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Loosening local equilibrium assumptions in two-phase flow in porous media gives rise to new, unknown
variables. More specifically, when loosening the local thermal equilibrium assumption, one has to
describe the heat transfer between multiple phases, present at the same mathematical point.

In this paper, we calibrate a macro-scale mathematical model which is free of local equilibrium
assumptions to experimental observations. We emphasize the correct determination and upscaling of
necessary input parameters from the experimental data achieved by image analysis. By choosing an
appropriate scaling parameter, we are able to reproduce experimental measurements satisfactorily.
This is a first step towards quantifying heat transfer in two-phase flow in porous media. Ultimately,
our aim is to find the limits of the applicability of local equilibrium assumptions in two-phase flow in
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1. Introduction

One of the most prominent assumptions in the field of
two-phase flow in porous media is the assumption of local equilib-
rium. Basically, this means that energy and mass transfer between
phases take place instantaneously [e.g. [9]]. In this work, we pro-
vide tools and conceptual as well as numerical models which allow
us to describe and study two-phase flow in porous media without
making local thermal equilibrium assumptions: We build on the
concepts explained in Nuske et al. [17] and apply the macro-scale
model developed in that work. In this work, we focus on the trans-
fer of micro-scale measurements to macro-scale properties and
application of those quantities in macro-scale models. The tools
provided in that regard are explained in detail and made available
as free software. Here, we make a proof of concept in order to show
that principal characteristics of the micro-scale experiment can be
captured by the macro-scale local thermal non-equilibrium model
applying the measured input parameters. This is an important step
in studying the applicability of the local thermal equilibrium
assumption in two-phase flow in porous media.

Pure scientific curiosity is, of course, known to boost general
progress, but there are also a number of practical applications

* Corresponding author.
E-mail address: Philipp.Nuske@iws.uni-stuttgart.de (P. Nuske).

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.04.057
0017-9310/© 2015 Elsevier Ltd. All rights reserved.

which put the question of the applicability of local equilibrium
assumptions on the agenda.

One effective technique for the cleanup of contaminated sites is
the injection of hot steam into the subsurface [e.g. [18,7]]. This
process involves temperature differences and flow velocities which
are high compared with other flow processes in porous media. The
correct prediction of contaminant behavior in this highly
non-isothermal setting is crucial for solving environmental
problems instead of creating new ones.

During in-situ combustion [19], heavy oil is partly oxidized in
the reservoir in order to decrease its viscosity for mobilization,
and ultimately production. If the temperatures of the individual
phases are not correctly described, undesired reactions may take
place. Or even worse: too much oil could be burnt instead of being
produced.

After a severe nuclear accident, the core might collapse and can
be treated as a porous medium [6,3]. It is of paramount importance
to have a good understanding of the subsequent events in order to
be able to orchestrate a fast cooling without causing any further
(Hy) explosions.

At the interface between the subsurface and the atmosphere,
two very different compartments share a boundary: the land sur-
face. Here, evaporation takes place if the subsurface provides liquid
water and the atmosphere can take up water vapor. However, flow
velocities in the atmosphere can be very high and the exact
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interaction processes are not yet fully understood. Nonetheless,
current models [20,15] assume local equilibrium.

What all these examples have in common is that they do not
only involve temperature differences but also phase-change pro-
cesses. In addition to that, there are to some extent sources present
in the porous medium, which might prevent the system from
reaching equilibrium.

The description of temperature effects by means of an energy
balance equation is a standard approach in the modeling of misci-
ble two-phase flow. However, to the best of our knowledge, there
are only few approaches which allow to describe local thermal
non-equilibrium in two-phase flow in porous media on the
macro-scale and resolve phase-specific temperatures. Fichot et al.
|6] describe local thermal non-equilibrium for the case of nuclear
debris cooling, i.e. with a strong heat source present in the porous
medium. However, they have to solve micro-scale closure prob-
lems in order to close the system.

Crone et al. [5] describe local thermal non-equilibrium, but only
between the fluid phases and the solid phase. In other words: the
fluid phases are still assumed to have locally the same temperature.

The macro-scale balance equations used in this work build on
Ahrenholz et al. [2], extended in Nuske et al. [17]. In that work,
local chemical and thermal non-equilibrium are allowed between
the fluid phases and the solid and fluid phases respectively. To
keep this work concise, we outline the main characteristics of that
model briefly.

The main consequence of allowing different potentials in differ-
ent phases is an increased number of primary variables. In the case
of mass balance, not assuming local equilibrium leads to mole
fractions in different phases not being connected via equilibrium
relations. Therefore, individual balance equations are needed for
each component in each phase. In the case of a two-phase
two-component system, the number of mass balance equations is
increased from two to four and mass transfer (i.e. the equilibration
process) between the phases needs to be described. In this work,
we focus on modeling experimental observations and refer to
Appendix A and the literature for a discussion of the mathematical
model.

In terms of energy balance, not assuming local thermal equilib-
rium leads to different temperatures present in the same control
volume. Thus, individual energy balance equations for the respec-
tive (liquid as well as solid) phases need to be formulated. In the
case of two-phase flow, the number of energy balance equations
is increased from one to three and energy transfer (i.e. the equili-
bration process) between all phases needs to be captured. The
exact structure of these balance equations is not the focus of this
work. As mentioned above, the detailed discussion of the mathe-
matical model is beyond the scope of this work. For the sake of
brevity, we therefore refer to Appendix A and the literature.

