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AbstractCapillary pressure is usually considered as a function of the rock and fluid properties, and saturation. How-
ever, recent studies have shown that capillary forces also are a function of the rate of change of saturation. Moreover,
although it was observed that dynamic forces are highly scale dependent, the role of these effects in large-scale flow
practices is still unclear. In this study, using an innovative numerical simulation approach, the impact of the mentioned
parameters was studied in a highly heterogeneous oil reservoir that is under waterflooding process. It is observed that
the role of dynamic capillary pressure, using routinely measured dynamic capillary coefficient values, is not important
in large-scale problems. However, it would be important in the higher capillary coefficient values that are several orders
of magnitude larger than the values reported in previous experimental studies. Furthermore, the role of rock heteroge-
neity is discussed and it is shown that neglecting the dynamic capillary effects in heterogeneous media may lead to
misleading results in the prediction of the injection front behavior in the reservoir. The dynamic capillary effects, by
lowering the imbibition capillary pressure in the front, leads to more frontal movement of the injection fluid. Also, it is
shown that the dynamic effects are more sensible at points close to the injection wells in homogenous reservoirs, but,
in the heterogenous models it is more dependent on rock properties than the distance from the injection wells.
Keywords: Dynamic Capillary Pressure, Dynamic Capillary Coefficient, Capillary Number, Waterflooding

INTRODUCTION

The multiphase and unsaturated flow in porous media is highly
under the control of the capillarity effects [1]. Capillary pressure is
a measure of the differences between the pressures of two phases
in the interface of fluids. The results of different studies show that
simply the capillary pressure can be dependent on the surface ten-
sion between the fluids, the pore size distribution of the porous
media, the wettability of the rock, and also the temperature [2,3].
This relationship can be easily stated as the Young-Laplace equa-
tion as below [4]:

(1)

where  is the interfacial tension,  is the contact angle and rc is
the effective radius of the porous media in the interface of the flu-
ids. As a general and practical rule, the capillary pressure is consid-
ered to be a function of the saturation of fluids in porous media,
f(Sw), named as static capillary pressure [5]. Currently, this assump-
tion is being used in all of the modeling practices of fluid flow in
porous media using relations like Darcy’s law [6]. But, several ex-
periments showed that the capillary effect is not only dependent
on the saturation of fluids, but also on the rate of change of the
wetting phase saturation, (f(Sw, Sw/t)), known as dynamic capil-

lary pressure,  [7-13]. It is suggested that the main reason
for the difference between dynamic and static capillary pressure is
the difference between the magnitude of the contact angles in
dynamic and static conditions [14]. For the drainage process, this
effect leads to more capillary pressure, and for the imbibition pro-
cess it results in lower capillary pressure values with respect to static
capillary pressure values. Also, in the drainage process, this value is
more significant in mixed wet systems, and in the imbibition pro-
cess the value can be considerable in strongly wet systems. Baren-
blatt [12] and Hassanizadeh et al. [15] introduced models for ac-
counting the non-equilibrium effects in fluid flow processes. The
first assumes non-equilibrium behavior for both relative permea-
bility and capillary pressure, while the last model just considers the
dynamic capillary pressure effects. Based on the model introduced
by Hassanizadeh et al. [15], the relation between static and dynamic
capillary pressure may be defined as:

(2)

