
Citation: Cheremisin, A.; Lompik, V.;

Spivakova, M.; Kudryashov, A.;

Karseka, K.; Mityurich, D.;

Podnebesnykh, A. Creation of a

Hydrodynamic Digital Model of a

Laboratory Core Experiment of

Surfactant Polymer Impact on Oil

Recovery, in Order to Determine

Parameters for Further Full-Scale

Simulation. Energies 2022, 15, 3440.

https://doi.org/10.3390/

en15093440

Academic Editors: Mikhail

A. Varfolomeev, Bing Wei and

Kadet Valeriy

Received: 8 February 2022

Accepted: 28 April 2022

Published: 8 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Creation of a Hydrodynamic Digital Model of a Laboratory Core
Experiment of Surfactant Polymer Impact on Oil Recovery, in
Order to Determine Parameters for Further Full-Scale Simulation
Alexander Cheremisin 1,*, Vasiliy Lompik 1, Margarita Spivakova 1, Alexey Kudryashov 2, Kiryl Karseka 2,
Denis Mityurich 2 and Alexander Podnebesnykh 3

1 Skolkovo Institute of Science and Technology, 121205 Moscow, Russia; lompikvasya@yandex.ru (V.L.);
m.spivakova@skoltech.ru (M.S.)

2 State Oil and Gas Company Belorusneft, R&D Institute, 15B, Knizhnaya Str., 246003 Gomel, Belarus;
kudryashov@beloil.by (A.K.); karseka@beloil.by (K.K.); mityurich@beloil.by (D.M.)

3 Roxar Services, 4031 Stavanger, Norway; podnebesnykhav@mail.ru
* Correspondence: a.cheremisin2@skoltech.ru

Abstract: The work aimed to solve the problem of determining, validating, and transferring model
parameters of flooding using chemical enhanced oil recovery (EOR) from a core experiment to a
full-scale hydrodynamic model. For this purpose, a digital hydrodynamic model describing the
process of oil displacement by the surfactant and polymer solution on the core is created and the
digital model is matched to achieve convergence with the historical data. This approach allows the
uncertainties associated with the limited number of experiments to be removed to fully describe
the parameters of the chemical surfactant polymer flooding model and form a database that could
subsequently be replicated at various field sites, having the composition of reservoir fluids and
distribution of rock composition in the core material as the basis. Besides, the digital model allows for
verification of physical and chemical properties of surfactants and polymers, values of the adsorption
of chemical agents on rocks, and the behavior of relative permeability in the hydrodynamic model of
EOR before making predictions on the full-scale model and to improve the quality of forecast cases.

Keywords: EOR; polymer; chemical flooding; digital core; surfactant; modeling; experiments

1. Introduction

Hydrodynamic simulation of laboratory oil displacement tests with water is a conve-
nient tool for qualitative and quantitative determination of displacement parameters in
the evaluation of chemical EOR effects [1–3]. A number of parameters in the study of oil
displacement by surfactants and polymers can be measured and quantified, for example,
the concentration of solutions. It is possible to customize the model on them. The general
picture of displacement can be understood by visualization methods using a microscope
on thin sections or by tomography methods [4–6]. It allows uncertainty to be estimated
and experimental conditions and regimes to be specified before costly, time-consuming
experiments are performed [7–9]. For example, the authors [10] determined the influence of
gravitational forces and filtration rate on the experimental determination of relative phase
permeabilities; the influence of shallow inhomogeneities at the core level was shown. In the
work by [11], simulation of core experiments significantly accelerated and facilitated the
process of determining the characteristic relative phase permeabilities. In a study of charac-
teristic relative phase permeabilities [12–16] using simulators, the limits (capillary number,
heterogeneity) of 1D core model applications were established, and important conclusions
about model constraints and assumptions were made. In the work by [17], the authors were
able to tune physical and chemical properties and displacement characteristics, including
relative phase permeabilities and capillary logarithm value at interpolation transition,
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to new relative phase permeabilities of an oil displacement surfactant core experiment
using simulation and tuning to actual data from the oil displacement core experiment. At
the same time, in the work by [18], it was also possible to identify the shortcomings of
simulators in the simulation of some EORs.

The proposed methodology is convenient because when performing experiments
under laboratory conditions, a qualitative and accurate recording of input and output pa-
rameters with high-precision laboratory equipment is assumed, which cannot be obtained
in the field conditions, where the measurement of parameters is complicated, and in-situ
and geological processes introduce much uncertainty.