In this work, we want to study the influence of heat transfer on
reproducing experimental observations. The energy transfer pro-
cesses between the phases are approximated by standard engi-
neering approaches. However, no transfer relations for the case
of two-phase flow in porous media could be found in the literature.
Therefore, a scaling parameter, f,, was introduced. It basically
scales the heat and mass transfer relations between the respective
phases, with f, = 0 standing for an immiscible system and f, — co
representing the standard equilibrium case. A parameter study was
conducted and it was found that variations in f, lead to the
expected and physically reasonable results. In this work, the
macro-scale balance equations explained in Nuske et al. [17] are
employed in order to simulate the experiment described in
Karadimitriou et al. [11].

Karadimitriou et al. [11] presented an experimental setup for
the measurement of phase specific temperatures, as well as phase

distribution, during invasion and equilibration processes in a
transparent micro-model, made of Polydimethylsiloxane (PDMS).
The described setup is a continued development of a mature mea-
surement setup engineered at Utrecht University, Netherlands. In
that setup, a residing wetting phase (Fluorinert) was displaced by
a hot, invading, non-wetting phase (water). Both phases were liq-
uid. This invasion took place in a quasi two-dimensional
micro-model, which allowed optical as well as infrared observa-
tion. The complete experimental procedure as well as relevant
information about the production process were explained in detail.
Subsequently, measurement and image processing techniques
were demonstrated. Finally, qualitative results and findings show-
casing the usability and versatility of the platform were presented.

In this paper, we build on the modeling and experimental foun-
dation outlined above and take one further step towards the quan-
titative understanding and parameter estimation in the area of
local thermal non-equilibrium in two-phase flow in porous media.
To be more precise, we obtain an estimate of the proposed heat
transfer scaling factor f, by means of parameter calibration. In
order to accomplish this, we simulate two experimental runs of
the experiment explained in Karadimitriou et al. [11] with the
macro-scale local thermal non-equilibrium model explained in
Nuske et al. [17] and given for completeness in Appendices A and
B. By comparing simulation and experiment, we obtain a
first-order approximation of the up-to-now unknown scaling
parameter f, which was suggested in Nuske et al. [17]. However,
it has to be clearly stated that the goal of this work is not the exact
reproduction of all presented aspects of the experimental observa-
tions. We want to give a proof of concept, demonstrating that cer-
tain features of the phase-specific temperature measurements can
be reproduced by a macro-scale model employing phase-specific
energy balance equations.

Solving the system on the macro scale demands the determina-
tion of a number of non-standard relations. Most prominently, this
is the interfacial area between the respective phases. Therefore, the
micro-scale identification and measurement of volume specific
interfacial area as well as its transfer to macro-scale relations is a
special focus of this work. The employed image analysis pipeline
is explained in detail and provided, along with the simulation
source code, under a free license.

The structure of this work is the following: In Section 2, input
parameters needed for the macro-scale model are presented.
Fluid and material parameters are straight forward to obtain.
However, matrix properties and two-phase properties require
some more effort (Section 2.2). The determination of interfacial
areas, which are inevitable input parameters to the macro-scale
model, require the development of a new image analysis algo-
rithm, explained in Section 3. Building on that information,
macro-scale constitutive relations are fit to the obtained data in
Section 4. Modeling choices and simulation setup are explained
in Section 5. Employing these input parameters, the simulations
of different experimental runs are presented in Section 6. We con-
clude in Section 7 and deduce future research goals.

2. Input parameters

A model can only be as good as its input. Therefore, the simula-
tion of complex systems, like two-phase flow in porous media,
requires the detailed understanding of the parameters which are
input to the model.

This is even more so for a non-standard model, such as the local
thermal non-equilibrium model employed here. In this case, in
addition to the fluid (Section 2.1) and matrix (Section 2.2) proper-
ties (and their interaction), the interfacial area available to heat
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transfer is a crucial input. The determination of all interfacial areas
in a micro-model has not been accomplished so far and is therefore
presented in detail in Section 3.

2.1. Material & fluid properties

In order to keep the model as simple as possible, we use con-
stant fluid properties for Fluorinert and water, see Table 1. In that
table, c, ¢, /2 and u stand for the mass specific heat capacity, density,
heat conductivity and viscosity of the respective phases o. Using
constant properties is mostly justified by the fluids being both liq-
uids and the comparatively moderate temperature differences dur-
ing the experiment.

Although PDMS is in principle elastic, it will be modeled as a
rigid, non-deforming [10] solid phase with the properties given
in Table 2.

2.2. Micro-model properties

In order to measure intrinsic permeability (K ), steady state flow
measurements are conducted with the model and setup described
in Karadimitriou et al. [10]. The flow network is completely filled
with the wetting phase (Fluorinert) and one reservoir is connected
to a syringe pump. Upon reaching steady state, the pressure drop
along the micro-model is recorded. With all remaining quantities
known, intrinsic permeability can be calculated by using Darcy’s
law. The procedure is repeated several times and an error of 2%

Table 1
Fluid properties.
¢, (kJ/kgK) 9y (kg/m?3) 24 (W/mK) u, (Pas)
Fluorinert® 11 1860 0.065 47.1073
Water 4.2 1000 0.6 1.10°3
23M[1].
Table 2
Material properties of the solid phase (PDMS, [12]).
cs (kJ/kg K) o, (kg/m?3) s (W/mK)
1.2 970 0.15
Table 3
Intrinsic properties of the micro-model.
K (m?) ¢ (=)
23.1071° 0.58

of the intrinsic permeability measurements is calculated, see
Table 3.

