e. a basic analysis of steady-state, two-phase flow in
porous media, and a discussion on the concept of fully-developed flow conditions and end
effects when porous media specimens of finite length are examined. Section 3 describes the
materials and laboratory workflow of the experiments. Section 4 presents the results of study
and discusses the potential for improving SCAL protocols.

2 Basic theoretical framework

For the self-sufficiency of the current work, we present here the basic theoretical framework,
developed by Valavanides [2018; 2023] for the energy and flowrate-dependency analysis of
steady-state two-phase flow in pore networks.

2.1 Basic considerations

Consider the simultaneous, one-dimensional concurrent flow of a non-wetting phase (NWP),
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and a wetting phase (WP), both incompressible through a porous medium (PM). The
variables pertaining to the NWP are indexed with n, whereas those pertaining to the WP are
indexed with w. Note, a tilde (~) embellishment indicates a dimensional variable, otherwise
the variable is dimensionless.

The two phases flow across a porous medium control surface with cross-sectional area, 4,
with flow rates §, and §,, respectively. Average corresponding pressure gradients,
(Ap/AZ),, and (Ap/AZ),, are induced upon the two phases. The term “average” refers to the
representative elementary volume (REV) average. This type of two-phase flow is described
by the set of phenomenological, fractional flow, Darcy-type relations,

Gn _ ~ Kk (Aﬁ) Gw _ ~ K (Aﬁ) ey
A_U_ k A7), and A_UW—~krW A7),

n ~ ™
n I'I'W

i

where,

U, U, are the superficial velocities, fi,, fi, are the dynamic phase viscosities, and k is the
absolute (intrinsic) permeability of the pore network.

The flow rate ratio of the two phases, r, is defined as,
r= qn/dw = ﬁn/Uw ()

and is essentially a kinematic property of the flow.

The mobility ratio, 4, is defined as the ratio of the mobilities,

A _ G/ B)(AP/AD)y 1k (8P/A2), )
T Ues/B)BB/D)y  Klery (BB/AD),,

and is essentially a kinetic property of the flow as it relays to the pressure gradients,
(Ap/AZ);, i =n,w.
where the NWP/WP bulk viscosity ratio, k, is defined as
K = [In/ [y “)
The average intrinsic capillary pressure is

ﬁc(i) = ﬁn(i) - ﬁw(z) (5)
where p,(2), P, (2), are the average bulk pressures in the NWP and WP respectively (see
also [Valavanides, 2023, Appendix I]. This definition is in line with the definition provided
by Bear [2018, Eq. 6.1.1]. Note that Eq. (5) provides a measure of the capillary pressure jump
across the two bulk phase pressures due to the combined effect of Young-Laplace capillary

forces acting across all NWP/WP menisci. So long as the NWP is disconnected, to a larger or
smaller extent, §.(Z) > 0.

2.2 Non-fully and fully developed flow
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When the fluids are co-injected at constant (but generally different) flow-rates, they gradually
evolve from uncoupled, single phase Poisseuille-type flow within the injecting tubes, to a
complex two-phase network-flow system. Downstream the inlet ports, the NWP disconnects
into fluidic elements, i.e. ganglia of relatively large or small size and/or droplets (see e.g.
Anastasiou et al., 2024), that interact with each other and the WP by exchanging momentum
across their interfaces. The interstitial structure of this flow system can be described by an
evolving size distribution of disconnected NWP fluidic elements (ganglia, droplets), Figure
1(c) [Valavanides et al., 1998]. The interstitial flow structure at any position downstream the
entry ports can be described — at increasing levels of resolution — by saturation, fractional
flows of droplets, ganglia and connected pathways (i.e. super-long or percolating ganglia)
and ganglion size distributions [Valavanides, 2018(a)]. The local flow at any cross-section
takes a steady-state, time-average configuration, described by an ensemble of incessant,
instantaneous physically admissible flow configurations or flow microstates [Valavanides &
Daras, 2016, Valavanides, 2018(a)]. As it evolves downstream the inlet ports, it is non-fully
developed. If the network, or the core, is adequately long and relatively homogeneous, then,
far downstream the inlet ports, the flow system will eventually reach a fully developed state,
where the partitioning of NWP among the above-mentioned configurations remains
practically constant with both time and along the main flow direction. Attaining a fully
developed state is not always possible. That depends on the combination of the flow
conditions, the physicochemical properties of the fluids and the structure of the pore network.
Most critical is the role of the relative magnitude of the viscous forces over capillary forces,
and the heterogeneity properties of the network. Exhibits of transitions of interstitial flow
from non-fully developed to fully-developed structures can be found in [Aursjo et al., 2014].

When the flow system has reached a fully developed (FD) state, the local capillary
pressure remains constant and the two local pressure gradients pertaining to the NWP and the
WP, become equal,

@) (6)

Ap\ (AP
fully developed flow: (—) ~ (—) ~ ( _
w AZ

AZ AZ

Therefore, the phenomenological, Darcy type, fractional flow relations that describe the
steady-state fully developed flow become,

R Y
XILEUnZTkrn<E

k Ap (7
I (=)

W o~
and — v, =—
) A w Ly ™w \ Az
and, under such conditions, the common pressure gradient in both phases can be expressed in

reduced form,

Ap/AZ APk

Ap/NzZ APk 1
= (®)
rw

X =-—= — = = —= =
(MP/AD™ ~ AZ4,0, TawCa/k DzZf,0,

where
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(Ap/AZ)1? is the pressure gradient corresponding to an equivalent saturated single-phase
flow (1d) of the WP at the same superficial velocity U,

Ca is the capillary number, conventionally expressed as

_ w0

]771 w

Ca

©)

where ¥,,, is the interfacial tension between the two phases. This particular expression is only
nominal; it fails to capture the true physics behind the definition of the capillary number, as
the ratio of the viscous to the capillary forces, especially when both phases are mobile. Please
note that this expression is strict /correct only when the saturation of the NWP is approaching
zero and the sparse disconnected NWP elements are immobile. In case of two-phase flow, the
expression in eqn (9) fails to account for the viscous forces, from the bulk flow of both
phases, as well as the effective capillary forces due to the motion of the n/w menisci through
the tortuous network. The issue has been discussed in [Valavanides, 2018(b)] where he
introduced the concept of an effective capillary number, and recently by [Yang et al., 2026].

Note that, by definition, the reduced pressure gradient is essentially the inverse of the
relative permeability of the WP [see far right side of eqn (8))]. Moreover, the set of
superficial velocities in eqs (7) may be appropriately reduced and replaced by a set of
dimensionless variables, namely, the capillary number, Ca, eqn (9), and the NWP/WP flow-
rate ratio, 7, eqn (2).

At steady-state conditions, if and only if the flow is fully developed (FD), i.e. there are

either no capillary end effects or these can be considered to be negligible, the flow-rate ratio,
r, becomes equal to the mobility ratio, A.