where, as defined above, Pc is the capillary pressure at equilib-
rium conditions (Sw/t=0). Also,  is the dynamic capillary coef-
ficient (also capillary damping coefficient), which is a measure of
the speed to reach an equilibrium condition. The measurement pro-
cess of the  can be found in previous studies [9,16,17]. However,
although the definition of dynamic capillary pressure is clear, there
is a large amount of uncertainty about the magnitude of the  co-
efficient in different conditions. Stauffer [18] stated that the value
of the capillary damping coefficient is not a function of saturation,
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while recent studies showed that it is absolutely a function of satu-
ration [9,10]. The reason is that the time scales of layer flow are
dependent on the thickness of the layer on the rock surface [19].
Also, Hanspal and Das [20] showed that it is a direct function of
the system temperature. Joekar-Niasar and Hassanizadeh [21] showed
that the dynamic capillary pressure effects can be highly influenced
by the viscosity ratio of fluids. Amaziane et al. [22] investigated the
effects of rock heterogeneities and stated that the higher the differ-
ence in permeability of block and fractures, the greater the capil-
lary force will be non-equilibrium like. Abbasi et al. [23] showed
that dynamic capillary effects may lead to dissimilarity of imbibi-
tion curves in different study scales. Several modeling and experi-
mental studies have shown that the effect of the dynamic capillary
pressure in lab-scale is considerable and should not be neglected.
On the other hand, the importance of the dynamic effects in large
scale systems is still completely ambiguous. Different studies show
that  values are highly dependent on the averaging length scale of
wetting phase saturation [24]. Abidoye and Das [17] conducted
general research on the effect of length scale on the  value and
observed that as domain scale changes, the magnitude of  increases
an order of magnitude. Recently, a few studies were conducted on
the impact of dynamic capillary coefficients in large scale processes.
Tian et al. [25] investigated the effects of dynamic capillary effects
in a tight sandstone reservoir where the capillary effects are con-
siderable. They concluded that considering the dynamic capillary
effects can improve the validity of simulation results. Mohammad
et al. [26] showed that considering dynamic capillary pressure is
crucial in waterflooding processes. Also, Li et al. [27] by conduct-
ing some experimental analysis showed that the presence of frac-
ture and heterogeneities results in more dynamic capillary coefficients.
However, studies in large-scale processes like oil production, gas
storage practices, and also fluid flow in subsurface aquifers are con-
ducted by neglecting dynamic capillary effects, and it is not clear
how the dynamic effects of capillary pressure influence the mor-
phology of front displacement in the reservoir at large-scale scenar-
ios. In this work, to cover the mentioned weaknesses, the effect of the
dynamic capillary pressure in a field-scale two-phase flow process
is investigated. For the first time, a multiscale simulation approach
has been followed using a novel simulation algorithm recently devel-
oped by the authors [25]. Moreover, it is tried to discuss several vague
points in the study of dynamic capillary effects related to the impact
of heterogeneity. As far as the authors know, this subject has not
been covered properly in previous studies and requires significant
attention. Also, several recommendations for future studies are sug-
gested. Providing solutions for the introduced challenges is essen-
tial for the implementation of dynamic capillary effects in field-
scale studies in the future that will be interesting for researchers.

In the following, first, the mathematical approach of the study is
introduced. Then, the characteristics of the used models are pre-
sented. Simulation results are discussed and the obtained results in
several scales are compared. Finally, the paper is ended with some
conclusions.

METHOD OF STUDY

As was discussed earlier, the effect of the dynamic capillary pres-

sure in large scale problems needs more careful study. In this work,
an open-source prototyping code to mimic fluid flow in Darcy
media, called Matlab Reservoir Simulation Toolbox (MRST), has
been utilized [28]. Basically, similar to other available platforms,
the dynamic capillary effect has not been included in this software.
In this study, an implicit-iterative algorithm was applied to the in-
compressible two-phase flow solver of MRST to include the dynamic
capillary effects that use a standard two-point flux-approximation
(TPFA) method calculating pressure and saturations [29]. The imple-
mented algorithm is introduced in the next section.
1. Modeling Approach

As previously discussed by Abbasi et al. [30], distributions of
pressure and saturation are the key determiners in the two-phase flow
in porous media. For this system, the mass conservation equation is
the main governing equation for each phase and is written as:

(3)

where  is the liquid density and  the porosity. v is volumetric
velocity and q demonstrates injection/production of each phase. Also,
p is the investigating phase and here is written for wetting (w) and
nonwetting (n) phases and can be related to each other as:

(4)

In the above equation, Si is the phase saturation. The flow of flu-
ids in the porous system can be modeled by Darcy equation that
by accepting its assumptions, it can be written as:

(5)

where K is the permeability of the rock, z is the height difference
and g is the constant of gravitational acceleration. Moreover, P, kr,
and  are the phase pressure, relative permeability, and viscosity,
respectively. So, Eqs. (5) and (6) can be rewritten as:

(6)

These equations are extremely conjugated and strongly complex to
solve. This complexity is due the difference in primary variables
(PnPw) as the input for calculation of the phase saturations [31].
To solve the above nonlinearity, the system is defined in the form
of one phase pressure and saturation:

(7)

(8)

For simplicity, it can be written:

PnPw=Pc (9)

This equation can be utilized as the complementary equation for
reducing the order of the calculations. In the routine macroscale
fluid flow in porous media calculations (Darcy’s law), it is presumed
that the Pc is solely dependent on the phase saturations. Consider-
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ing the importance of the dynamic phenomenon in Pc, Eq. (9) is
modified as:

(10)

Using Eq. (10), Eq. (7) is rewritten as:

(11)

To find the solution of the above nonlinear equation in the required
time and spatial space, numerical approaches such as finite differ-
ence methods are applied.

We used an iterative approach for finding the solution of the
above equations; the related algorithm is shown in Fig. 1. From the
algorithm, it is depicted that for each time-step, in the first itera-
tion, the static Pc is utilized to solve the pressure and phase satura-
tion matrices. Using the obtained results, the degree of saturation
changes vs. time (dSw/dt) is determined for all of the cells as:

(12)

where N and t are the number of time-step and the length of the
time-step, respectively. Then, using the following equation, the
dynamic capillary pressure is calculated as:

(13)

The calculated  is employed for updating the pressure-satu-
ration properties of cells in the current time-step and the next iter-
ation. Recalculating the dSw/dt and  is followed until the
convergence goal is reached. The stopping criterion for the itera-
tion is when there is no considerable change in the wetting phase
saturation. Based on this criterion, the error function () can be cal-
culated as:

(14)

where C is the number of cells in the model, i is the number of the
cell, and  is the iteration number. If the obtained value of the
error function reaches to less than the value of 107, the calculated
results will be accepted and the calculations are passed to the next
time-step. The above computations are carried out for all the defined
time-steps. Non-equilibrium transport in porous media usually in-
volves unsymmetrical matrices that require special consideration
to ensure the robustness of the solution [32]. The size of the time-
step, the grid dimensions, and the value of dynamic capillary coef-
ficients have determining roles on the robustness of the simulation
and the number of iterations required to reach the convergence.

It should be highlighted that the dynamic effects can influence
both capillary pressure and relative permeability curves. In most of
the previous studies [8,9,33], only the dynamic behavior of capil-
lary pressure was discussed and influenced. Moreover, in this study
the injection rates were low and flow was highly capillary domi-
nated in most regions. So, the non-equilibrium characteristics of
relative permeabilities are negligible. As a result, in this study, the
dynamic capillary effects are solely used and the relative permea-
bilities are assumed to only be dependent on the phase saturations.
The authors believe that these assumptions lead to interpretation
simplicity and do not reduce the exactness and validity of the ob-
tained results.

Because of the considerable rock heterogeneities, at first, we ob-
served some convergence problems. To solve this problem, the time-
steps were reduced and also the maximum iteration numbers were
increased.
2. Model Description

Regarding the importance of considering a model with large het-
erogeneity, the static model of the 10th SPE comparative solution
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Fig. 1. The algorithm defined for the implementation of dynamic
capillary pressure.

Table 1. A summary of the large-scale model
Property Value Property Value

Cell number 60×220×5 Injection well number 3
Cell size (m) 6×3×0.6 Production well number 8
Average porosity (-) 0.17 Injection rate (STB/day) 10
Average permeability (md) 355.4 Production bottom-hole pressure (psia) 4,000
Initial oil saturation (-) 1.0 Total pore volume injected (-) 0.22
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project was used in this work. The SPE Comparative Solution Proj-
ects are generally used for an independent comparison of numeri-
cal methods. The SPE 10 model was introduced to examine different
grid upscaling methods. Blunt et al. [34] compared the results of
different simulators and introduced the best single-phase upscal-

ing method. Originally, the fine model consists of 60×220×85 cells
(1122000 cells). The cell sizes of the model are 6×30.6 (m) that are
relatively fine. To ignore the unnecessary complexities, a sector that
considers only five vertical layers (6 to 10) and one-half of the model
(left side) were extracted from the original model for simulation of

Fig. 2. The areal log permeability map (left) and porosity map (right) of the considered sector of the SPE 10 Model.