The capillary pressure - saturation curve is obtained from pres-
sure controlled quasi-static measurements. Initially, the
micro-model is fully saturated with the wetting phase. The
non-wetting phase is introduced through sequential equilibrium
pressure steps. For each step, an optical image of the distribution
of fluids in the network is taken and the corresponding pressure
difference between the reservoirs is recorded. Phase saturations
are obtained by image processing. The equilibrium data points as
well as a fit [21] function are shown in Fig. 4.

The porosity (¢) of the micro-model is also determined by
image processing (Table 3). An image of the micro-model, fully sat-
urated with the wetting phase, is used for this purpose. The mea-
sured value (58%) is close to the value expected from the design
(60.5%).

3. Image analysis

We developed image analysis algorithms to extract saturation
and interfacial areas from recorded images. In order to apply a con-
sistent set of constitutive relations, the same set of images,
recorded for the capillary pressure - saturation measurements
(see Section 2.2), is used.

The framework first maps each recorded image to a model
image of the theoretical network. Then, it uses a threshold segmen-
tation and basic morphological operations to compute the area of
the wetting and the non-wetting phases in the image, as well as
the border lengths between all areas. Using the scale of the model
image, the areas and lengths in pixel coordinates are scaled to
real-world units. In the final step, these areas and lines are multi-
plied with the depth of the micro-channels to obtain an estimate of
the real volumes and the interfacial areas. The detailed image anal-
ysis pipeline is described in the following sections.

3.1. Thin plate spline warping

The camera optics introduce some distortions to the image. To
compensate for these distortions, and to bring each image to a
standard coordinate system, we compute a mapping (warping) of
the recorded image to the model image. This is done based on a
set of manually defined landmark correspondences in the
recorded image. The recorded gray scale image is denoted as
[:R? — R;x > I(x), see Fig. 1, right. We choose a rendered model
of the micro-channel layout as reference image, see Fig. 1, left.

In this rendered model, the mask selecting the void space is
given by M, : R? — {0,1}.

if x is in the void space,
0, elsewhere.

M. = { 1)

Fig. 1. Left: Selected landmarks (red dots) in the model. Right: Identified landmarks in the recorded image. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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This is also known as the characteristic function of the void space
and is depicted in Fig. 1 (left) with the solid phase in black and void
space in white. The landmark positions in the recorded image are
denoted by a; € R?, i€ {1,...,N}. The corresponding landmarks
in the reference image are denoted as b; ¢ R?, i e {1,...,N}. We
compute a dense warping function T: R?> — R? using thin plate
spline interpolation between these landmarks [4], such that

a=T(b) Vie{l,. . N} 2)

This transformation is applied to the recorded image (I) to obtain
the warped recorded image (I')

I(%) := (T(x)). 3)
We added additional landmark pairs, until all micro-channel bor-

ders in the warped image were aligned to the borders of the model
image.

3.2. Segmentation

To segment the warped recorded image into the different
phases, we first apply a shading correction to compensate the inho-
mogeneous illumination and sensitivity of the optical system. The
local attenuation function g,:R? — R is estimated from the
recorded intensities of the solid phase by a Gaussian weighted aver-
aging over the solid-phase-pixels in the local surrounding

(Mg T % Gy
&a T M.+G, (4)

where G4(X) = }/%fg exp (7 %) is the Gaussian smoothing kernel

(here ¢ ~ 2.2 mm), M; is the mask selecting the solid phase pixels,
and * denotes a convolution. This mask is derived from M, by inver-
sion and morphological erosion to exclude the micro-channel bor-
ders by

M; = (1-M,) e, (5)

where C, ¢ R? describes a disk-shaped structuring element with
radius r, i.e. ¢ = {x € R?|||x|| < r}. Here, we use an r~ 110 pm.
The symbol & denotes the morphological erosion, which is defined
for a continuous function f: R*> — R with a structuring element
ScR?as

(f & 8)(x) = min(f(x +k)). (6)
Ke

The estimated attenuation function g, is then used to compensate

for all attenuation effects in the image in order to perform the sub-

sequent threshold segmentation. The pixels belonging to the
non-wetting phase are found by

I« Gy

M, = [ < 0.5} -M,, (7)

a

Optical Image

2(mm)

where G, is a small Gaussian smoothing kernel with ¢ ~ 11 pum to
avoid noisy borders in the obtained mask. Very small regions
(< 10 pixels ~ 4800 um?) are eliminated from this mask using a
connected component analysis. The segmentation mask for the wet-
ting phase is then found by

My = (1 —M,)-M,. (8)

The respective masks are graphically shown in Fig. 2 for one equi-
librium pressure step.

3.3. Estimation of macro-scale quantities

We use the obtained segmentation masks M,, and M, from each
recorded frame to estimate the volume of the wetting and the
non-wetting phase as well as the interfacial areas between them
and the solid phase. The analysis of an empty image (containing
only the wetting phase) at the beginning of the sequence is used
to define a mask of erroneously assigned pixels, originating from
scratches and dust particles on the sample. These pixels are
excluded from further analyses.

The volume of the wetting and the non-wetting phases is com-
puted from the area of the corresponding segmentation mask and
the constant depth d of the channels as

Vw=d [ My(x)dx (9a)
RZ

Va=d | My(x)dx. (9b)
JR?