Uy 1k
FD flow: r_U_w:;krw

=1 & ke =krkyy (10)

In fully developed flows, because of the common pressure gradient, eqs (7) or (8) and the
equivalence between flow-rate ratio and mobility ratio, eqn (10)), relative permeability
curves intersect at a fixed value of the flow-rate ratio, the so-called relative permeability
cross-over value, r,.. The latter is equal to the inverse of the viscosity ratio [Valavanides,
2023],

e =1/k (11)

This inherent characteristic of steady-state, fully developed flows, egs. (10) and (11), may
be used in assessing the presence of capillary end effects when reviewing relative
permeability data collected during SCAL. If the imposed flow-rate ratio values, r;, and the
corresponding measured mobility ratio values, 4;, are equal, then fully developed flow
conditions have settled-in and end effects are considered to be negligible. Ideally, in absence
of end effects, then, all pairs of {r;, A;} align on a straight line with inclination 1:1. In
practice, when SCAL measurements are examined, the equality expressed by eqn (10), could
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be used as a soft criterion in verifying the absence or negligibility of end effects. We have
applied this criterion in the current study.

2.3 Energy efficiency & independent variables

The energy efficiency of the process is defined [Valavanides, 2018(b)] as the flow-rate of the
NWP per unit of total hydraulic power spent, or equivalently, provided externally to the
NWP/WP/PM system by the injection pumps, to maintain two-phase flow at any set of
externally imposed flow conditions, i.e., Ca and r. The associated energy efficiency index,
fru, can be readily calculated in terms of macroscopic measurements, as

ki rkyy r

fEU:K(r+1):r+1:x(r+1) (12)

An important characteristic of two-phase flow in porous media is that for every fixed
value of the capillary number, Ca, there exists a single value of the flow-rate ratio, »*, for
which the energy efficiency index, fgy ", attains a maximum value [Valavanides et al., 2016].
Moreover, for every two-fluid / pore network system, a unique locus of energy efficiency
maxima is formed, r*(Ca). The flow conditions that correspond to the r*(Ca) locus and
minimize the total energy dissipation per unit of NWP flow-rate, are called critical flow
conditions (CFCs). The critical energy efficiency index, fz; (Ca), and the associated locus
of CFCs, r*(Ca), provide a strong tool for flow analysis and characterization [Valavanides,
2018(b)].

2.4 Universal relative permeability scaling form, incorporating flow-rate dependency

The DeProF (Decomposition in Prototype Flows) model is a hybrid mechanistic-stochastic
model for predicting the dimensionless macroscopic pressure gradient, x, in immiscible,
steady-state two-phase flows through pore networks. It integrates pore-scale interfacial
dynamics and network-scale cooperative phenomena to estimate the effective conductivity of
different pore unit cell classes in a stochastic approach. Utilizing effective medium theory
and ensuring pore-to-macro-scale consistency for non-wetting and wetting phase mass
transport, DeProF formulates an implicit algebraic expression linking x to key system and
flow parameters: capillary number, Ca, flow-rate ratio, r, viscosity ratio, k, dynamic
advancing and receding contact angles (04,0g), and a set of parameters describing pore
network geometrical and topological characteristics. Extensive simulations with the DeProF
model algorithm have mapped the flow regime dependencies across five orders of magnitude
in Ca and r, for nine different viscosity ratios [ Valavanides, 2018(a)].

Based on the DeProF simulations it was possible to infer a universal description of the
dependence of the reduced pressure gradient, x(Ca, ), on the capillary number, Ca, and the
flow-rate ratio, r, expressed by the universal scaling form [Valavanides, 2023],

x(logCa,logr) = A(logCa) + kr (13)
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whereby the effects of capillarity and viscosity are partitioned in two decoupled terms. The
linear term describes the fractional contribution of the bulk viscosities through the viscosity
ratio, k. The non-linear term, A(log Ca), is the Intrinsic Dynamic Capillary Pressure (IDCP)
function; it accounts the capillarity effects associated to the physicochemical properties of the
two-fluid system and the pore network, i.e. wettability (dynamic receding and advancing
contact angles) and pore network geometry, at different flow conditions. In particular, the
IDCP function, A(log Ca), is a characteristic property of the NWP/WP/PM flow system. The
term dynamic in IDCP is used to indicate that capillary pressure is evaluated at different flow
conditions — not in static equilibrium [Valavanides, 2023].

In the present work, we perform a SCAL study and recover the IDCP function, A(log Ca),
specific to the two-fluids/pore network systems under consideration.

3  Materials and methods

3.1  Microfluidic model networks and fluids

Three model pore networks were used in the study. All micromodels are 2,5D planar with a
three-dimensional pore structure. The pore structure of the median plane section of the
micromodels is exhibited in Figure 2. Two of the network models have a periodic structure
(see following paragraphs), one is non-periodic. For quick reference, the codification of the
network geometry is “P” for periodic and “NP” for non-periodic.

Two of the model pore networks (denoted as PDMS-P and PDMS-NP) were produced
using Poly-Di-Methyl-Siloxane (PDMS) implementing optical and soft lithography
techniques [Xia & Whitesides, 1998; Karadimitriou et al., 2013]. The third model pore
network (denoted as Glass-P) was produced using glass by chemical etching techniques
[Wegner & Christie, 1983; Avraam, ef al., 1994].

The three model networks are referenced by combining the attributes to the matrix
material and the periodicity characteristics, i.e. PDMS-P, Glass-P and PDMS-NP (Figure 2).

The pore network in the PDMS-P and Glass-P models is periodic in both principal
orthogonal directions; it is made by tiling-up a basic network element in both directions; 3
periods along the longitudinal axis which is also the superficial flow direction, and 2 periods
across the transverse axis. The pore size range is [75-250] um, with a mean size equal to 180
um. That range pertains to the diameters of circles inscribed in the various pores; the latter
comprise the void space between the aforementioned cylindrical pillars (“grains”). Because
of the particular geometric configuration there is no clear /nominal characterization of pore
bodies as ‘“chambers” or “throats”. A conventional dimensional delimiter could be the
average diameter of inscribed circles; any pore with larger nominal diameter could be
considered as chamber, whereas a pore with smaller nominal diameter as throat. As per
connectivity, there are no dead-end pores, apart those residing at the sides of the network —
parallel to the longitudinal flow direction.
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The PDMS-NP geometry is designed following a standard spectral method, where a matrix of
independently distributed Gaussian random numbers is generated in a 2D regular grid and
transformed into the (spatial) frequency domain using a 2D Fast Fourier Transform (FFT)
(see e.g. Yiotis et al., 2019). A spectral filter, derived from the Fourier transform of the
selected covariance model, is then applied to impose the target spatial correlation. Depending
on the selected model, the resulting structure is controlled by a characteristic correlation
length(s), Ag, and, where applicable, additional shape or smoothness parameters, which
govern the continuity, roughness, and multi-scale character of the solid phase. The filtered
field is inverse FFT-transformed to real space to obtain spatially correlated values (i.e., a
latent continuous random field). A threshold based on the target porosity, ¢, is then applied
to classify voxels as solid (1) or void (0) and to thus generate binary pore structure (simulated
porous medium). For this contribution, we employ an exponential spatial correlation kernel
with a correlation length equal to 350um. The top-view porosity of the domain is set equal to
¢ = 0.7, while the average obstacle size is 0.14mm? and the media is 0.027mm>.