Fig. 3. Average reservoir properties for different layers: (a) Permeability, (b) Porosity.

Fig. 4. (a) The oil and water relative permeability curves, (b) Different scenarios of capillary pressure curves.
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the impacts of dynamic capillary effects in field-scale. Table 1 shows
a summary of the properties of this model. Also, Fig. 2 shows the
permeability and porosity map of the extracted model. As can be
seen from the figure, the model is highly heterogeneous in the lat-
eral direction. Also, the average permeability and porosity of each
reservoir layer are shown in Fig. 3. It is also clear that the heteroge-
neity in the vertical direction is significant as well. The wettability
of reservoir rock was set to be water wet. The related relative per-
meability curves are shown in Fig. 4(a). Also, the defined relative
capillary pressure curves are presented in Fig. 4(b). As this figure
shows, to understand the influence of capillary force in the consid-
ered scenarios, different capillary curves were assumed.

The waterflooding process is carried out using eight production
and three injection wells. The production/injection pattern is shown
in Fig. 5. As shown, the wells are not uniformly distributed in the
reservoir. Also, all the wells are completed in all of the layers. The
injection rate was 10 STB/day and the production wells were pro-
duced at the constant bottom-hole pressure of 4,000 psia.

Also, to compare the extent of dynamic capillary effects at dif-
ferent scales, a core scale imbibition simulation test was conducted.
The geometrical schematic of the model is shown in Fig. 6. The
model consisted of a matrix (upper) and a fracture (lower) with high
pore volume (to have constant saturations in fracture medium). The
fracture is filled with the water and the matrix is saturated with oil.
As Table 2 shows, the areal cross-section of the model was 9 cm2

and the height was 6 cm (with pore volume approximately similar
to a routine core plug). Also, the matrix porosity and permeability
were 0.25 and 355 md, respectively. The matrix relative permeabil-

ity of phases was the same as the field model curves (Fig. 4(a)).
Also, the Pc#2 curve (Fig. 4(b)) was used as the capillary pressure
of the matrix. The capillary effects in fracture were negligible and
the relative permeability curves were linear.

RESULTS AND DISCUSSION

After initialization of the simulation models, different simula-
tion scenarios in both field and core scale were conducted in the
MRST simulator (provided in the following sections). It should be
indicated that the flow process in these scenarios is highly capillary
dominant due to the low injection rates.

In the following, before entering the discussion about the impact
of dynamic capillary effects, at first, the behavior of the reservoir
under waterflooding (by the assumption of static capillarity) is dis-
cussed.
1. The Impact of Capillary Pressure

As highlighted previously, studying the effects of dynamic capil-
lary forces without a clear understanding of the effect of static cap-
illary pressure is not reasonable. The relative importance of capillary
effects in fluid flow in porous media is highly dependent on the
pore structure of the rock. In large scale continua, with increasing
the complexity, these effects are more substantial. Moreover, the
presence of low capillary number values is important. The capil-

Fig. 5. The injection (blue) and production (red) wells pattern.

Fig. 6. The geometrical model for fracture and matrix.

Table 2. A summary of the core scale model
Property Value Property Value

Cell number (matrix) 1×1×30 Fracture pore volume multiplier 100
Matrix cell size (cm) 3×3×0.2 Fracture cell size (cm) 3×3×0.2
Average matrix porosity 0.25 Average fracture porosity 1
Average matrix permeability (md) 355 Average fracture permeability (d) 100
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lary number is a quantitative expression of the ratio of the buoyant
(viscous) force to gradients in the capillary pressure. In this section,
three different scenarios with different capillary pressure curves
were considered. The capillary pressure curves are shown in Fig.
4(b). The field water-cut in different scenarios is presented in Fig.
7(a). The results show that by increasing the capillary pressure
magnitude, the field water-cut is decreased. In this case, the pro-
duction water cut after water breakthrough decreased by around
five percent under the effects of capillary phenomena.

