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a b s t r a c t

The reaction order plays a crucial role in evaluating the response rate of acid-rock. However, the con-
ventional two-scale model typically assumes that the reaction order is constant as one, which can lead to
significant deviations from reality. To address this issue, this study proposes a novel multi-order dynamic
model for acid-rock reaction by combining rotating disk experimental data with theoretical derivation.
Through numerical simulations, this model allows for the investigation of the impact of acidification
conditions on different orders of reaction, thereby providing valuable insights for on-site construction.
The analysis reveals that higher response orders require higher optimal acid liquid flow rates, and lower
optimal Hþ diffusion coefficients, and demonstrate no significant correlation with acid concentration.
Consequently, it is recommended to increase the displacement and use high-viscosity acid for reservoirs
with high calcite content, while reducing the displacement and using low-viscosity acid for reservoirs
with high dolomite content.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Matrix acidizing is a commonmeasure to increase production in
carbonate reservoirs, and the rate of acid-rock reaction and rock
dissolution pattern are important factors affecting the effect of
reservoir acidizing. By studying the kinetics of acid-rock reaction,
we can analyse the influencing factors of acid-rock reaction and the
variation of rock pore-permeability during the process of acidizing,
so as to develop a more efficient and low-cost acidizing plan.

Previous studies have investigated various factors affecting acid-
rock reactions such as the optimal acid injection rate (Ma et al.,
2022; Dong, 2018; Su et al., 2022), mineral composition
(Martyushev et al., 2022), acid concentration (Chen et al., 2020),
temperature (Zhou et al., 2022; Liu et al., 2019), acid viscosity
(Mahmoodi et al., 2018), pH (Yoo et al., 2018) and type of acid
system (Guo et al., 2020; Martyushev and Vinogradov, 2021; Yan
et al., 2019). It is generally accepted that rock erosion morphology
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is controlled by two processes: acid transfer and acid-rock reaction
(Wei et al., 2019; Dos Santos Lucas et al., 2022; Maheshwari et al.,
2013). When the Hþ mass transfer rate and acid-rock reaction
rate are relatively balanced, the rock dissolution morphology ex-
hibits a wormhole type dissolution characteristic (Hoefner and
Fogler, 1989; Qiu et al., 2018). Under the wormhole dissolution
morphology, the pore acidification breakthrough volume ratio is
the minimum (Papamichos et al., 2020; Qi et al., 2017), and the acid
utilization efficiency is the highest. The injection rate correspond-
ing to the smallest breakthrough volume ratio is also known as the
optimal acid injection rate (Lohrasb et al., 2022; Qi et al., 2018; Dos
Santos Lucas et al., 2022).

In order to describe more accurately and intuitively the changes
in acid-rock reaction rates and rock porosity fields during acidifi-
cation, researchers have proposed a variety of numerical models for
acidification on an experimental basis. The early numerical models
described the acid-rock reaction process by defining dimensionless
numbers (e.g., Damk€ohler model (Fredd and Miller, 2000) and
Peclet model (Al-Arji et al., 2021; Sahu et al., 2022)), while later
capillarymodels assumed that wormholewas cylindrical capillaries
that could grow radially and axially (Hung et al., 1989; Buijse,
2000). The network model uses pores as network nodes to
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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simulate rock dissolution by calculating the change in pore volume
and throat radius at different times (Fatt, 1956; Tansey and Balhoff,
2016; Algive et al., 2010). However, it is difficult to apply to large-
scale calculations at real mine sites due to the huge computa-
tional effort. The most widely used numerical model for acidifica-
tion is the two-scale continuous medium model (Liu et al., 1997;
Panga et al., 2005; Dong et al., 2021), which consists of two parts: a
Darcy-scale model describing fluid flow and chemical reactions and
a pore-scale model describing changes in reservoir properties. The
two-scale model has good accuracy of results and stability of so-
lutions at different time steps (Jia et al., 2021; Wang et al., 2020),
but its computational complexity and the fact that all acid-rock
reactions are by default primary reactions affect the accuracy of
the results.

