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Abstract. Acid treatment of wells program is directly related to oil production efficiency. Investigations aimed
at improving the efficiency of acid treatment in a terrigenous reservoir have mainly reviewed the changing and
adapting the reagents to minimize bridging caused by acid-rock interaction. Under real conditions, application
of new and unique acid compositions is a complex process from an organizational point of view and is therefore
not widely used as compared with conventional compositions based on a mixture of hydrochloric and hydroflu-
oric acids. The paper is based on an approach to improve acid treatment efficiency through optimal design based
on near-bottomhole zone treatment simulation. The aspects for practical application of the developed acid treat-
ment simulator for terrigenous reservoirs based on a numerical model of hydrodynamic, physical and chemical pro-
cesses in a porous medium on an unstructured PEBI-grid are described. The basic uncertainties of the model are iden-
tified and analyzed. Influence of empirical parameters within the system of equations on the calculation results and
modeling of the mineralogical composition of rocks are considered. Algorithm for static modelling of near-bottomhole
zone for acid treatment modelling is described, as well as an approach to optimizing the design of near-bottomhole
zone treatment based on adapting the results of rock tests in the model. Using experimental data, the necessity of
accounting for influence of secondary and tertiary reactions on the results of modeling physical and chemical processes
during acid treatment of terrigenous reservoirs was proved. The distinctive features of West Siberian objects (polymic-
tic reservoirs) with respect to the efficiency of near-bottomhole zone treatment with clay acid have been investigated.
Series of calculations to determine the optimum volume of acid injection has been carried out. Experience of previously
conducted measures under the considered conditions has been analyzed and recommendations to improve the efficiency
of acid treatment have been given.

Key words: acid treatment; terrigenous reservoir; polymictic reservoir; near-bottomhole zone treatment; acid treatment
design; acid treatment modeling; matrix treatment

Introduction. Near-bottomhole zone treatment (NBHZT) is one of the most widely used pro-
duction enhancement methods because of its high cost-effectiveness. The main NBHZT technique is
acid injection into the near-bottomhole zone (NBHZ) in order to improve well productivity (increase
injectivity for injection wells). The efficiency of acid treatments (AT) at the fields confined to terri-
genous reservoirs is in the range of 50-75 %. The efficiency of NBHZT program can be enhanced by
improving the whole process chain: selecting candidate wells, determining the cause of productivity
decline and type of bridging agent, selecting the optimal acid composition (AC), designing the
NBHZT, controlling the quality of NBHZT operations.

The fundamentals of AC are described by V.A.Amiyan and in work [2]. Ways of increasing the
AC efficiency, including those for terrigenous reservoir conditions, are described in detail in [2, 41].
The improvement of NBHZT efficiency is a combination of measures, including determination of the
causes for productivity decrease, selection of optimum AC composition and design. Share of NBHZT
as a method in the field development strategy is justified in [19, 20].

Most of the modern works devoted to the improvement of the AT efficiency in terrigenous
reservoirs are based on the development of the optimal AC for the object in question (formation)
[14-17, 26, 31]. The mineralogical composition, thermobaric conditions, probable bridging agent,
secondary and tertiary reactions [36], external factors of the active part transportation into the
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formation are taken into account. Researchers modify AC and combine NBHZT with other flow
stimulation and recovery enhancement methods in [11, 23, 34]. Example of the integrated program
for certain oilfields is described in [7, 8, 18]. Investigations have been conducted on the AT design
as part of an overall development program [4-6].

Little attention has been paid to reaction kinetics under AC filtration conditions in porous media,
which depends on bridging agent and mineral distribution, permeability and porosity properties (PPP)
and bottomhole geometry. Although the direction of modeling of AT in carbonate reservoirs with
bridging agent [3, 10, 37] and horizontal completion geometry is quite relevant [27, 28], a separate
attention should be paid to the works, which describe the developed simulator of AT in carbonate
reservoirs [1, 9, 12].

The specifics of AT modeling in terrigenous reservoirs are the large number of reactions due to
the complexity of the mineralogical composition, and the dissolution rate of different minerals varies
greatly. The products of primary reactions also interact with the rock (secondary and tertiary reac-
tions), which affects the dissolution of the rock as a whole and leads to the formation of sediments
that bridge the pore space of the rock [40]. The investigations take into account these problems in
order to improve AC [13, 15, 22, 24], but there are also other organizational problems, which do not
allow the application of unique technologies and compositions in the fields. In particular, this is evi-
dent from the statistics given in the article [39], which shows that in most cases West Siberian fields
use clay acid (a mixture of hydrochloric and hydrofluoric acids) with the addition of enriching addi-
tives. In this situation, one of the available solutions to increase the efficiency of NBHZT is the cal-
culation and justification of the optimal mode of injecting the acid into the formation, the sequence
and volume of the reagents to be injected.