Despite a number of limitations on full-scale models associated with scaling results
from core models due to heterogeneity—saturation and capillary pressure [19]—there are
several parameters that do not require scaling at all and do not depend on saturation, e.g.,
adsorption, residual resistance factor, and inaccessible pore volume.

Numerous works are devoted to modeling core experiments, where the authors
propose their own approaches and use various models from analytical to numerical ones
used in various commercial simulators [7,13,17,20]. There is much to argue about the
effectiveness and shortcomings of the models used; however, the goal in describing the
processes of oil displacement by chemical agents should be clear—the model should
qualitatively describe the filtration process and be able to remove a number of uncertainties
that are impossible or too labor-intensive to perform in laboratory conditions. However,
in most of the works by the authors, such model tuning parameters as the volume of
displaced oil and water, surfactant and polymer concentrations, and pressure gradients are
indicated [20–23].

Having obtained the tuned and adapted model of the experiment, it is possible,
with the help of the simulator, to perform experiments on other modes and under other
conditions, which allows us to go a little beyond the experiment and beyond the restrictions
related to technical and temporal capabilities of the laboratory. In turn, adjusting the
hydrodynamic model to the experiment allows us to determine or confirm the parameters
for further full-scale simulation quite accurately. All of this allows us to see and look for
further ways of development [24,25] and improve the quality of forecasts when using
hydrodynamic models and improve forecast reliability in simulations.

2. Materials and Methods

The initial data for modeling and matching were the actual results of experiments on
the displacement of oil on the core by a slug of agents (polymer and surfactant) after the
stage of water injection.

The studies were carried out using the Autoflood 700 apparatus for flow testing from
Vinci Technologies S.A. (92022 Nanterre, France). The equipment is designed to perform
physical simulation of coreflood processes under reservoir conditions. Lines are connected
to the input and output of the reservoir model, to which differential pressure transducers
are connected through a system of pneumatic valves in order to measure the pressure
drop across a model. The valve system enables transducers to be switched with different
measuring ranges without stopping the displacement process. The outlet line of the core
holder is connected to a fluid collector, which measures the volume of effluent samples.

The accuracy in determining physical parameters during the coreflood test did not exceeded:

- Temperature in the oven: ±0.5 ◦C;
- Pressure: 0.1% of the maximum value;
- Effluent fluid volumes: 0.1 cm3.

The viscosities of polymer and surfactant solutions were measured by viscometer
Physica MCR 301 (company Anton Paar, Graz, Austria).

In general, the method of adapting the results of experiments is based on an iterative
process of correcting adsorption parameters, such as dead pore volume and residual
resistance factor, as well as the capillary number, at which the relative phase permeabilities
switch from the water–oil system to the water solution of the surfactant–oil system. These
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are the main parameters of uncertainty in a laboratory experiment and allow the model the
model to be adjusted to the actual experimental data.

The main stages of agent injection are shown in Figures 1 and 2 and in Table 1.
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Table 1. Agent injection modes (PV—pore volumes).

Slug Parameter Value

Surfactant

Surfactant Surf
Csurf, ppm 2500
CNaCl, ppm 1000

Polymer POL
Cpol, ppm 2500

Slug size, PV 0.5

Polymer
Polymer Poly

Cpol, ppm 2500
Slug size, PV 0.5

Water Slug size, PV 2

The parameters of the polymer and surfactant solutions obtained from static experi-
ments were used as input data: the dependence of polymer viscosity on its concentration
(Figure 3), the influence of surfactant presence and concentration on polymer viscosity
(Figure 4), and the effect of shear rate on polymer viscosity (Figure 5). When studying the
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effect of surfactants on the viscosity of the polymer, a limited number of measurements
were performed, which made it possible to approximate the viscosity of the polymer from
the surfactant concentration for only two points. This, in turn, also introduced uncertainty
into the calculations, but allowed us to estimate the viscosity of the polymer for the bound-
aries of the studied concentrations. These parameters were determined directly under
laboratory conditions. One of the steps in tuning the model was to select the extrapolation
dependence of polymer viscosity behavior on shear rate in intervals that the experiment
could not cover. The extrapolation dependence is described using a power function (this
function is a function of a hydrodynamic simulator). Moreover, the selection of viscosity
extrapolation parameters into the area of high filtration rates due to high gradients in the
real reservoir will help solve the problem of scaling oil viscosity at the averaged distance
from the well.
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To simulate the interfacial tension, the function of surfactant concentration influence
was used, defined as the dependence obtained by direct determination in the laboratory
conditions (Figure 6).
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Figure 6. Dependence of interfacial tension on surfactant concentration.