In the numerical model of the acid-rock reaction, the number of
reaction order is related to the acid-rock reaction rate in power law,
the higher the number of reaction order, the greater the influence
of the change in acid concentration on the acid-rock reaction rate.
When the number of reaction order is zero, changes in acid con-
centration will no longer affect the acid-rock reaction rate, and
carbonate reservoirs are commonly acidified with a hydrochloric
acid-based system, so the range of acid-rock reaction orders for
carbonate rocks are often between zero and three (Ma et al., 2020;
Abdelgawad et al., 2019; Tabasy and Rashidi, 2015). Although a
number of previous numerical models of acid flow have approxi-
mated the acid concentration and reaction rate as linear (the
number of reaction order is approximated as 1) (Bickle, 1992;
Skelton et al., 1997; Skelton, 2011), subsequent research has shown
that the chemical reaction rate between acid fluids and carbonate
minerals is more often non-linear, the number of reaction order is
often in the form of a fractional number (Lasaga, 1986; Baxter and
DePaolo, 2002; Morse et al., 2007). Therefore, a multi-order acid-
rock reaction model will provide a more accurate description of the
non-linear relationship between concentration and acid-rock re-
action rate in most practical situations, which will help to predict
the rate variation of the carbonate rock dissolution process in a
more refined way, and thus make a more rational planning of
acidizing acid dosage and acid system preference.

The most common methods used to analyse experimental data
on reaction orders are the integral and differential methods (Chen,
2000). The integral method was first proposed by Wilhelmy as an
experimental extension of the law of action of acids on sucrose
(Wilhelmy, 1850), where the acid concentration-reaction time data
are brought into the kinetic equations of different orders to find the
reaction order with the best fit, but the calculation is more
complicated when the number of reaction order is not an integer.
The differential method was first proposed by Hoff (1884), where
the number of reaction order was obtained by logarithmically
fitting the acid concentration-reaction time data to a regression.
The differential method allows the reaction rate to be investigated
as a function of time for a given initial reactant concentration and
allows the law of variation of the number of reaction order to be
deduced, which will be used as the method of analysis of the
number of reaction order in this paper.

This paper focuses on the effect of variation in the number of
reaction orders on the acidification reaction of carbonate rocks.
Firstly, the acid concentration-reaction rate data of carbonate rocks
with different mineral fractions reacting with hydrochloric acid
were measured by rotating disk experiments, and the number of
reaction orders and surface reaction rate constants of carbonate
rocks with different mineral fractions were obtained by the dif-
ferential method. Secondly, based on the experimental data and
theoretical derivation of the rotating rock disk, a numerical model
of acidification applicable to multi-order acid-rock reactions was
established based on the traditional two-scale continuous medium
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model, which reduces the errors caused by the traditional model
due to the approximation of the number of reaction orders. Finally,
the influence of the number of reaction order on the acid-rock re-
action under different acidification conditions (acid injection rate,
Hþ diffusion coefficient, acid concentration) was investigated by
numerical simulation, and the variation of the optimum injection
rate and the optimum Hþ diffusion coefficient under different re-
action orders were analysed. The study results suggest a strategy
for acidizing the reservoirs with different dolomite and limestone
contents in terms of discharge adjustment and acid system
preference.

2. Experimental

In this paper, the reaction rates of carbonate rocks with different
mineral fractions and different concentrations of hydrochloric acid
were measured by rotating disc experiments, and the reaction or-
ders and acid-rock reaction rate constants of carbonate rocks with
different mineral fractions and hydrochloric acid were obtained to
provide a parameter basis for subsequent numerical simulations.

2.1. Materials

Rock samples with 96% calcite content were used as pure
limestone samples and rock samples with 96% dolomite content
were used as pure dolomite samples. The experimental materials
are shown in Table 1.

The experimental apparatus and equipment are shown in
Table 2.

2.2. Experiment methods

The expression for the rate of acid-rock reaction in a rotating
disk is

J¼ kCm (1)

where, J is the acid-rock reaction rate, mol$s�1$cm�2; k is themulti-
order acid-rock reaction rate constant, mol1�m$s�1$m3m�2; C is the
acid concentration, mol$L�1;m is the number of reaction orders, no
factor. Taking the logarithm of both sides of Eq. (1) gives.

lg J¼ lg kþm lg C (2)

The acid-rock reaction rate and concentration can be measured
experimentally by plotting the curve with the logarithm of the
concentration as the horizontal coordinate and the logarithm of the
reaction rate as the vertical coordinate with a slope of m and an
intercept of lg k.

The number of reaction orders and the reaction rate of the acid-
rock reaction can be found in Eq. (2), which provides the parame-
ters for the subsequent numerical simulation.