To understand the obtained results, it should be noted that the
understudy continuum is highly heterogeneous, both horizontally
and vertically (Fig. 2 and Fig. 3). The significant vertical heteroge-
neity of the porous media in stratified reservoirs usually leads to a
fast breakthrough of the injection front in the high permeable lay-
ers. Increasing the magnitude of the capillary pressure affects the
volumetric flux of the fluids in different layers. Since the viscous
forces in low permeable layers are less, the influence of capillary forces
is more significant than the high permeable layers. This leads to
increasing the share of low permeable layers in the transmission of
the fluids and, consequently, decreasing flux rate in a high perme-
able layer that eventually results in delaying the breakthrough of
the injection front in production wells. Similar results are also
observed in previous studies [35,36]. It is theorized that the impact
of the rock heterogeneity on macroscopic flow is directly related to
the continuum scale capillary number [37]. In the following sec-
tions, by including the dynamic capillary coefficient, the dynamic

Fig. 7. The impact of capillary pressure on the fluid flow, (a) field water-cut, (b) total oil production rate.

Table 3. The considered scenarios of the dynamic capillary coeffi-
cient

Scenario Capillary pressure
curve number

Dynamic coefficient
(Pa·s)

Pc#0Tau0 0 0
Pc#2Tau0 2 0
Pc#2Tau1e11 2 1×1011

Pc#2Tau2e11 2 2×1011

Pc#2Tau3e11 2 3×1011

Pc#2Tau4e11 2 4×1011

Fig. 8. Water cut of the field versus time during waterflooding.

Fig. 9. Oil production rate of the field versus time during waterflood-
ing.

behavior of the considered field is investigated.
2. Impact of Dynamic Capillary Effects

In this section, the effects of considering the dynamic capillary
effects in various waterflooding scenarios are discussed. As previ-
ously stated, in this study the dynamic capillary coefficients are as-
sumed constant and are not dependent on parameters like tempera-
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ture and saturation. In this section, different scenarios with differ-
ent dynamic capillary coefficient values are considered with details
shown in Table 3. The considered capillary coefficient values are in
the range of 1×1011 to 4×1011 Pa·s, which are several orders of magni-
tude larger than the values measured in the previous studies [8].
The values used for  were obtained by several sensitivity analyses
performed earlier. We tested several geological models with differ-
ent reservoir/well configurations. The used range of , 1011 Pa·s, is
the range that the dynamic capillary pressure is observable and also
reliable. The much lower values make the effects of dynamic capil-
lary pressure negligible (same as the scenario with static capillary
pressure); the much higher values practically make the last term of
Eq. (13) very large, and the capillary pressure will be zero that do
not have any physical meanings (same as the scenario without any

capillary pressure). Therefore, a suitable range for the value of the
dynamic capillary coefficient is the values already used.

Fig. 8 shows the total field water cut versus time for different
simulation scenarios (Table 3). The figure shows that in the scenario
with dynamic capillary coefficient =1×1011 Pa·s, the field water
cut was not considerably influenced by the dynamic capillary effects.
Moreover, in lower dynamic capillary coefficients, the reservoir
behavior is not influenced by the dynamic capillary effects as well.
By considering the value of 4×1011 for the dynamic capillary coef-
ficient, the water cut curve deviated from the static conditions. As
Fig. 8 shows, in this scenario the breakthrough time is delayed in
comparison with the static capillary case. After a short time, the
water cut excelled from the scenario with the static capillary coeffi-
cient. As the figure shows, the water cut in this scenario did not