5x2 mm

P v: g igg,;%sh «f@
sy E@@?ﬁr@&ﬁ\@ L\,\ e r/}b{g
SR PDMS-NP

5 ”&F?uszfg ey
2 fﬁ%ﬁzﬁw% ) K%%

Figure 2 Mid-plane section of the microfluidic networks (in-scale) used in the co-
injection experiments and schematics of the syringe pumps. The fluids are co-injected
through the inlet micro-channeling and the immiscible flow is collected at the exit. Top: the
periodic (P) networks made of PDMS and glass; bottom: the non-periodic (NP) network
made of PDMS.

Due to the different manufacturing processes between the PDMS and Glass networks,
there are differences in the out-of-plane layout of the pore (void) network. Both the PDMS
networks (PDMS-P and PDMS-NP) have an orthogonal geometry. In the PDMS-P network
circles correspond to the planar cross-sections of the PDMS cylinders (solid pillars of circular

12



394
395
396
397
398
399
400
401
402
403

404
405

406

407
408
409
410

411
412
413

414
415
416
417
418
419
420
421
422

423

Mouravas et al., - Comparative Study of Flow-Rate Dependence and End Effects in Steady-State 2-Ph Flow through Model Pore Networks

cross-sections) connecting the two parallel plates confining the flow. In the PDMS-NP
network, the vertical pillars connecting the two horizontal plates (bottom and top) have a
prismatic geometry of irregular cross-section. In that context, any cross-section perpendicular
to the horizontal (mid-) plane in any the two PDMS networks comprises orthogonal sections
of void and solid spaces. The effective, overall dimensions of the PDMS-P network are
10mmx*20mm. The depth of the porous structure, in the PDMS-P and PDMS-NP networks is
constant throughout the entire pore space and the surface is smooth. The depth in the Glass-P
network has some degree of irregularity with surface micro-roughness due to the
implemented chemical etching technique. The basic geometric configuration of the three
models is given in Table 1.

Table 1 Basic geometric configuration of the three model networks used in the study.

Network geometric properties PDMS-P Glass-P PDMS-NP
Length, L [mm] 20 20 38
Width [mm] 10 10 13
Depth [um] 43 ~36 56
Nominal height of chip plate 54 45 70
[pm]
Average surface cross-section —7 _7 _7
(void), 4 [m’] 43x10 3.5x10 1.4 x 10
Median plane area porosity 0.45 0.45 0.7
Abs. Permeability, k [m?] 1.18x10™"! 0.68x10™" 1.04x10™"

The absolute permeabilities of the three networks, taking into account the inlet/outlet
micro-channel network, were measured by injecting a single phase and implementing the
saturated flow Darcy expression. Measured values of absolute permeabilities are given in
Table 1. Together with the average void surface of the cross section (perpendicular to flow).

The two immiscible fluids are injected through the inlet micro-channeling with
predetermined fluxes, §,,q,,. The immiscible flow exits the network through the outlet
micro-channeling at atmospheric pressure.

The fluids used in the experiments were deionized water dyed with ink, and Fluorinert™
FC-770. The basic physicochemical and wettability properties of the fluids are presented in
Table 2. The addition of the dye in water has practically no effect on its viscosity and
density, as confirmed by relevant measurements. Note that the wettability of the two fluids
changes with the material of the network matrix (solid phase), i.e. PDMS is hydrophobic and
wetted by the Fluorinert™ FC-770, whereas Glass is hydrophilic and wetted by the dyed
water. Wettability of the two-fluid and pore network system is described by the dynamic
advancing, 04, and receding, Og, contact angles. Nominal values have been roughly
estimated from visual observations of the recorded snapshots.

13



424

425

426

427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442

443
444
445
446
447
4438
449
450
451

452

Mouravas et al., - Comparative Study of Flow-Rate Dependence and End Effects in Steady-State 2-Ph Flow through Model Pore Networks

Table 2  Basic physicochemical properties of the proxy fluids used in the study.
Density Dynanpc Interfgmal Solid
VISCoSIty tension
Fluids & physicochemical - N s

properties p i Vrw PDMS Glass

[kg/m’]| [mPas] [N/m]
Fluorinert " FC-770 1793 1.359 ssx10® WP NWP

Deionized Water + Dye 1000 1.00 NWP WP

Advancing cont. angle, 0, [deg] 5445 | 4143
Receding cont. angle, 0y [deg] 4545 | 35+4

3.2 Experimental set-up and procedure

The experimental set-up is identical to that already used in the precursor study using the
PDMS-P network [Karadimitriou ef al., 2023]. The two fluids were co-injected independently
at predetermined volumetric fluxes, using two CETONI™, neMESYS 1000N, DC-motor
driven syringe pumps, combined with a BASE120 module. Inlet pressures per phase were
measured with a set of Elveflow™ MPS sensors, depending on the values of the expected
pressure build-up during the injection and the desirable /acceptable measurement accuracy.
Both syringe pumps, and logging of the pressure readout values were controlled with
QMixElements™. Sampling and recording of the pressure values at the inlet port for each
phase was set at rates of 10 Hz. The entire flow system was visualized using an open-air
microscope, with a monochromatic camera, Basler™ 5 Mpx, 23 fps, acA2440-20gm. The
purpose of visualizing the interstitial flow was for cross-checking between the structure of the
flow, the read-outs from the pressure transducers, and the injected fluxes, in order to trace
when the interstitial flow has reached steady-state (see procedure cycle steps in the following
paragraph). Snapshots of the interstitial flow structure were captured at frame rates between
15 and 1 Hz, depending on flow conditions. The resolution was set at 8um/pixel, adequate to
observe pore-scale events.

The procedure followed for each experiment included a complete cycle of co-injecting the
two phases at constant WP volumetric flow-rate, but with successive increases of the NWP
flow-rate. The protocol followed was identical for all experiments in the three model
networks as in the precursor study [Karadimitriou et al., 2023]. For every i-experiment a
fixed capillary number value, Ca;, is maintained, whereas the flow-rate ratio takes successive
J-step-up values, ;. The domain of flow conditions covered in the experiments is depicted in
Figure 3. A total of 44 constant-Ca experiments were performed; 13 in the PDMS-P
(i=1{1,..,13}), 19 in the Glass-P (i = {1, ...,19}), and 12 in the PDMS-NP (i = {1, ...,12}),
model networks, covering a range of 3x3 orders of magnitude on Ca and r values.
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Figure 3 The domains of steady-state flow conditions examined in the study. Markers

indicate values of the capillary number, Ca;, and flow-rate ratio, 7;. The dashed arrow
indicates the direction of increase of the flow-rate of the NWP (at fixed Ca;) for all

experiments.