2.3. Results and discussion

Hydrochloric acid (5%, 10%, 15%, 20% mass fraction) was pre-
pared with reference to the range of acid concentrations commonly
used in mine acidizing construction, and the acid-rock reactionwas
carried out at a pressure of 7e8 MPa and a temperature of 90 �C.
After experimental measurement of the critical disk rotation speed,
the disk speed was set at 500 r$min�1, ensuring that the reaction
process was surface reaction controlled. Based on the experimental
data, the logarithmic relationship between the acid-rock reaction
rate and acid concentration for carbonate rocks with different
mineral fractions was plotted as shown in Fig. 1.



Table 1
Statistical table of experimental materials.

Experimental materials Specification Material sources

Hydrochloric acid AR Sinopharm Group Chemical Reagent Co.
Carbonate rocks 96% dolomite (pure dolomite) Field coring of an oil field in Central Asia

56% dolomite (grey dolomite)
96% Calcite (pure limestone) Xinjiang outcrops

Deionized water Electrical conductivity <0.5 us$cm�1 Homemade

Table 2
Statistical table of experimental apparatus.

Instrument name Manufacturers

Acid rock response rotating
petrograph

Hai'an County Petroleum Research
Instruments Co.

Automatic potentiometric titrator Shanghai Yidian Scientific Instruments Co.
Electronic scales Sartorius Research Instruments Co.

Fig. 1. Logarithmic plot of acid-rock reaction rate versus acid concentration for car-
bonate rocks (90 �C, 500 r$min�1).
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Fig. 1 shows that the reaction rates of carbonate rocks of
different mineral fractions with hydrochloric acid all show the
same trend as the acid concentration changes. That is, in the range
of 5%e25% mass fraction of hydrochloric acid, the acid concentra-
tion increases and the reaction rate of acid-rock increases. This is
due to the fact that during the acid-rock reaction, the mineral
surface Hþ is continuously consumed and the concentration
gradient of Hþ within the acid phase of the more concentrated
hydrochloric acid solution to the rock surface is higher, hence the
faster Hþ transfer rate.

The data in Fig. 1 and Eq. (2) show that the number of reaction
order for 96% calcite, 56% dolomite, and 96% dolomite is 1.27, 0.92,
and 0.42 respectively. The sensitivity of the acid-rock reaction to
changes in acid concentration varies for different reaction order.
The reason for this is that the higher the number of acid-rock re-
action orders, the more calcite is present in the rock mineral frac-
tion and the more Hþ is consumed to dissolve the same volume of
rock under the same conditions. For the same incremental acid
concentration, the greater the increase in acid-rock reaction rate
and themore pronounced the deepening of non-uniform etching in
carbonate rocks containing more calcite.
Table 3
Data on the number of acid-rock reaction orders and acid-rock reaction rates for di

Mineral fraction Acid-rock reaction o

96% dolomitic carbonate rock 0.42
56% dolomitic carbonate rock 0.92
Carbonate rock with 96% calcite 1.27

2091
According to the conclusion of the experimental data, the
experimentally measured reaction rate J of hydrochloric acid and
acid-rock reaction rate of carbonate rocks with different mineral
fractions and the acid concentration C were plotted in the same
coordinate system, and the curvewas fitted to the formula to obtain
the number of acid-rock reaction orders and acid-rock reaction rate
data, and the data were collated as shown in Table 3.

The difference in reaction order observed can be attributed to
the difference in chemical composition between calcite and dolo-
mite. Calcite is mainly composed of CaCO3 while dolomite is
composed of CaMg(CO3)2. The chemical reaction equations be-
tween these two minerals and hydrochloric acid are shown below.

CaCO3þ2HCl ¼CaCl2 þ CO2[þH2O (3)

CaMgðCO3Þ2þ4HCl¼CaCl2 þMgCl2þ2CO2[þ 2H2O (4)

Equations (3) and (4) demonstrate that the amount of hydro-
chloric acid required for calcite to react is half of that required for
dolomite to react under the same concentration of hydrochloric
acid. As a result, carbonate rocks with higher dolomite content
exhibit lower reaction rates under the same reaction conditions. To
illustrate this phenomenon, rock cores containing 4%, 56%, 75%
dolomite, and 96% calcite were selected to perform acid-rock re-
action experiments with hydrochloric acid of 20% mass fraction
under conditions of a reaction temperature of 90 �C and a rotating
speed of 500 r$min�1 of the rotating rock disk. The experimental
results are presented in Fig. 2.