Fig. 10. The map of water saturation in different simulation times (after 1,000, 3,500, and 7,500 days) for scenarios with static ((a), (b), (c))
and dynamic capillary pressure with =4×1011 Pa·s ((d), (e), (f)).
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experience a smooth trend. These noises can be due to the hetero-
geneity of the reservoir rock. In this condition, the injection front
faces with different propagating velocities at the interface of the
front. Fig. 10 shows the water saturation map during water injec-
tion for scenarios with (Pc#2Tau4e11) and without (Pc#2Tau0)
considering the dynamic capillary coefficient. It can be seen that
in both scenarios the general trend of front movement is approxi-
mately similar. But, the propagation of injected water in the case
with the dynamic capillary coefficient is slower than the other case.
Another important difference between the water propagation in
two scenarios is that in the case with the dynamic capillary coeffi-
cient the injection front moved more frontally [38]. It means that
in the case with dynamic capillary pressure, the water saturation in
the front experienced a sharper decrease from the injection side to
the production side in comparison with the case with static capil-
lary pressure. The water saturation in the water invaded zone is

almost 1 in Pc#2Tau4e11 scenario, but in the scenario with static
capillary pressure, it is lower (almost 0.8). In Fig. 8, by comparing
the water cut curves of the two scenarios with and without apply-
ing dynamic capillary coefficient (Table 3), it can be claimed that
in the scenario of Pc#2Tau4e11 the production water cut stayed
lower than the base case (Pc#2Tau0) at initial times of simulation
(for around 4,000 days) and then went higher. This behavior can
be interpreted by attention to the effect of the dynamic capillary
coefficient in improving the frontal behavior of the injection front.
Also, Fig. 9 shows the oil production rate of the field versus the
simulation time. As this figure shows, by increasing the dynamic
coefficient the oil production rate is decreased with respect to the
case with the static capillary curve.

The obtained results also can be confirmed by comparing the
trends of the time derivative of saturation in Fig. 11. As the figure
shows, the values of the time derivative of saturation have a grad-

Fig. 11. A map of the time derivative of water saturation (Sw/t) in different simulation times (after 1,000, 3,500, and 7,500 days) for scenar-
ios with static capillary pressure ((a), (b), (c)) and dynamic capillary pressure with =4×1011 Pa·s ((d), (e), (f)).
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ual distribution in the scenario with static capillary pressure, while
in the case with dynamic capillary pressure, the changes of water
saturation are only on a thin layer at the injection front. However,
in the last case, the value of Sw/t is around one order of magni-
tude larger than the values in the case with the assumption of static
capillary pressure. Generally, from this part of the study, it can be
concluded that in the considered field case, the effect of dynamic
characteristics of capillary pressure is not significant when the
dynamic capillary coefficient is lower than 1×1010 Pa·s. But in the
cases with a higher dynamic capillary coefficient, the reservoir behav-
ior is affected. Of course, this critical value of dynamic capillary
coefficient may be different in other field cases with different rock
and injection/production characterizations. As stated previously,
the measured values for the dynamic capillary coefficient in previ-
ous studies (in core scale) are in the range of 105 to 108 Pa·s, which
is much lower than the effective values found in this study. Natu-
rally, there are many differences between the flow processes in
porous media in core scale and in field-scale that should be inves-
tigated to reach to a good view on the possible effects of the dynamic
capillary pressure in field-scale practice. This means that consider-
ing the dynamic capillary coefficient may result in considerably
different outputs. Note that in an imbibition process (like a water
injection process), the effective capillary pressure is lower than static
capillary pressure. A discussion about this topic is provided in the
next sections of this study.
3. Multiscale Study