From this, the calculation of wetting phase saturation is straight

forward:

Vi
Sw=c—--.
YTV +Vy

The interfacial areas appear as interface border lines in the 2d
image. To measure the length of these borders, they were com-
puted as lines with single pixel width using morphological opera-
tions on the segmentation masks (here all M denote the discretized
masks). byn, bys and bys stand for the wetting — non-wetting, wet-
ting - solid and non-wetting - solid border lines

(10)

byn = My & N) - M, (11a)
bws:(Mw@N)'(lva) (11b)
bps=MpoN)-(1-M,) (11¢)

o () (3 (8 (3) ()] s o

4-neighborhood of a pixel, and & denoting morphological dilation,
which is defined correspondingly to the erosion (Eq. 6) as

(f & $)x) = max(f(x + k). (12)

The calculated borderlines are shown in Fig. 3.

Segmented Image

0.0 16.4 32.8
x(mm)

Fig. 2. Left: Optical image of a quasi-static measurement point. Right: Segmented image, M, is depicted in blue and M,, is depicted in red. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Optical Image

y(mm)

2(mm)

Segmented Image

19.6
0.0 16.4 32.8

2(mm)

Fig. 3. Left: Optical image of a quasi-static measurement point. Right: Segmented image, b, is depicted in blue and by, is depicted in red. Both borderlines are grown for
visualization. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

To estimate the true length of the resulting lines, the centers
between two adjacent pixels are connected to an open polygon.
End pixels, corner pixels (at corners with an angle of 90° or more)
and center pixels at line junctions are also added to that polygon.
The measured length of such a polygon differs in the worst case
approximately 3% from the true length of a straight line, which
we consider precise enough for further evaluations.

The actual quantities of interest in this context are the volume
specific interfacial areas between the wetting and non-wetting as
well as non-wetting and solid phases, a,, and a,s , as they repre-
sent the cross-sectional area available to heat transfer. The remain-
ing interfacial area between the wetting and the solid phase (ays) is
the difference of the total solid surface, a;, and a,;. By means of the
given measurements, they are actually straight forward to com-
pute from Egs. (11). The respective lengths of the border lines need
to be multiplied by the micro-model depth d and divided by the
observed volume of the micro-model (V)

dbun

aun = (13a)
d by

Qs =1 (13b)

3.4. Implementation details & code availability

The image analysis pipeline is implemented in Matlab R2013a.
The recorded images have a pixel size of 11 pum, the model image
was rendered with a pixel size of 21.9 um. The image analysis
source code (along with the raw images) and the flow simulation
source code is provided to the scientific community under the
GNU General Public License [GPLv2, [8]]. It can be accessed as a
DuMu* module only depending on the stable release of DuMu*
(dumux-pub/Nuske-2014a). Please refer to the online documen-
tation of DuMu*' for technical details.

4. Constitutive relations

Building on the data obtained by means of the image analysis
procedure, we briefly present the fit constitutive relations. These
constitutive relations are required in the non-equilibrium
macro-scale model and are therefore crucial to this work.

Capillary pressures are identified as the difference between the
pressures on the boundaries of the flow network during
quasi-static measurements. Wetting phase saturations, volume
specific wetting - non-wetting and non-wetting - solid interfacial
areas have been obtained in Section 3.

From these values, a van Genuchten [21]-type curve was fit to
the measured p, — S,, data points and is shown in Fig. 4. Relative

1 http://www.dumux.org

2000

1500

1000

pe(Pa)

Fig. 4. Measured data points with fit van cenuchTen function. The fit coefficients are
given in Table 4.

Table 4

VAN GENUCHTEN parameters of the capillary pressure - saturation fit (index p.) and
relative permeability — saturation fit (index k). For each fit, the coefficient of
determination R* is given.

op (1/Pa) My (=) Swr R: my, R

6.8.10% 28.2 0.13 0.99 1.70 0.92

permeabilities are obtained from independent measurements of
the non-wetting phase relative permeability. A van Genuchten
[21]-type (in conjunction with Mualem [16]) relative permeability
curve is fit to the data points and the obtained fitting coefficient is
transferred to the wetting phase relative permeability, see Table 4.

Linear relations (Eqs. (14a) and (14b)) are fit to the volume
specific interfacial area data, see Fig. 5 and Table 5. The remaining
interfacial area (a,;) is obtained as the difference of total solid sur-
face a; and ay;.

Qwn = alsw - (14&)
Qns = aZSw — (14b)
Ays = A5 — Ups (14c¢)

All fits were conducted by means of a non-linear least squares
fitting tool [13]. The image analysis procedure outlined above
was conducted on the same data set as used for the capillary pres-
sure relation. However, in order to reduce the influence of the
boundary, the last two images are excluded, as some of the inter-
facial area had already left the field of view of the camera.

Naturally, the interfacial area between the wetting and
non-wetting phases needs to be zero for saturations of one and
zero, respectively. However, the presented equations fit the
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Ay (Y/m)

0 0.2 0.4 0.6 0.8 1
S“‘(,)

2000

1500

1000

Llns(l/nl)

0 0.2 0.4 0.6 0.8 1
Sﬂ'(_)

Fig. 5. Measured data points with fit functions for a,,, — S, (left) and a,; — S,, (right) relations, see Eq. (14a) and (14b) and Table 5. Both relations are a unique function of S,,

because only data of a primary drainage process is fit.

Table 5
Fit parameters and coefficients of determination, see Eqs. (14a) and (14b) and Fig. 5.
For each fit, the coefficient of determination R? is given.

a R a RS

—2397 0.99

—253.85 0.99

obtained data very well, especially for partially water saturated
porous media. In order to capture the full scale of possible satura-
tions, more measurements are necessary and extended
parametrizations are needed. However, we stick to the simplest
possible description of the available data.