One of the steps in tuning the polymer and surfactant adsorption parameters on the
rock was scaling the static adsorption data by the adsorption obtained from the filtration
experiment. The adsorption concentration dependence curves determined by the static
method were used as a starting point for the data, and then the adsorption curve obtained
by the parallel transfer method was normalized to the experimental dynamic adsorption
point, after which the curves were further smoothed. This process is necessary, since for
a correct description of adsorption behavior it is necessary to perform a large number of
experiments for different concentrations of chemical agents, which in practice turns out
to be a very expensive process and requires a considerable amount of time. In this case,
only dynamic adsorption gives a real picture of the retention on the surfactant rock and
polymer in the reservoir (Figures 7 and 8).
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Figure 7. Curve of adsorption dependence on polymer concentration.

No matter how many experiments are performed, there are always parameters that will
introduce uncertainty into the calculations. It is these that can be used as tuning parameters
on the actual experiment data. Such parameters include inaccessible pore volume, residual
resistance factor, and desorption value (if its value could not be determined as a result of a
filtration experiment, or experiments for complete desorption assessment are insufficient).
In this work, the first approximation is given on the basis of literature sources (Table 2).
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Table 2. Values of parameters for the simulation to tune.

Parameter Polymer Surfactant

Unavailable pore volume 0.25 0
Residual resistance factor 2 1

Desorption No No
Type of interpolation used when doing a table lookup for IFT values - Linear

A commercial simulator was used to simulate a wide range of physical processes of
surfactant and polymer solution filtration.

The capillary number plays a key role in describing the processes of surfactant injection,
which combines many effects, such as an increase in the viscosity of the displacing agent,
a decrease in interfacial tension, and an effect on the injection rate [1,26,27]. Thus, a
double set of parameters is assigned—for water and for chemical action. For intermediate
values of capillary number, the values of the displacement ratio and relative permeabilities
are automatically scaled by the simulator. At the same time, different simulators use
different approaches to simulate the capillary number—either a piecewise linear function
or a non-linear function [23]. A nonlinear description of relative permeability scaling
from the capillary number is closer to the description of a real pattern of oil displacement
by surfactant. Capillary number thresholds are determined by simulation. Surfactant
and polymer slug injection is simulated, and during the simulation the capillary number
values are taken directly from the logarithm cube at the point of maximum surfactant
concentration. The minimum value of the capillary number in the model corresponds to
the mode of displacement by water.

Determination of the optimal number of cells for the simulation of the displacement
experiment was performed by simulating the experiment with cells of different dimensions.
For this purpose, five different core models were created and analyzed accordingly. The
cell size of each model was chosen to have the same equivalent cross-sectional area of the
circular core sample and to create equity in the original pore volume conditions.

The basic assumption of the model in reservoir porosity and permeability (RPP)
allocation is as follows: Within the model, porosity, permeability, residual oil saturation and
associated water saturation are given by data obtained in the laboratory, and the properties
are distributed isotropically over the entire sample volume (since in this work, computer
tomography of the core sample to determine the RPP was not carried out). A general view
of all models is shown in Figure 9. The grid was described using the Cartesian model. The
dimensions of the models are shown in Table 3.
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Table 3. Model parameters.

Model and Cell Size 1 × 1 × 6 5 × 5 × 22 15 × 15 × 78 30 × 30 × 125 60 × 60 × 248

Number of active cells 6 462 13,806 89,750 701,344
Cell sizes in X and Y directions

(Z—direction along core sample), mm ~38 7.04 1.99 1.24 0.63

The basic physical parameters of the filtration models are given in Table 4.

Table 4. Final model parameters.

Parameter Value

Oil viscosity, cP 1.6
Water viscosity, cP 0.417
Pore volume, cm3 28.16

Oil in reservoir conditions, cm3 15.00
Moveable oil, cm3 8.7
Bound water, cm3 13.16

Average permeability on 4 samples, mD 277.3
Average porosity on 4 samples, % 26.4