The typical cycle in every i-experiment comprises the following steps:

1.

The micromodel is initially fully saturated with the WP.

2. The WP is injected at a fixed volumetric flow-rate in order to maintain a constant

value of the capillary number, Ca;, during the entire cycle of the experiment.

The volumetric flow rate of the non-wetting phase (NWP) is initially set to
approximately one-tenth of that of the wetting phase (WP). It is then increased in
successive steps (approximately 9—12 increments). After each incremental increase in
the NWP flow rate, sufficient time is allowed for the interstitial flow to attain steady-
state conditions. Steady state is identified when the time-averaged pressures of both
phases exhibit kinetic stabilization, characterized by small oscillations around
constant mean values (Figure 4). Subsequently, the interstitial flow is visually
evaluated in terms of saturation and pore-scale dynamics to confirm stabilization or to
verify that any remaining fluctuations follow a consistent, short-period cycle.
Following this assessment, the volumetric flow rate of the NWP is further increased in
a stepwise manner.

After successive repeats with progressive stepwise increments of the flow-rate of the
NWP, until a flow-rate ratio value r > 10 is reached, the experiment for that constant-
Ca value stops.

The system is then reconfigured and a new cycle is deployed pertaining to a new Ca
value.

3.3 Data logging and management

For each run at constant §,, and §,, the values of flow-rates and gauge pressures at the inlet

ports for each phase, were sampled and recorded (as described in 3.2). A typical evolution of
the two flow-rates and pressures at the inlet ports is depicted in the diagram in Figure 4.
Please note that, the time axis (horizontal) and the flux axis (vertical, right) are logarithmic
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whereas the pressure axis (vertical, left) is linear.

PDMS-P, FC770, g, = 0.050, §,, = 0.080 [ml/min]
k=0736, Ca=6101x10"%  r=0.625
110 0.012

90

p 70 0.008
[mbar]
q
e [ml/s]
13" F’W
n - <~”> - (NPW> 0.004
=T On - qw
10 0.002
M - o e = = =IO 0MmT T T 100
10 Time, t [s] 0
Figure 4 Typical, time evolution of the inlet pressures (circle and cross markers, left

axis) for a typical co-injection of the two phases at predetermined volumetric flow-rates
(dashed lines, right axis). The two arrows indicate the time averaged pressures when the flow
has reached steady-state. Please refer to the main text for details.

Pressure values are indicated by markers; flow-rates are indicated by lines. In particular,
pressure values measured at the inlet port are indicated by the small circle markers (red, O)
for the NWP and by the small cross markers (blue, x) for the WP. The compact line (blue, __
) indicates the volumetric flow-rate for the WP, §,,, and the dashed line (red, __. ) for the
NWP, §,,. The step in the NWP line indicates the imposed increase in volumetric flow-rate
succeeding the previous co-injection set-up. The long horizontal arrows, pointing to the
pressure axis on the left, indicate the average pressure values, or “endpoint pressure values”,
calculated when interstitial steady-state conditions settle-in. Time-averaging is taken over the
time interval delimited by the two pairs of large crosses over a selected interval, delimited by
the two cross markers (%), red for the NWP and blue for the WP pressures. Delimiting this
time interval for every examined flow set-up, (Ca,r), follows after identifying some form of
stabilization in the corresponding pressure log diagram. Then, the average (endpoint)
pressures, {P,), (P, ), are automatically calculated. Finally, the pressure gradients for the WP
and the NWP are then readily calculated as

(Ap/A2); =(P)/L, i=nw (14)

Typical, time evolution diagrams, pertaining to entire cycles of constant-Ca experiments
in the Glass-P network, are also presented in Figure 5. Again, the measured pressures at the
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inlet ports are indicated by the small circle markers (red, O) for the NWP, and by the small
cross markers (blue, X) for the WP. The compact line (blue, ——) indicates the WP
volumetric flow rate, §,,, dashed line (red, — —) for the NWP, §,,. Please note, the time scale
is now linear. As in the diagram in Figure 4, we may observe a time delay until quasi steady-
state conditions settle in after each flow rate step-up.

We may also observe that the magnitude of the pressure fluctuations, as well as the time
delay and the minimization of the associated fluctuations, depend on the imposed co-injection
flow rates, i.e. the (Ca,r) values. In the three diagrams in Figure 5, starting from a low
capillary flow at Ca =7.407 X 1077 (top diagram) and moving to intermediate,
capillary/viscous, at Ca = 2.694 x 10™® (middle), and then to viscous flow, at Ca =
4.377 x 10~> (bottom), we may observe an (expected) systematic progressive decrease of
the aforementioned time delay accompanied by a similar decrease in the magnitude of
pressure fluctuations around the endpoint pressure average.

120 £ 1E+00
Glass-P, FC770, k=1.359, Ca=7.407x107 Pn [mbar] Pw [mbar] :

— —aqn [ml/s]

——aqw [ml/s] £ 1E0

L 1E02
£ 1£03
L 1E0
G G | 1205
[mi/s] ¢
e Time, t 5] e 1606
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000

300 ¢ 1E+00
Glass-P, FC770, k=1.359, Ca=2.694x10°® Pn [mbar] Pw [mbar] f
— —aqn [ml/s] ——qw [ml/s] £ 1EO1
P, P '
200 4 M ¥ 1E-02
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E1E03
100 - o s s o 1E-04
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700 | Glass-P, FC770, k=1.359, Ca=4.377x10° Pn mb Pw fmb
[mbar] 'w [mbar] A 1£o1
600 PP — — an[ml/s] — qw [ml/s]
500 [n';/ba\r"] | 1E0
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800 - i 1E-04
200 FI7]
100 misl | 1eos
) 8 I S e s Time, t[s] 1E-06
0 150 300 450 600 750 900 1050 1200 1350 1500 1650 1800 1950 2100 2250 2400 2550
Figure 5 Typical, time evolution diagrams pertaining to experiments of steady-state co-

injection at 3 different Ca in the Glass-P network. The measured pressures at the inlet ports
are indicated by the small circle markers (red, O) for the NWP, and by the small cross
markers (blue, X) for the WP. The compact line (blue, ——) indicates the WP volumetric flow
rate, §,, dashed line (red, — —) for the NWP, §,,.