More research is also needed with respect to the role of residual
saturations and the associated interfacial areas during energy
exchange processes. For the time being, we stick to the presented
equation.

5. Experimental & modeling setup

The experimental setup has been exhaustively described in
Karadimitriou et al. [11]. Here, we will focus on the modeling deci-
sions, made in order to simulate the experiment and ultimately
calibrate heat transfer coefficients. The most basic decision is
how to represent the physical setup which is to be simulated.
We chose a one-dimensional model, as the process of interest
has a dominant direction. The flow processes in the micro-model
are represented by a macro-scale description: There is no detailed
information about geometry, but the properties of the medium and
the interaction with the fluid phases are represented on a
volume-averaged basis.

5.1. Balance equations

We employ the same balance equations as explained in Nuske
et al. [17] and briefly presented in Appendices A and B. The point
of most importance is that Nuske et al. [17] suggest a heat transfer
relation between phases which involves a parameter, f,. This
parameter scales a standard heat transfer relation in order to cap-
ture heat transfer in the scope of two-phase flow in porous media.
Here, we will try and estimate this parameter by comparing simu-
lation results and experimental observations.

In the example presented in Nuske et al. [17], temperature dif-
ferences arose from evaporation processes. Here, temperature dif-
ferences are externally applied. Therefore, we choose to select a
model which is as simple as possible. Solubility effects can be
neglected, as the chosen phases are virtually immiscible.
Technically, this is implemented by setting the equilibrium, initial
and injected mole fractions (x},,;) to zero and unity, respectively,
which results in pure phases. As the micro-model was placed hor-
izontally during all experiments, gravitational effects do not play
an important role and are neglected.

In terms of numerical implementation, a vertex centered finite
volume discretization is used. Time discretization is accomplished
fully implicitly. All equations are assembled in a fully coupled
manner in one non-linear system of equations for the new
time-level. The system is solved by means of the Newrton method.
All balance equations, constitutive relations and the thermody-
namical framework are part of DuMu* and are freely available,
see Section 3.4 for details.

In this work, the index w stands for the wetting phase. With the
solid phase being made of silanized PDMS [11], the wetting phase
is not water but Fluorinert.

r = 0.039m
Pn = PnDiri | !
Ta = Ta Diri - Ty = Ty Neum
Ko b 1d porous medium R . .
Lo = L Diri 3 ."_' Guw = Ny Neum
S, =1 i &

o = A TZAY S
AT A
PRSP OANEK
AN 4‘\‘“ A
> /7 )

Fig. 6. Boundary conditions as well as model abstraction of the simulation.
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5.2. Initial and boundary conditions

Fig. 6 shows the one-dimensional modeling concept as well as
the chosen boundary conditions. Due to the high circulation flow
rate [11] constant conditions are assumed at the inflow to the
micro-model. Therefore, DiricHLET values are set at the left-hand
side of the modeling domain. On the right-hand side, Neumann
values (riyem) capture the withdrawal rates of fluid from the
micro-model. Initial conditions are given in Table 6.

In this work, two experimental runs, mainly differing in the
withdrawal rates imposed on the right-hand side, will be studied.
The two experimental runs will be termed low-rate and high-rate,
see Table 6 for the respective values.

5.3. Implementation of heat loss

As the micro-model is not placed in a complete vacuum, it
exchanges energy with its surrounding. However, the topic of this

Table 6
Initial conditions and applied extraction flow rates for the simulations.
Myewm (K8/S)  Tapii (K)  ppi (Pa)  Swi(—) Ty (K)
low-rate 62.107 307.65 1-10° 0.999 300.15
high-rate 248.10°6 308.65 1.10° 0.999 300.15

299.15

Segmented Image

0.0,

y (mm)

10.4]

y (mm)

0.0 124

2 (mm)

248 20.8
0.0
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work is the study and simulation of flow processes in porous media.
Therefore, the exchange processes between micro-model and sur-
rounding are not explicitly included but captured via boundary
conditions.

We conceptualize the micro-model as a flat plate and use liter-
ature [14] correlations for heat transfer coefficients (h.) from a hot
plate. Two contributions are assigned, heat loss from the top and
from the bottom of a hot plate. At each vertex, with associated sur-
face A, these losses occur according to

Qtop = hctopA(Tamb - Ts)
Qbottom = thottomA(Tamb - TS)7

with the constant ambient temperature T,.,, chosen to be identical
to the initial temperature. The heat losses are attributed exclusively
to the solid phase because the outside of the micro-model consists
of PDMS. Radiation losses are neglected due to low temperatures.

(15)
(16)

6. Simulation & experiment

The goal of this work is to gain a better understanding about the
heat transfer between phases in two-phase flow in porous media
processes. To be more precise, we want to estimate the unknown
scaling parameter f,, see [17] or Appendix B.

In order to accomplish this, two experimental runs (low-rate
and high-rate) are analyzed. They are simulated as explained

T(K) Averaged Temperature
303.45 307.75 310.15
. wetting
Non-Wetting Phase Temperature + non-wetting
307.15 - solid
305.15
=
=
302.15
12.4 24.8

299.15

2 (mm) 194

z (mm)

24.8

Fig. 7. Left: The mask selecting the invading non-wetting phase is depicted in blue. Middle: The part of the infrared measurement attributed to the non-wetting phase. Right:
Averages in y-direction of the respective phase temperatures, see movie NuskeEtAlThermalNonEquil_1.avi. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 8. Overlay of 1ow-rate temperature information and optical image after 10 s (left) and 40 s (right), see movie NuskeEtAlThermalNonEquil_2.avi (showing a longer

period).
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above with a varying f, and the unknown scaling parameter f, is
selected by comparing simulation and experiment.