As shown in the experimental data, while other acidification
conditions remain unchanged, the acid-rock reaction rate gradually
decreases with the increase of dolomite content. According to Eqs.
(3) and (4), under the same acidification conditions, reacting
dolomite with the same volume consumes more acid than calcite,
because the different chemical molecular formulas of the two lead
to different reaction activity. The more active the reaction, the
higher the sensitivity of minerals to changes in acid concentration.
This is reflected in Eq. (1), which indicates that the higher the po-
wer of the acid concentration C, the higher the reaction order.
Therefore, as the content of dolomite increases, the rate of acid-rock
reaction gradually decreases, the activity of rock acidification re-
action decreases, and the reaction order decreases accordingly.
3. Mathematical models

In this paper, acid erosionwas investigated for acid flowing from
the left inlet at a constant rate into a two-dimensional rectangular
domain, which simulates a continuous rock matrix with no flow at
fferent mineral fractions.

rder m Acid-rock reaction rate ks, � 10�6 m$s�1

6.02
14.42
41.95



Fig. 2. Relationship between acid-rock reaction rate and logarithm of acid concen-
tration in carbonate rocks (acid concentration 20%, 90 �C, 500 r$min�1).
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the upper and lower boundaries. The mathematical model was
developed with reference to the improved two-scale continuous
mediummodel by Panga et al. (2005), onwhich a multi-order acid-
rock reaction model was constructed by considering the effect of
reaction order variation on the reaction rate calculation results.

The multi-order acid-rock reaction model assumes that: (i) the
dissolution process of the acid-rock reaction does not affect the
liquid phase density and acid concentration, and that the formation
fluid is saturated and incompressible; (ii) the effect of the heat
given off by the acid-rock reaction on the ambient temperature is
ignored; and (iii) the pore fluid viscosity is assumed to be
approximately equal to the acid fluid viscosity, and the effects of
gravity and capillary forces are ignored.

3.1. Mathematical model

3.1.1. Darcy scale model
The Darcy-scale model characterises the flow of acid in the

formation and includes equations controlling the direction of acid
flow (5); the effect of acid flow on rock porosity (6); the effect of
acid-rock chemistry on rock porosity (7) and (9) and a defining
equation for the source term of the acid-rock reaction kinetics (8).

U¼ � 1
m
K$VP (5)

vε

vt0
þV$U¼ 0 (6)

vðεCsÞ
vt0

þV $
�
UCf

�
¼ V $

�
εDe$VCf

�
� kcav

�
Cf � Cs

�
(7)

kc
�
Cf � Cs

�
¼RðCsÞ (8)

vε

vt0
¼RðCsÞava

rs
(9)

whereU is the Darcy velocity vector;K is the permeability tensor; P
is the pressure, Pa; ε is the porosity; Cf is the concentration of acid in
the liquid phase, mol$L�1; Cs is the concentration of acid at the
liquid-solid interface, mol$L�1; De is the effective diffusion tensor;
kc is the local mass transfer coefficient, m$s�1; av is the interfacial
area per unit volume of medium that can participate in the reaction
m2$m�3; rs is the density of the solid phase, kg$m�3; a is the acid
solubility, defined as the number of grams of solid dissolved per
mole of reacting acid, g$mol�1. The reaction kinetic function is
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expressed as R(Cs). For primary reactions, the value of R(Cs) de-
pends on ksCs, where ks is the surface reaction rate constant, m$s�1.

3.1.2. Pore scale model
A complete kinetic model for acid-rock reactions needs to take

into account parameters reflecting the porous media of carbonate
rocks such as the permeability tensor K, the effective diffusion
tensor De, the mass transfer coefficient kc, and the specific surface
area av as characteristic parameters. Therefore, as a characterisation
of the reservoir pore properties, pore-scale models also need to be
introduced into the model.

The pore-scale model uses semi-empirical relationships related
to local porosity to characterise the intrinsic link between perme-
ability, porosity, and interfacial reaction area and their initial
values, as shown in Eqs. (10)e(12).

K
K0

¼ ε

ε0

�
εð1� ε0Þ
ε0ð1� εÞ

�2b
(10)

rp
r0

¼
ffiffiffiffiffiffiffiffi
Kε0
K0ε

s
(11)

av
a0

¼ εr0
ε0rp

(12)

where ε is the porosity; ε0 is the initial porosity; K is the local
permeability, D; K0 is the initial permeability, D; rp is the average
pore radius, m; r0 is the initial average pore radius, m; a0 is the
initial specific surface area, m2; av is the specific surface area, m2; b
is the pore structure-related constant.