99 €¢

The characterizations “capillary”, “capillary/viscous” and “viscous” are not arbitrary; they
can be confirmed by referring to the compound diagrams in Figure 11 whereby the afore
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referenced Ca values are traced in the initial phase, the growth phase (sharp upward slope in
the middle) and the plateau phase (flattening-out) of the sigmoid curves delineating the
maximum values of the energy efficiency of the process (section 4.2). A similar trend can be
observed between the successive increments in the flow-rate ratio for every constant-Ca
experiment. Albeit spanning over different regions in the Ca domain, this decay trend is
systematic for all the systems examined (PDMS-P, Glass-P and PDMS-NP). It is an
indication of flow hysteresis associated with geometrical/topological reconfiguration of the
flow structure of the disconnected NWP until a local energy minimum is reached [Cueto-
Felgueroso & Juanes, 2016; Riicker ef al., 2021].

Indicative snapshots of the interstitial flow structure evolution are presented in Figure 6
for two co-injection experiments at Ca = 2.694 X 107® and Ca = 6.397 X 107> in the
Glass-P model network. The WP (Deionized Water + Dye) is black, and the NWP
(Fluorinert™ FC-770) is transparent (“white”).

1s 8s 155 30s  75s  135s  300s 343 s

Figure 6 Selected snapshots from steady-state co-injections, Glass-P network. WP is
black, NWP is transparent. Flow direction is from left to right. Numbers indicate time lapse
from injection start. (a) Ca = 2.694 x 10~° (140-5000 s) (b) Ca = 6.397 x 1075 (1-1000 s).

The flow segregation observed in the snapshots in Figure 6(b), pertains to WP injection at
high Ca values. The fraction of segregation, between the WP (black) and NWP (transparent),
increases with increasing flow-rate ratio. The snapshots on the 1% row in Figure 6(b), record
the initial moments of co-injection of the NWP with flow rate ratio r = 1.7/9.5 = 0.18;
while those on the 2™ row indicate the flow structure during the successive flow-rate step-
ups. Flow segregation may be attributed to poor flow mixing downstream the two inlet ports
as well as, self-structuring of the interstitial flow to adapt to the entry flow (initial)
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conditions. The latter is compatible with reduction of energy dissipation for the imposed flow
conditions at high Ca and moderate to high r values. Flow mixing by disconnection of the
NWP creates menisci, these increase pressure gradients and, consequently, energy dissipation

Increases.

In the same context, in an effort to correlate the evolution of the interstitial flow structure
with the evolution of the pressures, we calculated the primary statistics (mean, cumulative
mean, standard-deviation, skewness) and selected probabilities of the grayscale intensity for
each recorded frame and for a variety of flow conditions at different networks. A typical time
evolution of the aforementioned grayscale intensity primary statistics is presented in Figure
7. The diagrams pertain to the flowrate ratio co-injections within the Glass-P model network
at Ca = 6.397 X 1075 In that figure, the time evolution of the measured pressures (top
diagram) is exhibited against the evolution of primary statistics (middle diagram) and
selected probabilities of the grayscale intensity (bottom diagram).

900 £ 1E+00
800 Glass-P, FC770, k = 1.359, Ca = 6.397 x 1075 . Pn[mbar] Pw [mbar] r___w ;
700 | P, Py, — - an[ml/s] — qw [ml/s] ¢ e
600 | [mbar] g L 102
' 1E-03
Ao G
(mi/s] | 1E9%
1E05
0 I I I I I | ! ] } | Time, t [s] 1 | 1 I I | | I 1E06
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1.0
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Figure 7 Direct comparison of time evolution diagrams pertaining to the entire

experiment of steady-state co-injection at Ca = 6.397 X 10~> in the Glass-P model network.
Top — Pressure values measured at the inlet port, similar to diagrams presented in Figure 5.
Middle —-Time evolution of the grayscale intensity primary statistics (mean, cumulative
mean, standard-deviation, skewness) for each recorded frame pertaining to the entire
network. Bottom — Selected probabilities of the grayscale intensity for each recorded frame.

The above statistics show when in the timeline a steady-state has been reached for each
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flowrate bump-up under constant-Ca. The most significant index among the primary statistics
seems to be the skewness coefficient (and the probability of grayscale intensity at 0.5, i.e.
exactly between black and white color intensities), which is more sensitive compared to the
mean and the standard-deviation for this type of experiment.

4 Results

The pair of pressure gradient values, {(Ap/AZ),, (Ap/AZ),,}, was used to calculate the
corresponding pair of relative permeability values for the NWP and WP, {k,.,, k;-,}, from eqn
(7). We need to stress here that we have considered the general condition that the flow may
not be fully developed, therefore the NWP and WP pressure gradients would not be
necessarily equal. In such general condition, (Ap/AZ),, # (Ap/AZ),,; therefore, the pairs of
NWP and WP relative permeability values, {k,, k-, }, Were calculated using eqn (15)

R R 1" N
™m T . 7] ) ™w T o 7]
€(5), £, "

The collected relative permeability values per constant-Ca experiment were plotted
against the corresponding values of the flow-rate ratio, r, together with the corresponding
values of energy efficiency, fry, eqn (19), and mobility ratio, 4, eqn (3). A total of 44
diagrams each per constant-Ca experiment are plotted. Due to space limitations
representative diagrams spanning the entire region of constant-Ca experiments are presented
in Figure 8.
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Figure 8 Indicative diagrams of relative permeability for the NWP and WP (k,.,,, m, and
k., a), energy efficiency, fry (), and mobility ratio, A4 (x) in terms of flow-rate ratio, r. The
diagrams are grouped according to network type. Within each group, diagrams are arranged
in order of increasing capillary number, Ca, progressing from left to right and from the top to
the bottom row. Each diagram corresponds to a constant- Ca experiment. The vertical dashed
lines denote the cross-over flow-rate ratios for relative permeability, as predicted by eqn (11).

4.1 Relative permeability scaling incorporating flow-rate dependency logging and

management

We proceed with revealing the flow dependent, relative permeability scaling for the steady-
state two-phase co-injections in the three microfluidic pore networks.

Considering the flow is fully developed, we calculated the reduced pressure gradient,
x = 1/k;, i.e. the inverse of the relative permeability of the WP using eqn (8). The entire
set of x values is plotted in terms of the flow-rate ratio, », in the top-row diagrams and in
terms of the capillary number, Ca, in the bottom-row diagrams in Figure 9.

In particular, the values of reduced pressure gradient, x, are displayed in terms of logr, in
groups of constant- Ca values. Note that with increasing 7, there is an obviously systematic,
asymptotic trend in aligning to the dashed, inclined line towards a virtually decoupled flow
state. That is described by
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Asr — oo, logx =logk +logr © x =kr (16)

The inclination of the dashed line in the three log-log, top-row diagrams in Figure 9, is
equal to 1: 1, and its pivot (marked by o) is located at {1, k}.