6.1. Line averaging of temperature

For comparing the measurements and the simulations, the
information obtained during the simultaneous optical and thermal
imaging experiment needs to be condensed. We choose to average
the temperature information in y-direction. In other words: each
point in x-direction, observed by the infrared camera, is assigned
y-direction-averaged temperatures. In order to assign the temper-
ature information to the respective phases, only those points
where a phase resides are included in the average. This information
is obtained by means of the image analysis procedure described in
Karadimitriou et al. [11].

The procedure for obtaining the one dimensional line averages
of Ty, T, and T; is shown in Fig. 7. This condensed information is
compared with simulation results in the next section.

6.2. Matching simulation results to experimental observations

First, we present the low-rate experiment and simulation.
Fig. 8 shows the micro-model experiment after 10 s and 40 s with
temperature information superimposed.

Fig. 9 shows the line averages of temperatures, explained above.
In this figure, the beginning of the line average is moved to the

left-hand side of the flow-network and the right-hand side of the
plot is dictated by the right-hand side of the field of view of the
infrared camera.

Figs. 10-13 show simulations of the 1ow-rate experiment. The
heat transfer scaling parameter f, takes values of 0.1, 0.5, 1 and
10. The scale of the plot is chosen such that the whole modeling
domain is depicted.

The temperature difference at the inflow after 10 s is matched
best in Fig. 10. However, at both observed times, the temperature
of the solid phase is not the lowest temperature, as it is observed
in the experiment, see Fig. 9. Figs. 12 and 13 both show too small
a temperature difference in the inflow region when comparing to
the experiment.

We therefore conclude that simulating the experiment with a
scaling coefficient of f, = 0.5 matches the low-rate experiment
best. However, two important experimental observations cannot
be matched. First, in the experiment, wetting and non-wetting
temperature are close with the solid temperature being below. In
the simulation, solid and wetting temperature are close with the
non-wetting temperature above. Of course, this can be explained
by the interfacial area between wetting and solid phase (a,,s) being
an order of magnitude bigger than the interfacial area between
non-wetting and wetting phase (a,). However, this is a notable
discrepancy between simulation and experiment.

Furthermore, the front velocity in the simulation is faster than
in the experiment and the locations of the invasion fronts of
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o solid o solid
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299 .
0.0 0.0085 0017
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Fig. 9. Experimental measurements, low-rate. Left: 10 s after start of invasion, Right: 40 s after start of invasion, see movie NuskeEtAlThermalNonEquil_3.avi.
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Fig. 10. Simulation of the experiment, low-rate. Left: 10 s after start of invasion, Right: 40 s after start of invasion, f, = 0.1.
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Fig. 11. Simulation of the experiment, 1ow-rate. Left: 10 s after start of invasion, Right: 40 s after start of invasion, f, = 0.5.
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Fig. 12. Simulation of the experiment, low-rate. Left: 10 s after start of invasion, Right: 40 s after start of invasion, f, = 1.
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Fig. 13. Simulation of the experiment, 1ow-rate. Left: 10 s after start of invasion, Right: 40 s after start of invasion, f, = 10.

simulation and experiment could not be matched. We therefore
chose to plot simulation and experimental results on their native
rather than the same scale. In Section 6.3 an explanation for this
observation is given.

After having presented the matching of the 1ow-rate experi-
ment with simulation results, we now present experimental obser-
vations and simulations of the high-rate experiment.

Fig. 14 gives an impression of the high-rate experiment after
5s and 10s and Fig. 15 gives the line averages of the observed
temperatures.

Figs. 16-19 show simulations of the high-rate experiment
with heat transfer scaling factors f, of 0.1, 0.5, 1 and 10,
respectively.

Basically, the same reasoning as given for the 1ow-rate exper-
iment and simulation hold. This is in itself encouraging: The model
behavior is consistent and behaves as expected with respect to a

change in boundary conditions. We therefore conclude that for
the given boundary conditions and variations of parameters, a heat
transfer scaling factor of f, = 0.5 is the best choice.

However, it has to be noted that the lowest f, = 0.1 gives the
best match for the temperature difference at the entrance. The
incorrect behavior of the solid phase temperature can be attributed
to too rough an approximation of the heat losses to the surround-
ing. Higher heat losses would decrease solid phase temperature, as
observed in the experiment.

6.3. Limitations of the chosen boundary conditions

Fig. 20 shows the pressure distribution of the 1ow-rate simu-
lation after 2 s simulated time. As explained in Section 5, on the left
boundary a DiricHieT value of S, = 0 and in the domain an initial
saturation of S,, = 0.999 is set. In other words: two adjacent nodes



P. Nuske et al./International Journal of Heat and Mass Transfer 88 (2015) 822-835 831

T(K) T'(K)
301.2 3035 305.6 307.8 309.9 301.2 303.5 305.6 307.8 309.9

0.0 124 24.8 0.0 124 24.8
2(mm) x(mm)

Fig. 14. Overlay of high-rate temperature information and optical image after 5s (left) and 10 s (right), see movie NuskeEtAlThermalNonEquil_4.avi (showing a
longer period).
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Fig. 15. Experimental measurements, high-rate. Left: 5 s after start of invasion, Right: 10 s after start of invasion, see movie NuskeEtAlThermalNonEquil_5.avi.
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Fig. 16. Simulation of the experiment, high-rate. Left: 55 after start of invasion, Right: 10 s after start of invasion, f, = 0.1.