3.2. Model modification

The multi-order acid-rock reaction model is corrected for the
error between the theoretical R(Cs) value calculated from the ki-
netic term of the acid-rock reaction of the traditional two-scale
model R(Cs) ¼ ksCs

m (default m ¼ 1) and the actual R(Cs) value for
a number of reaction order ms1.

In this paper, this error will be reduced by discretizing the curve
and fitting the function in segments. For acid-rock reactions in the
range 0<Cs�Cseg mol$L�1, the standard 1-order reaction model will
still be used; for acid-rock reactions in the range Cs>Cseg mol$L�1,
the regression fitting method is chosen to obtain the modified
function expressions. Since the acid-rock reaction function curve in
this range is approximately linear, the expression for the reaction in
the range Cs>Cseg mol$L�1 is assumed to be as shown in Eq. (13) (for
the number of reaction order m ¼ n)

R
0
nðCsÞ ¼ k

0
snCs þ Rn (13)

where R
0
nðCsÞ is the modified reaction kinetic function for a reaction

order of n; k
0
sn is the modified acid-rock reaction rate constant for a

reaction order of n, m$s�1; Rn is the modified reaction rate error
constant, mol$m�2$s�1.

According to the method of least squares, it is known that the
expression k

0
sn in Eq. (14) is

k
0
sn ¼

Pn
i¼1

CsR
0
niðCsÞ � nCs$R

0
nðCsÞ

Pn
i¼1

Cs2 � nCs
2

(14)

where R
0
niðCsÞ is the i-th data point of the modified reaction kinetic
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function for a reaction order of n, i ¼ 1, 2, 3, …; Cs is the overall
average of the acid concentrations within the data point phase,

mol$m�3; R0
nðCsÞ is the overall average of the modified reaction

kinetic function data points for a reaction order of n.
After determining k

0
sn, according to the method of coefficients to

be determined, since

R0
nðCsÞ ¼ k

0
snCs þ Rn (15)

The Rn value was obtained. Next, determining the segmentation
point Cseg for the piecewise function is crucial. To ensure continuity
of the function, the intersection point between two curves is cho-
sen as the segmentation point for the piecewise function.

This gives the corrected kinetic expression for the acid-rock
reaction

RnðCsÞ ¼
(
ksnCs;0<Cs � Cseg

k
0
snCs þ Rn;Cseg <Cs <Cmax

(16)

The equation RðCsÞ ¼ kcðCf � CsÞ is then used to make an
equivalence to obtain the modified multi-order reaction Cf � Cs.
The relationship is

Cs ¼

8>>>>>>>><>>>>>>>>:

Cf

1þ ksn
kc

;0<Cs � Cseg

Cf � Rn
k

0
sn
kc

þ 1
;Cseg <Cs <Cmax

(17)

The resulting modified two-scale continuous medium model
expression for the multi-order acid-rock reaction is

v
�
εCf

�
vt0

þV $
�
UCf

�
¼ V $

�
εDe$VCf

�
þsource (18)

where the source term expression is

source ¼

8>>>>>>>>>><>>>>>>>>>>:

�kcav
Cf

1þ kc
ksn

;0<Cs � Cseg

�kcav

0BB@Cf �
Cf � Rn
k

0
sn
kc

þ 1

1CCA;Cseg <Cs <Cmax

(19)

This results in amodified acid-rock reaction kinetic model for an
arbitrary number of reaction order (m ¼ n, n�0) requiring only the
number of acid-rock reaction order and the reaction rate.
3.3. Model validation

For the sake of validation, in this paper, order of reaction is
considered in the classic 1-order model data of carbonate rock
acidification numerical simulation (Panga et al., 2005) and the
experiment part, but in the numerical simulation part, order of
reaction is approximated to 1-order model data (Xue, 2017) for
model validation. The validation model experimental parameters
are shown in Table 4.

Pore breakthrough volume (PVBT) curve as shown in Fig. 3.
For the simulation of Fig. 3(a), it is only necessary to make the

number of reaction orders m ¼ 1 in this multi-order model, the
surface reaction rate parameters ks the same, for different intervals,
make the reaction rate intercept R0 ¼ 0, and substitute the other
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parameters into the model to simulate the reaction of the classical
1-order model.