In the bottom-row diagrams in Figure 9, the values of reduced pressure gradient, x, are
displayed in terms of log Ca, and lined-up in vertical rows of constant Ca. Within the same
row, markers depict different values of the flow-rate ratio, . As not all experiments were run
on the same flow-rate ratio values, it is not possible to group the x-values into r-classes.

Again here, we may observe the tendency (a confluence) of the markers to converge and
align — in an asymptotic manner — towards the inclined, dashed line (in red). The trend is
described by

logCa < 0,logx =logk — log Cpyy, —logCa & x = K/(Cmea)
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Figure 9 Reduced pressure gradient (inverse WP relative permeability) values in terms

of r for constant Ca values (top row), and reduced pressure gradient values in terms of Ca for
different r values (bottom row), for the three NWP/WP/PM systems examined in the study
(periodic networks PDMS-P, left column, Glass-P, center column, and non-periodic networks
PDMS-NP, right column.

The functional form of this asymptote is given by an expression, up to a constant value,
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Cpm, associated to the NWP/WP/PM system [Valavanides, 2023]. The line asymptote has a
negative inclination with slope equal to -1. For the available set of data displayed in the
bottom row diagrams, we have used arbitrary, best-guess, constant values log Cp,y,, to pivot
the line along the Ca axis at Capy, = k/Cpp. The pivot is indicated by the thick red cross
marker (+) in each diagram. By increasing these values but keeping the negative inclination
equal to 1: 1, the dashed lines (asymptotes) are transferred in parallel to the left, at lower Ca
pivot points, and vice versa. The “best guess” values used to pivot the asymptotes in the
diagrams do not have an effect on the following. To estimate the C,,, values more precisely,
we need to have more data and, most importantly, the data should pertain to capillarity
dominated flows, i.e. to flows at low Ca values, close to the confluence region of the data
markers. The recovery of the correct Cp,, value for a certain system is essentially a “dynamic
network-typing” procedure. That is because the value of C,,, is associated to the interaction
between the structure of the pore network and the wettability of the two-fluid system — the
dynamic advancing and receding contact angles and the associated dynamic hysteresis.

The trend in the diagrams in Figure 10 is similar to the trend observed in the DeProF
model simulations [Valavanides, 2023] pertaining to a virtual sandstone network model. The
same trend is observed in a similar diagram, pertaining to the lab study on a natural sandstone
core [Valavanides et al., 2020]. Recall that the inclined asymptotes describe or delineate the
domain of flow conditions whereby the compound flow resistance, attributed entirely to the
bulk phase viscosities, is partitioned on complementary volume fraction rations, namely,
saturation. And it is only at those high flow-rate conditions (high-Ca) that relative
permeabilities can be expressed in terms of saturation in a “saturation-dependency” fashion.
Similar observations have been reported by Chevalier et al. (2015) albeit for the case of
desaturation curves, i.e. when the WP is sweeping the NWP. A similar trend is observed in
the very low-Ca regime (capillarity dominated flows); nevertheless that trend is a bit fuzzy as
it depends strongly on the distribution of the menisci of the stranded ganglia within the
network. That, on its turn, indicates history dependence.

In order to describe the steady-state two-phase flow in the particular microfluidic system,
in the form of the universal scaling function eqn (13), we need to reveal the associated kernel
function, A(logCa), namely the Intrinsic Dynamic Capillary Pressure (IDCP) curve
[Valavanides, 2023]. In essence, the IDCP represents the contribution of the capillary
resistances within the overall flow resistance in any particular two-fluid and pore network
flow system —hence the adjectives “intrinsic” and “dynamic”. To reveal the IDCP for each
examined system we have implemented the fitting procedure described in [Karadimitriou et
al., 2023].

In the diagrams in Figure 10, we plot the A; values calculated in terms of Ca;, via eqn
(13). The small black circles mark the IDCP values, A;j, per r;, aligned into rows of constant-
Ca; groups. Average values of A; = (A4;;) per constant-Ca; are marked with large red circles.

These are fitted by a power law (red dashed curve),
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logA = aCa™® (18)

The power law indicates that, asymptotically, as Ca — o, A(log Ca) decays to 1, therefore
eqn (13) becomes x = 1+ kr, and the saturation dependency is recovered, yet in an
asymptotic fashion, for the viscous flow regime. The values of the fitting coefficients a, b are
exhibited in Table 3. Optionally, the standard deviations of the A;;, values per constant-Ca;,

can be weighted-in to the square of errors to improve the power law fitting.
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Figure 10 Intrinsic Dynamic Capillary Pressure function, A(Ca), eqn (13), in terms of
the capillary number Ca.

Table 3 Power law fitting coefficients of the IDCP curve for the 3 two-fluid/network
systems examined in the study.

Fitting Coefficients, eqn (18)
PDMS-P Glass-P PDMS-NP
logA =aCa™®
a 0.0052 0.0091 0.0024
b 0.4079 0.3535 0.4637

4.2  Energy efficiency & critical flow conditions

Energy efficiency analysis is a complementary method to reveal latent systematic trends and
get a better image of the interstitial flow structure within the two-fluid/pore network systems
examined in the study. Moreover, it can be used to identify characteristic differences in the
three examined flow systems.

We have calculated the energy efficiency index values using the nominal expression, eqn
(12), but instead using the flow-rate ratio, we used the mobility ratio, A, therefore,

ARy

Jeo =751

19)

In that context, the interstitial flow was described by the kinetic [eqn (19)] rather than the
kinematic [eqn (12)] definition of the energy efficiency index.
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The compound diagrams in Figure 11 provide the results of the energy efficiency
analysis, implementing eqn (19), In particular, the diagrams in Figure 11, display two sets of
data.

Focusing on the lower part of the diagrams in Figure 11, sets of small, light grey circles
indicate the values of energy efficiency, {r-, fev.i j} per constant-Ca; experiment (with
reference to the collection of diagrams in Figure 8).

For every constant-Ca; experiment, a maximum value is detected from the energy
efficiency values, fgy,;j, as

fevi = fev(Cay) = m}«.’iX{fEu.ij,' Ca;} (20)

These maximum values are marked by larger, dark grey circles. A remarkably smooth
increase of the maximum energy efficiency values, fzy, with increasing Ca, is observed.
Moreover, depending on the flow conditions, the maximum energy efficiency of the process
may increase by 2 orders of magnitude. Operation-wise, that is a quite important
characteristic when designing this type of processes. The maximum values (filled circle
markers) tend to reach a maximum value — the, so called, “ceiling of efficiency”
[Valavanides, 2018(b)], that is given by

fivw = (1+vE) " @1)

The fgy values are marked on the log f;; diagrams using small grey circles for the energy
efficiency at different capillary number and flow-rate ratios fEU(C a;, rj), and larger dark grey

circles for the maximum values of energy efficiency at every capillary number, Ca;.