have states corresponding to the very ends of the capillary pressure the domain. This happens regardless of the zero mobility of the
- saturation curve (Fig. 4). This leads to a big gradient in capillary wetting phase on the left-hand boundary: Mobilities are either
pressure and thus in the wetting phase pressure. This gradient upwinded or obtained by central spatial weighting. This way, the
causes a flux of the wetting phase to leave the left-hand side of non-zero upstream mobility is transferred to the boundary node.
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Fig. 17. Simulation of the experiment, high-rate. Left: 5 s after start of invasion, Right: 10 s after start of invasion, f, = 0.5.
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Fig. 18. Simulation of the experiment, high-rate. Left: 5s after start of invasion, Right: 10 s after start of invasion, f, = 1.
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Fig. 19. Simulation of the experiment, high-rate. Left: 5s after start of invasion, Right: 10 s after start of invasion, f, = 10.
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Fig. 20. Pressure distribution in the simulated experiment. Capillary pressure
causes an unintended pressure gradient to the left in the wetting phase.

In order to fulfill mass conservation, more mass of the non-wetting
phase has to enter the domain than caused by the Neumann bound-
ary condition on the right-hand side alone.

Although this behavior fulfills the physical constraints (conser-
vation equations, constitutive relations) formulated in the model, it
leads to a behavior which is not observed in the experiment. The
main result of the described effect is that too much mass of the
non-wetting phase is in the system and the front locations cannot
be exactly matched between simulation and experiment.

7. Summary & conclusion

In this work, the experiment described in Karadimitriou et al.
[11] was successfully simulated by means of a one-dimensional
macro-scale model, developed in Nuske et al. [17].
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We provided detailed information about the simulation setup
and employed material parameters. In order to obtain relevant
input parameters to the macro-scale model, new image analysis
algorithms have been developed and provided under a free license.

A number of issues remain unsolved in this context or had to be
roughly approximated. First, and most notably, this is the role of
heat losses to the environment. We chose an empirical formula,
valid for free convection from a horizontal plate. However, the
accuracy of such a formula remains open to validation in view of
the given dimensions of the micro-model. The best approach
would be to place the micro-model in a vacuum during the exper-
iment in order to have good control over boundary conditions.

The role of residual saturations, and their associated interfacial
areas, during kinetic energy exchange is to the best of our knowl-
edge poorly understood. Up to now, residual interfacial areas and
bulk phase interfacial areas are treated identically although resid-
uals are not connected to bulk phases. Under the given flow condi-
tions, they remain immobile and should therefore be treated
differently from the bulk phases.

In this work, we have chosen to describe both the experiment
and the simulation one-dimensionally. Given the dimensions of
the system, this choice can be questioned and should be the sub-
ject of further studies. Actually, the decision to model the
micro-model experiment by means of a macro-scale model needs
to be better founded. Interesting tools in this regard are
pore-network models, which can be seen as volume-averaging
tools.

With respect to the imaging setup, the weakest points remain
the synchronization of image streams [11] and the limited field
of view of the infrared camera. In Section 6.3, we pointed out that
the chosen boundary conditions do not perfectly match the
observed behavior of the system.

In spite of the listed limitations of the presented model, the
novelty and scientific contribution of the presented work are sub-
stantial. This is the first time for phase specific energy balances to
be used in the simulation of an actual experiment. Furthermore,
the experimental setup is new in its accessibility to optical and
thermal observation. This is remarkable as it allows the phase
specific attribution of temperatures. In other experimental setups
in two-phase flow in porous media, it is often unclear or hard to
control which temperature is actually measured. The detailed
information as well as the decision to employ free and
open-source software development strategies make our results
open for testing and continuation.

We give an order of magnitude estimate of the alleged heat
transfer scaling factor of f, = 0.5 for this setup.

The ultimate goal of our work is to study the correctness and
applicability of the local thermal equilibrium assumption in
two-phase flow in porous media. Therefore, the reasonable repro-
duction of the experimental observations can be taken as the point
of origin for multiple further paths of research.

First of all, it has to be clearly stated that local thermal
non-equilibrium is not of major importance for the given setup
and boundary conditions. Therefore, either temperature differ-
ences between phases could be increased or, more interestingly,
heat sources should be introduced in one of the present phases.
This can be motivated by chemical reactions taking place or by
the cooling of a severely damaged nuclear reactor core.

Another interesting direction of research is the study of averag-
ing and the choice of appropriate models. The choice of using a
one-dimensional model could be questioned. Beyond this question,
the applicability of macro-scale models to this type of problem
could be challenged. Interesting tools in this respect are
pore-network models which can be seen as tools for volume
averaging.

By the provided experimental, analysis and modeling tools, we
give a solid foundation for the further study of local equilibrium
assumptions in two-phase flow in porous media.
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Appendix A. Non-equilibrium mass conservation

For completeness, we will briefly present the mathematical
model for mass conservation employed in this work. For a more
detailed explanation we refer to previous work [17]. The mathe-
matical model for mass conservation is capable of describing local
chemical non-equilibrium. In this context, local chemical
non-equilibrium amounts to the components in the different
phases of the same representative elementary volume (REV) not
necessarily being connected via equilibrium relations. However,
in the context of this work, immiscible flow is described.
Although the presented equations are the ones used in the numer-
ical simulation, mass transfer between phases is switched off by
only allowing pure phases. However, we choose to discuss the
actually implemented equations, as opposed to a simplified
version.