The aim of the work is to improve the efficiency of the NBHZT in a polymictic reservoir.

Most of West Siberia development objects are confined to reservoirs with lower ratios of quartz to
feldspars, clays and mica, hence the term “polymictic reservoir” is used instead of the more common
“terrigenous reservoir’.

The main idea is to achieve the set goal by means of detailed integrated mathematical simulation
of objects and processes occurring during acid injection into a polymictic reservoir. This improves
the accuracy of predicted NBHZT results, allowing increased well productivity by solving the opti-
mization problem in relation to the rate and volume of reagents injected into the formation.

Methodology. Improving AT efficiency in terrigenous reservoir conditions is a set of measures
aimed at improving the efficiency of the NBHZT program in Western Siberia [39], which includes:

* development of candidate well selection algorithms based on productivity dynamics analysis;

« clarification of the causes for the decline in well productivity, the object of impact (bridging
agent), calculation of the share of a particular process in the overall decline in productivity, modelling
of the distribution of the decline in PPP and the share of bridging agent;

* selection and development of AC (reagents and enriching additives) based on the influenced
object, provided that it is compatible with the formation fluid and reservoir rock;

 improving the efficiency of treatment design (selection of volume, sequencing and injection
modes at individual stages);

 improving and controlling the quality of reagents and treatment at the well site;

« analysis of the effectiveness for the treatments carried out and being implemented.

In practice, it is common to check AC in two stages: physical and chemical (passport compliance,
thermal stability, compatibility and solubility) and filtration investigations. In most cases, the resto-
ration coefficient is checked on a prepared rock sample without modelling the permeability reduction
conditions, 1.e. checking the solubility of the rock in the NBHZ. Occasionally, flow experiments on
rock sample show high efficiency on unbridged rock sample, indicating the potential for such com-
positions to improve well productivity (not just to restore it).
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Selection of candidate wells and reasons of productivity reduction are described in [4, 21, 24, 25,
29]. The main conclusion is that the algorithms for identification and calculation of complications affect-
ing the productivity of wells, based on which, among other things, candidate selection is carried out, are
individual for each field and are the subject of research for a particular object of development.

The main focus is on AT modelling. Improvement in the NBHZT efficiency through detailed
modelling has the greatest potential to improve the efficiency of the NBHZT program.

Criteria for the West Siberian specifics were formulated for the AT model, and based on these criteria
the software package “Terrigenous Reservoir Acid Treatment Simulator” was developed. Taking into
account the formulated criteria, the analysis of existing solutions was carried out [39]. The history of
development for terrigenous reservoir AT simulation is described in sufficient detail in [38]. Foreign au-
thors mainly publish articles, which use the geochemical approach to NBHZT modeling. They are de-
voted to the problems of reservoir heterogeneity [37], NBHZT in shale gas fields [29, 35] and AT in
mature fields [32].

Based on the geochemical approach [30] and taking into account the criteria developed in rela-
tion to the specifics of West Siberia, a model [33] was developed that allows calculating the hydro-
dynamic, physical and chemical processes in a porous medium. Physical and chemical processes in-
clude reactions between two phases (acid and rock) and components of one phase. The model [33] is
three-phase (oil with dissolved gas, water, rock) with multiple components for solid and aqueous
phases. Any number of components can be involved in one reaction, and an arbitrary number of
aqueous and solid components can be formed as a result. The model is implemented as a software
package based on solving the system of equations numerically implicitly on an unstructured Voronoi
grid (PEBI). Spatial discretization of the equations is carried out using the method of control volumes.