The curve data shows that when the default model parameters
are first-order reaction parameters, the classic first-order model is
highly similar to the multi-order model. The penetration volume
ratio between the wormhole dissolution rate range and the uni-
form dissolution rate range of the two models is relatively close,
and the minimum penetration volume ratio is reached at the same
Da value, further proving the accuracy of the multi-order model.
However, it is worth noting that in the range of surface dissolution
rate, the control mode of acid rock reaction under low-speed flow is
mainly mass transfer control mode. The presence of natural het-
erogeneity in the medium leads to an uneven increase in perme-
ability along the leading edge. The difference in penetration volume
ratio under low flow rates may be due to different random number
settings of natural porosity in rock samples. Another possible
reason for the difference is that Panga's paper uses the partial dif-
ferential equation method after dimensionless processing of vari-
ables to solve the problem, while this paper uses the finite
difference method to directly solve the parameters. The differences
in this processing process may lead to subtle differences, but do not
affect the final model solving conclusion.

The overall trend and range of values of the core breakthrough
volume ratio curve in Xue's paper and the breakthrough volume
ratio curve in this paper are similar, but because the experimentally
obtained reaction order parameter is approximated to 1 in Xue's
paper, the reaction rate obtained from the model calculation is
slightly lower than the actual reaction rate (in 4.4 Correction
analysis in the main text for details). The multi-order reaction
model corrected for the number of reaction orders in this paper
more accurately reflects the actual reaction rate at the acid rock
surface, and the resulting breakthrough volume ratio minimum
corresponds to a slightly higher injection rate than the value in
Xue's paper. This conclusion is also consistent with the numerical
modeling section of this thesis, for acid rock reactions with less
than one order, using the classical one-order model will result in a
higher optimum injection rate calculation; for acid rock reactions
with more than one order, using the classical one-order model will
result in a lower optimum injection rate calculation. The reason for
this is the difference in accuracy between the classical model and
the multi-order model in this paper in describing the rate of acid
rock reactions.
3.4. Boundary and initial conditions

3.4.1. Boundary conditions
Acid is injected from the left-hand boundary perpendicular to

the y-axis at a constant rate of acid flow.

U ¼ U0; x ¼ 0 (20)

Cf ¼C0; x¼ 0 (21)

where U0 is the acid injection rate at the inlet, m$s�1; x is the x-axis
coordinate of a point in the calculation domain, m; Cf and C0 are the
in-phase and inlet concentrations of the acid, mol$L�1, respectively.

The right-hand boundary pressure and the acid concentration
gradient are constant at zero during the calculation and the equi-
librium is broken when the acid breakthrough is completed.

P¼ Pe; x ¼ L (22)



Table 4
Multi-order model validation parameter settings.

Parameter Value Unit Practical significance

lX 0.5 1 Longitudinal pore structure coefficient
lT 0.1 1 Transverse pore structure coefficient
Sh∞ 3.36 1 Asymptotic Sherwood number
K0 10 mD Initial permeability
A 0.5 1 Aspect ratio
40 0.2 1 Average porosity
D4 0.15 1 Porosity variation
a0 50 cm�1 Interfacial area
r0 1 � 10�6 m Initial pore radius
aos 0.5 Pore-structure constant
rL_Panga 1.2 g$cm�3 Acid density (Data via Panga et al. (2005))
rL_Xue 1.08 g$cm�3 Acid density (Data via Xue (2017))
rs_Panga 2.7 g$cm�3 Rock density (Data via Panga et al. (2005))
rs_Xue 2.8 g$cm�3 Rock density (Data via Xue (2017))
mPanga 1 MPa$s�1 Kinematic viscosity (Data via Panga et al. (2005))
mXue 3.6 MPa$s�1 Kinematic viscosity (Data via Xue (2017))
Dm_Panga 4 � 10�10 m2$s�1 Molecular diffusion coefficient (Data via Panga et al. (2005))
Dm_Xue 3 � 10�9 m2$s�1 Molecular diffusion coefficient (Data via Xue (2017))
ks_Panga 1.4 � 10�5 m$s�1 Surface reaction rate constant (Data via Panga et al. (2005))
ks_Xue 5.07 � 10�5 m$s�1 Surface reaction rate constant (Data via Xue (2017))
LPanga 3.5 cm Length of the core (Data via Panga et al. (2005))
LXue 5 cm Length of the core (Data via Xue (2017))
M 1.202 Reaction order
ks

0 7.78 � 10�5 m$s�1 Segmented acid rock reaction rate
R0 �3.87 � 10�5 mol$m�2$s�1 Multistage reaction intercept parameter

Fig. 3. Model validation breakthrough volume ratio curve ((a) data derive from Panga et al. (2005); (b) data derive from Xue (2017)).
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vCf
vx

¼ 0; x¼ L (23)

where P is the pressure value at a point in the calculation domain,
Pa; Pe is the boundary pressure value, Pa; L is the length scalar of the
fluid flowing along the x-axis, m.