Model length, mm 153.6

In order to correctly compare the calculation results in the model with the actual
experimental results, a simulation of oil displacement by water in the same regime as water
flow was performed. Calculations were performed for the experiment to determine the
displacement efficiency by water. The results are exemplified by oil recovery (Figure 10)
and the water-cut schedule in the model as the parameter most affected by cell size (scaling)
(Figure 11). In addition, we compare the relative error concerned with changed of cells
sizes (Figures 12 and 13).
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The calculation results show that models with a resolution higher than 15 × 15 showed
the same behavior as water slug movement during filtration inside the core, which can
be judged by water and oil yields from the samples. This means that it is not necessary,
specifically in this and similar cases, to use a mesh size of less than 1–2 mm. The maximum
deviation due to scale effects with respect to the model with smaller cell size did not reach
2%, which is acceptable for further simulation. Moreover, the calculation accuracy gain
along the inflection line of arithmetic mean errors lay in the same range of the model with
a cell size of 15 × 15 (Figure 14).
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3. Results

Based on the data described above, an experiment on oil displacement by surfactant
and polymer was reproduced by means of hydrodynamic simulation. The main goal of the
model adaptation was to achieve the maximum possible convergence with the experimental
results. In our case, the following model-experiment error criteria were chosen: cumulative
oil production and water cut of no more than 5%, differential pressure of no more than
10%, and a concentration of polymer and surfactant at the exit from the core of no more
than 20%.

The results of the simulation of the main displacement indices and core-surfactant
and polymer yield concentrations are presented for the first iteration and the last iteration
(when convergence with experimental results is achieved) in Figures 15 and 16.
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Figure 15. Result of model tuning to experimental data (displacement parameters).

As a result of the adaptation of the model, it was possible to reproduce all the indicators
of the experiment within the specified error, so the results obtained during the simulation
can be considered satisfactory. In the process of iterative tuning of the model, the main
parameters of uncertainty were refined when describing the physics of the process of oil
displacement by surfactants and polymers, which were not studied experimentally.

The uncertain parameters obtained in the experiment and refined in the course of
model tuning described earlier are shown in Table 5 and in Figures 17 and 18.
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Table 5. Parameters obtained by tuning the model to the experiment.

Parameter Polymer Surfactant

Unavailable pore volume 0.35 0.25
Residual resistance factor 3.5 1

Fraction of desorbable agent 0.375 0.375
Type of interpolation used when doing a table lookup for IFT values - Logarithmetic
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The main reason for the sharp increase in pressure drop in the model during agent
injection and piston displacement of oil by the agent slug was the increased viscosity of the
slug, which was due to the high concentration of polymer in the free volume. The tuning in
this case was done by increasing the values of the polymer adsorption curve and activating
the desorption function in order to maintain the overall polymer yield from the model.

The shift of agent slug yield time to the left in the tuning process is achieved by
changing the shape of the adsorption curves and increasing the pore space that is not
available. In the case of surfactants, in general, adsorption was reduced from the original
adsorption and desorption was added. In this case, the value of residual adsorption for
both agents served as a tuning tool and was chosen to achieve maximum convergence with
the experimental data on the accumulated agent yield and the shape of the concentration
curve at the yield.
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The value of the residual resistivity factor for the polymer was selected based on the
goal of achieving pressure drop convergence in the post-polymer slug stage when only the
polymer in bound form was present in the rock.

4. Discussion

The model used the inaccessible pore space for the surfactant as the tuning parameter.
The introduction of this parameter proved necessary once the shape of the adsorption
curve from concentration could not achieve acceptable convergence. This parameter may
be due to the carrying capacity of the polymer. It was assumed that in this case, most of the
surfactant was in the volume of water and was filtered together with the polymer, which
accelerated the passage of the surfactant through the pore space.

The dependence of adsorption on concentration, in particular the curvature of the line,
was significantly changed during the tuning process compared to the initial ones set by
normalizing static adsorption to dynamic adsorption. In this case, the polymer adsorption
increased due to the significant component of mechanical entrapment. Thus, in the case of
static adsorption determination, there is no mechanical trapping. Besides, the dependence
in the process of adapting the model to the experimental results was more linearized,
which indicates a decrease in the influence factor of surface forces and a departure from the
classical dependence of adsorption on the value of polymer concentration.

However, it is worth noting that there was an error in determining the dynamic
adsorption value. This was due to the fact that the polymer concentration at the core outlet
was determined by its viscosity. In the experiment, if analyzed using the model, there was
a significant shear rate and low viscosity during filtration. This fact is evidenced by the
relatively low pressure drop during injection of the polymer slug, which can affect the
mechanical degradation of the polymer and lead to erroneous overestimation of polymer
adsorption. For example, when injecting a polymer with a viscosity of 28 cP at 10 s−1 at
the core exit, the viscosity of the polymer solution was 6 cP at a shear rate of 10 s−1. The
decrease in viscosity in this case was interpreted as capturing the polymer.