Let the liquid consist of N, components, and the rock consist of N,, minerals. Molar concentra-

tions (kg:mol/m*) of liquid components are denoted by C;, i = 1,N,,, and shares of minerals in the

q’
rock by V,, i=1,N,,. It is assumed that the acid effect is considered in some three-dimensional com-
putational domain Q. Mathematically the model is described by laws of conservation for mass of
aqueous components, oil, minerals in computational domain Q and by normalization relations con-

necting saturations and pressures of phases and porosity with shares of minerals in the rock.
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where C; — molar concentration of the component (aqueous or solid phase (mineral)), C;= N—;”;

N,, — the number of moles of the mineral in the volume of rock under consideration; V, V,, — molar

volume of the mineral, V,, = ]:[—W ; MW —molar mass of mineral; p, — mineral density; ¢, @o — porosity

m
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Fig.1. Scheme of using standard investigations to determine the mineralogical composition of rocks
during AT modeling

and initial porosity; /,.,, — homogeneous reaction rate in the aqueous phase; /, ; — heterogeneous

reaction rate; N, .., N, — number of homogeneous and heterogeneous reactions; po — phase densities;
k(@) — absolute permeability; k.o — relative phase permeabilities; po(po) — viscosities of water and oil;
pa(pa) — densities of water and oil; p, — phase pressures; p.(Sw) — capillary pressure; Su — phase satu-
ration; g — gravity vector; MW; — molar masses of aqueous components.

The unknowns in the equation system are the molar concentrations of the aqueous components
C;, i=1,N,,, shares of minerals V;, i = 1,N,,,, phase saturation S,, &= 0,w, phase pressures p_, a.=o,w,
porosity ¢, total of N, +N,, + five unknowns. The boundary conditions in the acid effect problem
are the flows of aqueous components from the well, and a given pressure on the drainage circuit.

Static modelling algorithms are also required as input data. As an initial data, in addition to
empirical coefficients for equations and closing relationships, a static model describing the NBHZ
geometry, distribution of PPP and mineralogical composition, is needed.

Without the use of additional laboratory investigations, it is possible, on the basis of standard
experiments carried out as part of the geological concept and model construction, to obtain the most
of the necessary initial information.

1. Information on the mineralogical composition
of the rock, relative rock shares and porosity (Fig.1). = 8E +0.6x 646
The ratio of sandstones, clays and carbonates can be 1000001 =8 R*=0.8208
found based on particle size analysis. The shares of
quartz, feldspars and mica belong to the fractions with
a particle diameter of more than 0.1 mm, the rest are
clays. The sum of fractions by particles size is equal
to one, because it does not take into account the car-
bonate component, the results of which are shown in
the report on particle size distribution (solubility in
HCI). The ratio of quartz, feldspar and mica can be
found in the thin sections analysis report. A detailed O'OIO_Share of clay in the rock composition, %
clay composition can be obtained from the X-ray dif-
fraction analysis of the clay component of the rocks.

2. The vertical distribution of PPP can be ob- Fig.2. Dependence of permeability on the share
tained from the results of geophysical survey interpre- of clay content in the rock
tation (RGSI) 1 —results of sample investigations; 2 — general trend
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3. Based on comparison of rock samples composition and RGSI sampling points, the dependence
of permeability on clay content (Fig.2) and vertical distribution of clay minerals, quartz and feldspars
ratios are plotted. This is important first of all because of widely observed tendency of fast reacting
minerals content to affect PPP during acid injection (as per modeling results of injecting 10 rock

sample volumes, the difference in resulting permeability between the sample with quartz to feldspar
ratio of 2 and 1.5 is within 100-300 % depending on initial PPP).

Mineralogical composition of rocks in West Siberia has been analyzed (Fig.3). The sample con-
sists of the investigation results for 2243 rock samples distributed over oil-and-gas bearing formations
and grouped into stratigraphic groups, according to which development objects are distinguished.
Mineralogical maturity is the ratio of quartz to feldspar in the rock. For comparison, the Berea sand-
stone samples used as analogues for most of the earlier investigations are characterized by a calcite
content of 0-3 %, and quartz to feldspar ratio ranging from eight times or more.