As previously indicated, multiphase flow in porous media is highly
under the impact of geological heterogeneity of the porous domain.
The flow in heterogeneous porous media generally has multiscale
solutions [39]. This section attempts to provide some discussion
about the impact of geological heterogeneity on the extent of the
dynamic capillary pressure in different areal locations by compar-
ing waterflooding process in two different homogeneous and het-
erogeneous models. Fig. 12 shows the value of time derivative of
water saturation, Sw/t (at the injection front) for two heteroge-
neous and homogenous models. These results can be compared
with the distribution of rock porosity and permeability in a het-
erogeneous model that is shown in Fig. 2. Also, the average values
of rock permeability and porosity of the heterogeneous model were
calculated and used in the homogeneous model. As Fig. 12(a) shows,
the time derivative of water saturation has a power (inverse) trend
versus distance from the injection source in the homogeneous
model (with R2=0.2602). But, as Fig. 12(b) shows, the value Sw/t
does not follow any particular trend in the heterogeneous reser-
voir (R2=0.0076 that is so small). In fact, in the heterogeneous
case, the Sw/t is a function of distance and also the reservoir
properties. This is because the value of Sw/t in high permeabil-
ity zones is greater than the values in low permeability zones. Also,
from Fig. 12 it can be concluded that the rate of change in water
saturation experienced more values in the heterogeneous case in
comparison to the homogeneous one. From this figure, it can be
found that in homogeneous reservoirs the rate of change of satura-
tion (Sw/t) and consequently the dynamic capillary effect is more
prominent in regions close to the injection source. But in the het-
erogeneous reservoir, the prediction of the effects of dynamic cap-
illary pressure versus areal location is complicated [27]. In these

kinds of reservoirs, the dynamic capillary effects in lateral and ver-
tical directions are location-dependent (Fig. 12(b)). From this part,
it can be concluded that the reservoir property and heterogeneity
of the properties should be critically considered in the pore to the
field-scale study of dynamic capillary effects. Moreover, it needs to
be indicated that the distribution of Sw/t in the reservoir can
also be affected by the geometry of placement of the wells.

Fig. 13 shows the value of the time derivative of water satura-
tion for each cell versus the rock properties of the cell for a specific
time step. It can be seen that the value of Sw/t (as expected) has
a moderate functionality with the rock permeability and porosity.
Also, it can be seen that the rate of change of saturation may be
orders of magnitude different in various points of a heterogeneous
reservoir. By seeing this behavior, deep studies can be suggested
on the dependency of dynamic capillary pressure and dynamic
capillary coefficient to the static and dynamic specifications of the
flowing porous media, such as flow velocity, rock transmissibility/
permeability.

On the other hand, during the investigation of dynamic capil-

Fig. 12. The derivative of water saturation at different distances from
the injection well for (a) homogeneous domain (b) hetero-
geneous domain.
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lary effects, the differences between flow behaviors in different scales
need to be considered. Since different parameters like tempera-
ture, the structure of the porous media, and fluid properties are
effective on dynamic capillary pressure and these parameters usu-
ally significantly change through different scales, studying of the
scale dependency of dynamic capillary force is complex and the
obtained conclusions maybe highly case dependent [17]. So, the
dynamic flow behavior of fluids in porous media may be highly
different between small (core scale) and large-scale scenarios.

To reach to a general view, a core scale simulation test was con-
ducted to compare the magnitude of Sw/t in small and large
scales. Fig. 6 shows the schematic of the simulated core. Fig. 14
shows the values of the time derivative of saturation for points with
different distances from the matrix/fracture face. As expected, the
maximum value of Sw/t is greater in points close to the fracture
face. Also, the magnitude of Sw/t is around 103 sec1 at points

close to the fracture and around 105 sec1 at points relatively far
from the fracture face. Recent studies also revealed that in a core
scale imbibition process, the time derivative of saturation is gener-
ally in the range of 106 to 103 sec1, in the imbibition front [30].
Of course, at the points far from the front, this range can be much
lower (in the range of 108 sec1). However, this range may be
much different in large-scale flow processes. As Fig. 11 shows, the
time derivative of saturation is in the range of 108 sec1 in the case
with dynamic capillary coefficient and 109 sec1 in the case with
the static capillary coefficient. These values are much less than the
values observed at the core scale. The main reason behind this dif-
ference is the difference between the cell sizes used in the field-
scale numerical simulation. By comparing the sizes of cells in two
models, it can be seen that the cell sizes increase around five orders
of magnitude from the core model to field model. On the other
hand, comparing the values of the time derivative of saturation
shows that the value of Sw/t in core scale is around four to six
orders of magnitude larger than the field-scale values. This chal-
lenge is also present in experimental measurements. Several stud-
ies revealed that there are dependencies between the length scale
of averaging the saturations and the value of the measured capil-
lary dynamic coefficients and also dynamic capillary pressure [8].
Dahle et al. [40] stated that the dynamic capillary coefficient is a
square function of the averaged length scale. Also, lower-order
dependencies were suggested by Abidoye and Das [17]. It seems
that the length scale dependency of dynamic capillary pressure is a
critical challenge for measurement and characterization of dynamic
capillary phenomena, especially in the case of upscaling of experi-
mental results for use in field-scale studies. By the way, in addition
to the differences between averaging length scales between core
and field-scale scenarios, the flow velocity of fluids along the porous
media may also be different in two investigating scales that may
lead to different Sw/t values. Considering the results obtained in
previous studies, the magnitude of the dynamic capillary coeffi-
cient has an inverse functionality with the time derivative of water
saturation [17]. Regarding the stated observations, it can be high-
lighted that the magnitude of the dynamic coefficient can be higher