The markers indicating the maximum efficiency values, fg;(Ca;), have been fitted by a 4
parameter sigmoid-curve, fgy(Ca)

log feuo — 108 fEuw
1+ exp[(logCa —logCa,,)/Sm]

log fgy(Ca) = log feye + (22)

where:

fEuw 1S the global maximum of the energy efficiency attained at the viscous (very high
Ca) regime (the “ceiling” of the system’s efficiency)

fruo is the energy efficiency at the capillary (very low Ca) regime,

These values delineate the two parallel asymptotic boundaries of the S-curve;

log Ca,y, is the log Ca value for the fg;(Ca) curve point that is midway between logry and
log1;

Sm 1s the corresponding inclination of the curve.

The calculated values of the fitting parameters are presented in Table 4.
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Figure 11 Energy efficiency values {r-, feui j}, o, and detected maximum values
{C a;, fgu’i}, o, for the three systems examined in the study (PDMS-P, Glass-P and PDMS-
NP). The corresponding critical flow-rate ratio values, {Ca;, 17"}, , and mobility ratio values,
{Ca;, 17}, @, define the so-called Critical Flow Conditions (CFC); upright cross markers in
red, +, indicate the mean of the flow-rate ratio and mobility ratio values, #*, eqn (23).

Refocusing on the upper part of the of the compound diagrams in Figure 11, sets of
markers indicate the critical flow conditions (CFCs), identified by observing the maximum
values of the energy efficiency fz,; = fry(Ca;), eqn (20), as evaluated by eqn (19). Both
critical flow-rate ratio, 7;, and mobility ratio, A;, are plotted in terms of logCa. A
discrepancy between r;" and Aj, is pronounced in the low-Ca domain, i.e. at capillarity-
dominated flow regimes, while it is insignificant at the high-Ca domain where bulk viscosity
prevails and the effect of menisci is practically negligible. The detected CFCs show a trend
similar to a sigmoid curve. As the trend is a bit fuzzy in the low-Ca regime, the log-averaged
values were calculated as

27



749
750
751

752

753
754
755

756
757

758
759
760
761

762
763
764
765

766
767
768
769
770
771
772
773
774
775
776

777

778
779

780

Mouravas et al., - Comparative Study of Flow-Rate Dependence and End Effects in Steady-State 2-Ph Flow through Model Pore Networks

log#* = (logr* +1logd*)/2 = #* =vVrA* (23)

These values are marked on the CFC diagrams using red, upright cross markers (+).
Similarly to the energy efficiency maxima, the CFCs markers can be fitted by a 4 parameter
sigmoid-curve

logry — logry
1+ exp[(logCa —logCa,,)/sm]

log#* = log7s + (24)

where:

log s and ry are the critical flow-rate values at the viscous (very high Ca) and capillary
(very low Ca) regimes respectively, and form the two parallel asymptotic boundaries of the
S-curve;

log Ca,, is the log Ca value for the curve point that is midway between logry and log r;
S 1s the corresponding inclination of the curve.

On the diagrams in Figure 11, the dashed red, horizontal line indicates the nominal value
of the critical flow-rate ratio for pure viscous flow conditions (as Ca — o). Given the
viscosity ratio of the two fluids, k, the theoretical (nominal) value of the critical flow-rate
ratio for pure viscous flow conditions [Valavanides 2018(a)] is estimated as

15 =1/Vk (25)

The actual value attained within the lower part of the sigmoid-curves, pertaining to larger
Ca values, indicates an asymptotic trend, that is remarkably close to the theoretically
predicted value, 7, eqn (25). Moving on to the low-Ca regime (capillary flows) the observed
fuzziness in locating the CFCs is attributed to significant capillary end effects.

The parameter values for the sigmoid-curves fitting the energy efficiency maxima and the
CFCs, presented in Table 4, are estimated by minimizing the sum of the squared fitting
errors. Comparing the sigmoid-curves for the CFCs in the two-fluid/pore network systems
examined (ref. Figure 11 & Table 4) we observe that the transition from capillary to viscous
flow is smoother (over a broader Ca region) in the PDMS-NP system (S;;|ciass—p <
Smlppms—np) and  the  shift takes place at a larger Ca  value
(log Camlgiass—p <logCay|ppus— ). Overall, the trend across the three two-fluid/pore
network systems examined is systematic. There are conceptual similarities to the diagrams
furnished in the theoretical framework [Valavanides, 2018(b)], and also to the diagrams
produced in the SCAL study by the IFP group [Valavanides et al., 2020] on a natural core
(Clashach sandstone) across a broad domain of flow conditions.

Table 4 Characteristic parameter values for the three two-fluid/pore network systems
examined in the study.
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Parameter PDMS-P Glass-P PDMS-NP
Maximum energy efficiency, fzy(Ca), eqn (22)
10g £ oo -0.538 -0.671 -0.538
log fiuo -1.968 2.100 -1.732
Sm 0.355 0.663 0.510
log Ca,, -5.325 -5.834 -5.790
Critical flow conditions, r*(Ca*) , eqn (24)

log s 0.067 -0.067 0.067
logre 0.635 0.760 0.805
Sm 0.227 0.522 0.900
log Ca,y, -5.325 -5.834 -5.790

4.3 Paradigms of application in SCAL

The relative permeability scaling model, accounting for flow rate dependency, together with
the background theoretical framework (energy efficiency analysis, critical flow conditions
etc.) proposed by Valavanides [2023; 2018], have potential applications in SCAL and,
consequently, in reservoir engineering.

A central problem in SCAL is handling non-fully-developed flow conditions due to the
presence of capillary end effects. Fully developed flow is not a condition always attained in
SCAL measurements. The evolution of the interstitial flow, until fully developed flow
conditions are reached downstream the entry ports, depends on the structure of the pore
network, the wettability of the two-fluid/solid system and the superficial velocity of each
fluid. In general, end effects are pronounced when capillarity-associated phenomena are not
suppressed (overshadowed) by the prevailing viscous resistances. The analysis presented in
the current study can be applied in SCAL. Through the analysis of ex-core measurements
combined with a series of calculations—ranging from straightforward consistency checks
(e.g., comparison between imposed flow rate ratios and measured mobility ratios) to more
advanced assessments such as energy efficiency under varying flow conditions—it is possible
to identify the presence of end effects, quantify their magnitude, and characterize the pore
network (network typing).