Similar to the standard set of balance equations [9] there is a
storage term, a flux term and a source term. Each of these terms
has to be given for each component in each phase, leading to four
balance equations for the case of a two-phase two-component sys-
tem. This approach builds on the work presented in Ahrenholz
et al. [2] with a refined mass exchange term and results in the fol-
lowing set of balance equations for a two phase, two component
system:
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In general, the index w stands for the wetting phase and the
index n stands for the non-wetting phase. The exponents w, n
stand for the main components of the respective phases.

The storage terms represent the change of a component’s mass
for a given point. The flux terms have two contributions: an advec-
tive (velocity v) and a diffusive (diffusive flux j) part. There are also
two contributions to the source terms. Either from an external
source (injection/reaction q) or from exchange between the phases.

As pointed out above, we only consider pure phases (mole frac-
tions x are either unity or zero) in this work. Therefore, there is no
mass exchange between phases and the respective terms in the
balance equations will not be further discussed in this scope.
Please refer to [17] for a discussion of the full set of balance equa-
tions including miscible phases and evaporation.

The porosity of the porous medium is ¢ and the saturation of
the phases is given by S,. ¢ stands for the density of the respective
phases. v, is a cross section specific velocity in a porous medium.
In this work, we use extended Darcy’s law in order to calculate
velocity

km

Vo = _K'ui (sz - ng) (AZ)

Here, g is the vector of gravity. K, k;, and p, stand for the perme-
ability of the porous medium, the relative permeability of phase o
and the viscosity of phase o.

Appendix B. Non-equilibrium energy conservation

In this section, we will quickly present the equations used to
describe local thermal non-equilibrium on the macro-scale.
Individual temperatures (T, T, Ts) are allowed in all phases (wet-
ting, non-wetting and solid phases, indices w, n, s) in the same
REV. Therefore, each phase is attributed an individual energy bal-
ance. The caloric state variables internal energy (u,) and enthalpy
(hy) are defined for each phase. The equations are given for com-
pleteness, a more detailed discussion is given in Nuske et al. [17].

The formulation of energy balance equations for the individual
phases follows a straight forward train of thought: The phases do
not have the same temperature. Therefore, they exchange energy
which is described via a standard heat transfer ansatz. The local
thermal non-equilibrium description builds on the work of
Ahrenholz et al. [2].

In addition to the transport mechanisms in the case of the mass
balance equations (advection and diffusion), energy can also move
via conduction. A rourier description is used in order to describe the
phase specific heat conduction with the thermal conductivity /.

The source terms of the fluid phase energy balances have four
contributions: Energy can either be introduced associated to a
mass injection (g*) or without injecting mass (g**'#®), e.g. via heat-
ing. Each phase can exchange energy with the other two phases via
two mechanism: due to different temperatures (conduction) or
due to mass exchange and the associated energy transfer. The

latter will not be discussed in this work, as immiscible phases
are considered.

In the energy balance equation for the solid phase the storage
term captures the change of energy via the heat capacity (c;) and
the change of temperature (T;) of the solid phase. The only flux
possible in the solid phase is conduction. There are three possible
source terms to the solid phase: it can either be supplied with heat
from external sources or from conductive heat exchange from
other phases.

The described system amounts to the following set of balance
equations for three phases:

S
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The conductive heat transfer between the phases is captured by
the expressions marked with underbraces. A well-known engineer-
ing approach is chosen: the heat transferred is equal to a dimen-
sionless number times the (volume-averaged) crossectional area
(Gwn, Qws, Gns) available to the heat flux, times the averaged heat
conductivity times the driving temperature difference between
the respective phases divided by a characteristic length of the sys-
tem, L. In detail, a,, stands for the volume-averaged interfacial
area between wetting and non-wetting phase, a,s stands for the
volume-averaged interfacial area between the wetting and solid
phase and a,s stands for the volume-averaged interfacial area
between the non-wetting and solid phase.

[...] The dimensionless number for the case of heat transfer is the
Nussert number which is a function of the flow regime - Re -
and the fluid-specific PranoT. number - Pr, see Table B.7. In
there, ¢, stands for heat capacity at constant pressure, o is
the heat transfer coefficient.

Table B.7
Dimensionless numbers for heat transfer, meaning and definition.
Symbol (name) Definition Meaning Purpose
Re (REYNOLDS) vL inertia Flow regime
v viscosity
Pr (PRANDTL) K momentum _diffusion Fluid characterization
P thermal diffusivity
Nu (NusseLt) oL convective heat transfer Heat transfer

2 conductive heat transfer
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[...] The fact that the interfaces are conceptualized as sharp
interfaces means that they cannot store energy. Therefore,
the amount of energy leaving one phase has to equal the
amount of energy entering another phase. This has already
been included in the equations, by the braces showing the
individual energy fluxes é.

No Nu correlations for the case of multiphase flow in porous
media could be found in the literature. Again, single-phase
relations are employed [22].

Nu =2 + 1.1PrRe®® (B.2)

and a scaling factor f, is assigned, allowing the study of the
influence of the heat transfer. [...] Ultimately, f, needs to
be determined experimentally [17].

This is the very focus of this work: by calibrating the
macro-scale model to experimental observations, we make a first
step towards estimating heat transfer between phases in a
two-phase flow in porous media setting.

Appendix C. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ijheatmasstrans-
fer.2015.04.057.
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