The most popular reagent for NBHZT in Western Siberia remains a mixture of HCI and HF,
primarily because of organizational aspects: storage, use, turnover, etc. In [12, 30, 41] the main reac-

tions occurring when injecting a mixture of HCl and HF into a terrigenous reservoir are described:
* reaction with quartz

4HF + SiO, « SiF, + 2H,0;
* reaction with albite (feldspar)
KAISi30g+ 14HF +2H" <> K' + AlIF," + 3SiF4 + 8H:0;
» reaction with clays (kaolinite)
Al1;Si;01o(OH), + 24HF + 4H" = 4AIF; + 3SiF, + 18H,0;
* reaction with mica (muscovite)
KAL[AISi3010](OH); + 24HF + 4H" <> K" + 3AIF," + 3SiF4 +12H,0;

* reactions with calcite

2HCI1 + CaCO; = CaCl, + CO, + H,0,

2HF + CaCO; = CaF, | + CO, + H,O0.
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Fig.3. Distribution of carbonate component and quartz and feldspar ratios by group of West Siberian deposits.
Av, As, Ach, B, PK and Yu — stratigraphic groups of formations in accordance with the names of development
objects for West Siberian fields
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As part of the primary reactions, H2SiFs 1s formed, which initiates secondary reactions with the
rock (using albite as an example) to form silica gel H>Si103

3KAISi305 + H2SiFs + 6H20 + 6H™ <> 3K" + 3AIF," + 10H,Si03].

The secondary reactions and the consumption of HF produce AlF,, which together with hydro-
chloric acid leads to tertiary reactions with the formation of silica gel H2Si03 (using albite as an
example)

KAISi30g + AlF,"+ H,O + 4H" < K™ + 2AIF," + 3H,Si03].

The reactions described show that the secondary and tertiary reactions of minerals with H>SiFs
and AlF; affect the volumes of consumed hydrofluoric acid and the precipitated products of the acid
reaction with the rock. In this case, the density of the precipitates has a major influence on increasing
or decreasing the pore space of the rock and, consequently, its permeability.

In order to assess the impact of accounting for secondary and tertiary reactions, a series of com-
putational experiments were carried out with gradual inclusion of additional reactions in the model
(table). Secondary reactions occur during formation of reactants within primary reaction, hence, they
occur later than primary reactions, which does not mean that primary reactions stop flowing
(i.e. under certain conditions and reagent adequacy, primary, secondary and tertiary reactions can
occur simultaneously at a certain point). The calculations used a model of vertical well, drilling-in
the oil-saturated reservoir with permeability 10-10~* pm? and average mineralogical composition for
Western Siberia (quartz 46 %, feldspars 30 %, calcite 5 %, the rest — clays and mica). Two tempera-
ture regimes — 60 and 83 °C — were set. Other parameters were taken based on real well treatment:
bottomhole geometry (directional, drilling-in single formation), oil saturation, porosity, drainage area
size, formation pressure, flow rate and wellhead pressure dynamics during AC injection.

Results of computational experiments to study the effect of accounting for secondary and tertiary reactions
in a terrigenous reservoir in the AT model [39]

The ratio of the well productivity after the NBHZT and the well productivity before
Reactions the NBHZT (multiplicity of productivity increase)
Without regard to temperature With regard to increased temperature
Primary 1.16 1.17
Secondary 1.00 1.13
Tertiary 0.57 1.12

The results of computational experiments series presented in the table indicate a high degree of
consideration for temperature and completeness of reproducible physical and chemical processes,
when modelling AT in polymictic and terrigenous reservoirs. This indicates an advantage of the ge-
ochemical approach over simplified analytical models and the NBHZT volumetric design approach
(calculating volumes based on well geometry, optimum treatment radius and reservoir porosity).
Also, the results show that without considering all the reactions or the temperature factor, there is a
risk of decreasing the productivity of the well after AT, which has been confirmed by laboratory
investigations [39].

Discussion. The efficiency improvement algorithm based on modeling is presented as a step-by-
step solution to an optimization problem based on laboratory and numerical experiments.

1. Adapt the model to the results of AC physical and chemical investigations and rock sample
experiments to find unknown empirical coefficients.

2. Construct NBHZ model based on the algorithm of static model creation.

3. Carry out series of calculations based on the AT model with varying volumes and injection
rates.

4. Determine the optimum parameters for the NBHZT.
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Fig.5. Simulation results of NBHZT using a selected AC with varying volume and injection rate
AC flow rate at the wellhead, m*/min: 1 —0.0007; 2 —0.0014; 3 —0.0035; 4 —0.007

Physical and chemical investigations to determine solubility, thermal stability and corrosion
activity of model minerals (Fig.4, a) were carried out using a standard AC based on a mixture of 12 %
HCl solution and 3 % HF solution. Reaction rate coefficients for quartz and bentonite were obtained
on the basis of investigations by adjusting model to actual study data. Based on model tuning to
filtration study results (a similar method was implemented by Zhang [35]), an empirical coefficient
for dependence of permeability change on porosity change and reaction surface area was obtained.