As a paradigm in assessing the degree to which the co-injected flows in the different
networks have reached a fully-developed structure, we may focus on the diagrams in Figure
8. Note that the markers (%) indicating values of the mobility ratio, 4; , against, r; , are — in
general — aligned along a straight line with gradient 1:1. In many cases, the two values are
practically equal, i.e. A; =r;. For those cases, the kinetic states of the interstitial flow
structures, A;, are consistent to the externally imposed, kinematic constraints, 7;, indicating
that the corresponding flows are fully developed. Yet, in some diagrams pertaining to

constant-Ca;, we may observe some degree of discrepancy between the mobility ratio and the
flow-rate ratio, manifested as a failure of the {Af’rf}lm- markers to perfectly align to the
L
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r = A straight line. That indicates these co-injections have not reached a fully-developed
interstitial structure. We may evaluate the degree of misalignment and correlate it to the flow
conditions and the two-fluid/network systems, by calculating the Pearson correlation
coefficient between all sets of {Aj,rj}|6ai pairs per Ca;. The results for all the constant-Ca

experiments in the three systems are presented in Figure 12.
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Figure 12 Values of the Pearson correlation coefficient, R; and Riz, between flow-rate
ratio r; and mobility ratio, A; for the entire set of experiments conducted at various Ca; in the

three model pore networks.

We observe that the {Af’rf}lcfz misalignment from linearity is pronounced in the two
i

periodic networks (PDMS-P & Glass-P) when compared with that of the non-periodic

(PDMS-NP), indicating significant presence of end effects in the periodic networks. The
source of the {/1]-, 1”]-}|Ca_ misalignment may be attributed to the capillary end effects that are

induced by the relatively stronger role of the menisci — when compared to the effects of the
bulk viscosity. That may be attributed to the poorer interlacing of the two injected fluids
upstream the network flow in the two periodic networks (PDM-P, Glass-P), compared to the
single entry port of the PDMS-NP network — inciting a pre-mixing of the two fluids. We may
also observe that the trends in the Riz, values vs Ca, for the PDMS-P and the Glass-P systems
are reversed. That is an interesting behavior, especially considering that the viscosity ratio
values are inverse (k = 1/1.36 = 0.74 in the PDMS-P and k = 1.36 in the Glass-P system).
Moreover, albeit the two networks have the same plane geometry they have different 3D
structures, i.e. orthogonal pores with smooth surface (PDMS-P) against pores with slightly
irregular shape and micro-roughness respectively (Glass-P).

In the same context, in many diagrams in Figure 8, pertaining to different constant-Ca
experiments, the NWP and WP relative permeability curves intersect at the, so-called,
relative permeability crossover flow-rate ratio value, r, = 1/k, eqn (11), indicated by the
vertical dashed line. Yet, in some constant-Ca experiments the relative permeability
crossover does not coincide with the theoretical value of 7, and that is something also
observed for the low, R;2, values, ref. Figure 8 and Figure 6, indicating an underlying trend.
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Energy efficiency analysis provides another paradigm on characterizing the flow system,
in compliance to the normative methodology proposed in [Valavanides, 2018(b)]. Let us
focus on the energy efficiency diagrams in Figure 11 and, in particular, on the sigmoid
curves interpolating the local maxima energy efficiency values {Ca;, fgu‘i}. Based on these
curves, for every two-fluid/network system, two nominal Ca values may be defined,
corresponding to the apex of the two bends of the sigmoid curves. These bends segregate
three distinct regions of the nominal Ca domain: the initial phase of the sigmoid curve,
indicating low capillary flow conditions, the growth phase (sharp upward slope in the middle)
indicating intermediate, capillary/viscous flow conditions, and the plateau phase (flattening-
out) of the sigmoid curve indicating viscous flow conditions. This observation complies
firmly with what we have observed (in section 3.3) with respect to the trends of the
magnitude of the pressure fluctuations, as well as the time delay and the minimization of the
associated fluctuations in the three pressure evolution diagrams in Figure 5.

These nominal values in Ca can be detected graphically or analytically, by setting the 2™
derivative of the expression (22), d?(log fay)/dCa? = 0 and solving for Ca. That of course
comes at the extra cost of extensive measurements at various flow conditions to extract the
maximum energy efficiency values and the CFCs. Yet, following the path of critical flow
conditions will reduce the number of measurements. As discussed in [Valavanides et al.,
2016] (ref. Fig. 3), if the co-injection conditions, (Ca,r), are maintained along the CFCs,
uncertainties associated with measurement errors is minimized and specificity is maximized —
that is mainly attributed to the structure of the fzy expression, eqs (12) or (19). Therefore,
tracking and aligning to the CFCs path during the SCAL measurements can provide more
accurate /unbiased information per unit cost of measurements.

Please note, no sophisticated technology is needed to implement the proposed
methodology. The measurements of pressure and flow-rates are conventional measurements
taken outside the core (ex-core measurements).

Moreover, the same, ex-core measurements are used to reveal the IDCP curve, which
essentially provides the backbone of the flow-rate dependency description, eqn (13), of the
two-fluid and core system. The form of the IDCP curve provides valuable information in
assessing the extent of end effects and in deciphering the characteristics of the interstitial
flow structure.

A convincing paradigm on how the IDCP curve may be used as a forensic tool in
revealing the structure of the interstitial flow is provided in the systematic SCAL study
performed by the IFP group on a core of natural Clashach sandstone [Valavanides et al.,
2020]. An analysis of the measured relative permeabilities, similar to that described in
paragraph 4.1, revealed a sharply decreasing intrinsic dynamic capillary pressure function,
A(log Ca), over moderate- to /high-Ca flow conditions. That seemed to be contradicting the
smooth, asymptotic transition to zero (log A — 0) depicted in Figure 10 in the current study.
Nevertheless the sharp decrease of 4 at moderate/high-Ca flow conditions was an indication
of a sharp reduction of capillary resistances due to onset of emulsification.
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In the current study, the trend in the IDCP functions, depicted in Figure 10, shows
asymptotic transitions to zero (logA — 0) at the high-end of Ca. This is consistent to video
observations of the interstitial flow structures comprising mixtures of connected WP and
intermittent flows of disconnected NWP fluidic elements. The latter are separated from the
WP through NWP/WP menisci remaining in contact to the pore walls. No signs of
emulsification were observed.

In addition, the generalized specific characteristic invariants, pertaining to the two-fluid
and pore network flow system, i.e. the locus of Critical Flow Conditions, the locus of cross-
over relative permeability conditions, as well as the Intrinsic Dynamic Capillary Pressure
curve, can be used as flow system identities and that could be a strong tool in developing
flow system characterization (“rock-typing”’) methodologies and techniques.

In the reservoir engineering domain, the ability to handle a functional form of the relative
permeabilities, accounting for true-to-mechanism flow-rate dependency, through the IDCP
curve, can definitely improve the specificity of field-scale simulators. That can be achieved
by increasing the efficiency in physics-informed machine learning (PIML) interventions by
integrating the physical laws into machine learning models to improve prediction accuracy,
ensure physically plausible results, and reduce the need for massive data. The analysis based
on energy efficiency can be a powerful tool in assessing the operational efficiency of
enhanced oil recovery or CO, sequestration interventions, extending the energy transition
timelines of such energy intensive activities.

Future research, should focus on the deployment of a similar lab study in natural cores.
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