The upper and lower boundaries of the calculation domain are
closed boundaries with no acid entry or exit.

�K
vP
vy

¼ 0; y ¼ 0; y ¼ H (24)

vCf
vy

¼ 0; y ¼ 0; y ¼ H (25)

where, K is the permeability at a point in the calculation domain,
m2; H is the y-axis coordinate of the upper boundary, m.
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3.4.2. Initial conditions
Assuming that no acid exists in this computational domain at

time t ¼ 0.

Cf ¼ 0; t ¼ 0 (26)

Assuming that the static pressure in this calculation domain is
zero at time t ¼ 0.

P ¼ P0; t ¼ 0 (27)

3.5. Geometric models

A rectangular geometry model of 10 cm in length and 5 cm in
width was chosen for the numerical simulation part of this paper to
carry out subsequent simulations. The Delaunay triangular mesh
was used to delineate the grid, with cell sizes ranging from 1� 10�1

to 2 � 10�3 cm. The random seeding method was used to simulate
the inhomogeneous properties of the carbonate reservoir. The



Fig. 5. Multi-order acid-rock reaction model meshing.

Table 5
Table of values for numerical simulation model parameters.

Parameters Numerical values

Reservoir initial porosity K0, mD 10
Initial concentration of acid C0, mol$L�1 4.4
Calculation of the domain length L, m 10
Calculation domain width H, m 5
Initial porosity ε0 0.1
Initial pressure P0, Pa 1 � 105

Pore structure parameter b 1
Acid solubility a, g$mol�1 50
Transverse pore structure factor lx 0.5
Longitudinal pore structure factor lT 0.1
Initial pore radius r0, m 4 � 10�6

Initial specific surface area a0, m2$m�3 5000
Density of the acid rL, kg$m�3 1200
Rock matrix density rS, kg$m�3 2700
Progressive Sherwood Number Sh∞ 3.66
Pore structure constant aos 0.5
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specific geometric model and grid division figures are shown in
Figs. 4 and 5.

3.6. Model parameters

The values of the numerical model parameters are shown in
Table 5.

4. Numerical simulation

The parameters obtained from the rotating disk experiment
were used to obtain k

0
sn, the Rn in Eq. (11) using the number of

reaction orders, and then the reaction rate constants were
substituted into Eq. (17) to construct a multi-order numerical
model of the acid-rock reaction at different orders. By varying the
acid injection rate, Hþ diffusion coefficient, and acid concentration,
the porosity field and pore breakthrough volume (PVBT) ratio
curves of the multi-order acid-rock reaction under different acidi-
fication conditions were obtained, and the effect of the number of
reaction order on the acid-rock reaction under different reaction
conditions was investigated accordingly to advise on the field
construction.

4.1. Injection speed

The distribution pattern of dissolution porosity for the multi-
order acid-rock response model at different injection rates is
shown in Figs. 6e9.

Based on the numerical simulation results, it can be seen that for
any number of acid-rock reaction orders, the dissolution pattern
changes from surface dissolution to wormholing dissolution to
uniform dissolution as the injection rate increases. However, at
lower injection rates (e.g., Figs. 6 and 7), the higher the number of
reaction order, the coarser the wormholes and the poorer the
development of branching wormholes, the closer to conical disso-
lution; at higher injection rates (e.g., Figs. 8 and 9), the lower the
number of reaction order, the finer the wormholes and the more
blurred the boundary between the wormholes and the undissolved
matrix, the closer to uniform dissolution.

A plot of the acid injection rate vs. breakthrough volume ratio
for the different orders of the acid-rock reaction is shown in Fig. 10.

In Fig. 10, the 1.27, 0.92, and 0.42 reaction curves are based on
the multi-order acid-rock reaction model of this paper, while the 1-
order reaction curve is based on the 0.92 acid-rock reaction rate
constant, which is simulated by the traditional 1-order model. The
optimum injection rate of the traditional 1-order acid-rock reaction
kinetic model in Fig. 10 is significantly higher, partly because the
parameters used in the 1-order acid-rock reaction model are the
Fig. 4. Geometric diagram of the multi-order acid-rock reaction model.
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experimental parameters of the 0.92 acid-rock reaction, and partly
because the 1-order acid-rock reaction model ignores the variation
of the number of reaction orders, resulting in high surface reaction
rate results. Further error analysis will be presented in Section 4.4.