Fig. 13. The time derivative of water saturation for each cell versus rock properties in a specific time step (a) Permeability (b) Porosity.

Fig. 14. The time derivative of water saturation in the core scale
imbibition process for different locations of the core (dis-
tance assumed from the fracture face).
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in field-scale processes due to differences in the flow velocity and
also averaging domain of saturation changes (Sw/t). Furthermore,
it is clear that the deviation of capillary pressure from static condi-
tions is different in different locations of the reservoir and using a
capillary curve measured at dynamic conditions cannot retrieve the
real processes occurring in dynamic conditions.

Also, based on results by Hanspal and Das [20], the  value in-
creases by increasing the temperature. So, since the reservoir tem-
perature is usually more than the core scale laboratory tests, the
dynamic capillary coefficient is probably more important in actual
fields than the ambient experimental measurements. Moreover,
the  value is more considerable in dense rocks where the porosity
and permeability values are very low. So, it can be predicted that
the magnitude of  in field-scale processes is greater in compari-
son with the values obtained in core scale measurements. By the
way, although the results obtained in this study show that dynamic
capillary effects can be significant in field-scale studies, the used
dynamic capillary coefficients are more than the routine values
measured in the laboratory, due to differences between the averag-
ing distances of the saturation. So, more investigation is recom-
mended to measure or predict the magnitude of dynamic capillary
coefficient in more realistic conditions, including high tempera-
ture and heterogeneous cases, that can be a better representative of
field-scale scenarios. Finding general correlations is necessary for
correctly applying dynamic capillary effects in these conditions.
Also, to calibrate the developed correlations for each specified res-
ervoir, a set of standard experimental/numerical approaches may
need to be established.

CONCLUSIONS

In this study, the significance of the dynamic capillary pressure
effect in a two-phase flow scenario at field-scale was investigated.
First, the effect of capillary pressure was investigated and the results
showed that increasing capillary pressure leads to more frontal
movement of injection front. The influence of dynamic capillary
pressure on large scale models was studied next. With attention to
the obtained results, it was observed that the breakthrough time
was delayed by increasing the dynamic capillary pressure coeffi-
cient. Moreover, the results showed that increasing the dynamic
capillary pressure coefficient causes the field water-cut to be lower
at initial times of injection and then higher after a period of time
than the scenario with the assumption of static capillary pressure.
These impacts were observed when the dynamic capillary coeffi-
cient was larger than 1011 Pa·s. This value is much more than the
values previously measured in laboratory-scale studies. Moreover,
the magnitude of the Sw/t in field and core scales was com-
pared and their magnitudes were completely different. These dif-
ferences are mostly because of the differences between the averaging
length scale of the saturations that is a weakness of the current
modeling approaches. It seems that defining the dynamic capil-
lary pressure based on other parameters like the front velocity is
more in agreement with the realistic phenomenon of dynamic capil-
lary effects, and also it is more practical for upscaling of the exper-
imental measurements. It needs to be concluded that direct usage
of experimentally measured dynamic capillary coefficient values in

field-scale studies is not viable and any comprehensive theory is
still recommended on this issue. Finally, the results showed that
increasing heterogeneities in the model makes the prediction of
dynamic capillary effects at different locations of the field more
complicated.
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