Series of calculations with varying parameters of volume, injected AC and injection rate were
performed to solve the optimization problem for AT design. NBHZ model of the candidate well was
developed in accordance with the algorithm for combining petrophysical investigations of rock sam-
ples (see Figs.1 and 2). The mineralogical composition was assumed to be similar to the sample used
in the filtration study. Model bridging agent — bentonite (smectite) 20 % of pore volume at distance
of a meter from borehole bottom.

The results for series of computational experiments are shown in Fig.5. Calculations show
that for vertical and directional wells there are optimum points for varying the volume of injected
acid composition. The optimum point of injected AC volume corresponds to the inflection point of
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increase in productivity as a function of AC volume. For each injection mode (controlled by flow rate
value at the wellhead), the optimal injection volume can be traced. As the rate of acid injection in-
creases, the optimal volume value also rises, thus increasing productivity gain potential of the well
(Fig.6).

Similar series of calculations for 10 um?- 1073 reservoir permeability was carried out to identify trends
in changing the initial permeability parameter. According to the results of the experiments (Fig.6), it can
be concluded that with the increase of permeability, the potential for rising the productivity of the well
increases manifold. Primarily, it is associated with the increase of injectivity and maximum AC filtration
rate in the NBHZ. Decrease of productivity with increasing AC volume after the optimum point is first of
all connected with acid residence time in the rock. Thus, in the course of computational experiments, the
hypothesis of maximizing the effect when injecting acid into the formation at the maximum permissible
flow rate was substantiated and confirmed.

In order to assess the potential of the algorithm for designing AT in polymictic reservoirs, de-
veloped within the framework of the study, the volumes of acid injected during NBHZT at a group
of Western Siberian fields have been investigated. The results of statistical analysis show that average
specific volume of AC injected into formation is within 0.29-0.78 m® per 1m of productive thickness
of the reservoir for directional wells without hydraulic fracturing. For the average permeability of
NBHZ is 25 pm* 107 at the analyzed sampling, if the described algorithm of NBHZT design on the
base of modeling is used, then the average AT efficiency improvement will be 48-54 % of the current
values where efficiency means increase of well productivity after AT.

To assess the potential, a comparative analysis for determining the optimum NBHZT mode and
AC volumes for the well model with averaged NBHZ properties vertically and the multilayer model
with consideration of RGSI and identified petrophysical dependencies was also performed. According to
results of calculations for each option, value of optimum for model with averaged properties differs
by 15 % from value of injection optimum for model with consideration of PPP heterogeneity. Thus,
NBHZT modeling with detailed consideration of NBHZ characteristics potentially increases
efficiency in terms of well productivity ratio before and after NBHZT by 17-26 %.

Conclusion. 1. The necessity of taking into account secondary and tertiary reactions when mod-
eling AT of polymictic reservoirs based on theoretical study and statistical research has been proved.
Full consideration of all reactions increases the accuracy of AT modeling and calculation of NBHZT
efficiency depending on the design.

2. An algorithm for the NBHZT design based on AT modeling has been developed.

3. A way of combining rock sample investigations with data from sedimentation analysis and
acid-rock sample reaction analysis to improve the predictive ability of the terrigenous reservoir AT
model is proposed.
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4. The approach, which includes finding empirical coefficients for the model based on adaptation
to the results of filtration investigations, has been tested. Adaptation implies reproducing the dynam-
ics of the indicators measured in the course of the rock sample experiment based on numerical mod-
eling of the experiment and by selecting empirical coefficients of the mathematical model.

5. The performed series of computational experiments allowed preparing the recommendations
for the AC design of polymictic reservoirs in Western Siberia. For various relationships of miner-
alogical composition, PPP and AT properties, there are dependencies with optimal values for specific
volume of reagent injected into formation.

6. On the basis of these calculations, it is shown that improved modeling accuracy can im-
prove the accuracy of determining optimum NBHZT parameters and the efficiency of the AT in
a polymictic reservoir.

7. The AT model has been tested by replicating several NBHZT at real objects at West Siberian
fields. Investigations are analytical in nature. The recommendations and algorithm are closely related to
the results of laboratory research, which are applied within the framework of the pilot works program.
With regard to their results, the actual effectiveness of the formulated recommendations will be analyzed
based on the developed optimization algorithm.
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