In addition to the uncertainties described above, there may be a problem in the time
bias of the original data, as the modeling process necessitated underestimating the agent
adsorption in the low concentration range to increase the agent diffusion rate and its more
rapid exit from the model.

In general, if the contribution of each agent to the displacement ratio is qualitatively
distinguished, the polymer effect will be quite significant, as can be seen from the change in
the capillary number value in the model, since it is obviously affected by both the surfactant
concentration and the polymer. If we highlight the contribution of each reagent to an
increase in oil recovery at a qualitative level, in this case the influence of the polymer
will be quite significant. What can be judged by the change in the value of the capillary
number according to the model—it is obviously influenced by both the concentration
of surfactants and the polymer (Figure 19). It is classically believed that surfactant in
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surfactant–polymer action is the main tool of pre-displacement, and the polymer serves to
align the displacement profile. In this work, however, the polymer gave a predominant
contribution to the increase in the displacement factor in the hydrodynamic model.
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During model tuning, it was also found that when reproducing physical processes
of surfactant filtration in the core, scaling of residual oil saturation values is preferably
done through capillary number, not only through surfactant concentration. This can
have a significant impact on the evaluation and selection of optimal surfactant–polymer
flooding technology.

During the hydrodynamic simulation of the filtration experiment described in this
work, the maximum concentration of agents was not reached in the filtration process. It
was connected to the presence of bound water in the pore space, which means that the
displacement factor obtained actually corresponded to a lower concentration than that
which was used for core injection. This can generally lead to an underestimation of the
potential for chemical impact. This is often due to the fact that the tasks for experimentalists
are more often set on the basis of relevance at field sites, but in the process of simulating
experiments, a wider range of input and output data is required in order to correctly scale
parameters from the experiment on the core to the large cells of the three-dimensional
hydrodynamic model. Another problem is that in the laboratory there is often an attempt
to simulate oil displacement processes in the reservoir by chemical agent slugs by 0.1–0.5
pore volumes, as is done in the field. However, in this case, it only distorted the picture of
surfactant–polymer flooding efficiency and made it difficult to transfer data from the core
to the reservoir scale. In the process of simulating the experiment and subsequent transfer
of the experiment to the three-dimensional geological model mesh, it was determined that
agent injection should be carried out until the pressure drop and agent concentration at the
outlet are stabilized.

5. Conclusions

1. While performing digital simulations of the laboratory surfactant–polymer oil dis-
placement process, the surfactant and polymer properties that were not directly
determined in the laboratory were clarified. These include the polymer residual
resistance factor (value—3.5), inaccessible pore volume (for polymer the value was
0.35; for surfactants the value was 0.25), the type of surface tension dependence on
surfactant concentration (originally assumed to be linear; in the process of adaptation
to the results of the experiment the logarithmic dependence was obtained), and the
share of desorption value from adsorption value for surfactant and polymer (0.375).

2. Since the digital core hydrodynamic model satisfactorily described the behavior in
the experiment, the predictive ability of the model with these parameters and at the
field scale was enhanced. The error on all model settings did not exceed 5%.

3. Reproduction of the experiment on oil displacement by surfactant and polymer
with the help of the model allowed attention to be drawn to some imperfections of
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laboratory experiments, in particular the determination of polymer concentration by
viscosity at the output.

4. In order to more correctly model the process of oil displacement by surfactant and
polymer on the core, it was necessary to inject chemical solutions until the accumu-
lated oil production and concentration of polymer and surfactant at the outlet were
stabilized, i.e., until full saturation of the pore space with agents. In this case, the error
was reduced in determining the dynamic adsorption of the surfactant and polymer at
equilibrium concentration as well as the residual oil saturation factor.

5. In the process of tuning the experiment described in this work, the carrying capacity of
the polymer when co-filtration with it accelerated the passage of the surfactant through
the core (effect of inaccessible pore space for polymer and surfactant) was established,
which requires further study, possibly on a digital core, using tomography methods.
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Abbreviations
The following abbreviations are used in the text of the article:
SC Standard conditions
cP Centipoise (mP s)
mD miliDarcy (10−15 m2)
PV Pore Volume
Poly. Polymer
Surf. Surfactant
Sim. Simulated
Conc. Concentration
Init. Initial
Obs. Observed
dP Differential pressure
ITF Interfacial tension
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