When the breakthrough volume ratio is minimal, the axial
advance velocity dominated by acid convection is relatively
balanced with the radial expansion velocity dominated by acid-
rock reaction, at which point the corresponding dissolution
pattern is wormholing dissolution (Qi et al., 2018). As can be seen
from the data in Fig. 10, the optimum acid injection rate increases
with the number of acid-rock reaction orders. This is due to the fact
that the higher the number of acid-rock reaction orders, the higher
the calcite content of the rock, the higher the acid-rock surface
reaction rate, and the higher the injection rate required to form
wormholing dissolution (as shown in Fig. 11).

Based on the above conclusions, the higher the calcite content of
the target reservoir, the higher the acid injection rate should be; the
higher the dolomite content of the target reservoir, the lower the
acid injection rate should be.

4.2. Hþ diffusion coefficient

The distribution pattern of dissolution porosity for the multi-
order acid-rock reaction model with different Hþ diffusion co-
efficients is shown in Figs. 12e15.

Based on the numerical simulation results, it can be seen that for
any number of acid-rock reaction orders, the rock dissolution
pattern changes from uniform dissolution to wormholing dissolu-
tion to face dissolution as the diffusion coefficient of Hþ increases.
The difference is that when the diffusion coefficient of Hþ is low
(Figs. 12 and 13), the lower the number of reaction orders, the finer



Fig. 6. Acid erosion porosity field for different orders of acid-rock reaction (U0 ¼ 7.5 � 10�5 m$s�1).

Fig. 7. Acid erosion porosity field for different orders of acid-rock reaction (U0 ¼ 3 � 10�4 m$s�1).

Fig. 8. Acid erosion porosity field for different orders of acid-rock reaction (U0 ¼ 3 � 10�3 m$s�1).

Fig. 9. Acid erosion porosity field for different orders of acid-rock reaction (U0 ¼ 7.5 � 10�3 m$s�1).
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the wormhole, the more blurred the boundary between the
wormholes and the undissolved matrix, and the closer to uniform
dissolution; when the diffusion coefficient of Hþ is high (Figs. 14
and 15), the higher the number of reaction orders, the coarser the
wormhole, the less developed the wormhole branching, and the
closer to conical dissolution.

The relative relationship between the diffusion coefficient and
the breakthrough volume ratio for different orders of acid-rock
reactions Hþ is shown in Fig. 16.

Fig. 16 shows that the optimum Hþ diffusion coefficient de-
creases as the number of acid-rock reaction orders increases. The
reason for this is that the higher the number of reaction orders, the
higher the calcite content of the rock and the faster the acid-rock
surface reaction rate. In order to balance the acid convection rate
with the acid-rock reaction rate, a smaller Hþ mass transfer rate is
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required to limit the acid-rock reaction rate, as shown in Fig. 17.
Therefore, the Hþ diffusion coefficient can be limited by

increasing the acid viscosity, and using a slow acid system (e.g.,
thickening acid, emulsifying acid, etc.) when acidizing high calcite
content reservoirs, while the Hþ diffusion coefficient can be
increased by decreasing the acid viscosity when acidizing high
dolomite content reservoirs.

4.3. Acid concentration

The distribution pattern of dissolution porosity for the multi-
order acid-rock reaction model at different acid concentrations is
shown in Figs. 18e21.

Based on the numerical simulation results, it can be seen that for
any number of orders of acid-rock reaction, the variation in acid



Fig. 10. Multi-order acid-rock reaction injection rate vs. breakthrough volume ratio
curve.

Fig. 11. Diagram showing the relationship between the dissolution pattern of the
multi-order acid-rock reaction and the range of injection rates.
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concentration does not have a significant effect on the dissolution
pattern within the range of acid concentrations commonly used in
acidizing construction (5%e25% mass fraction). The acid concen-
tration to breakthrough volume ratio curvewas plotted for analysis,
as shown in Fig. 22.

As can be seen from Fig. 22, at lower acid concentrations (less
than 5 mol$L�1), the breakthrough volume ratio of different orders
of acid-rock reaction decreases with increasing acid concentration;
Fig. 12. Acid erosion porosity field for different orders

Fig. 13. Acid erosion porosity field for different order
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when the acid concentration is higher (greater than 5 mol$L�1), the
acid breakthrough volume ratio gradually tends to a stable value, at
which time further increasing the acid concentration will have no
significant effect on improving the acidification efficiency. The
reason for this phenomenon is that the increase in acid concen-
tration improves the mass transfer efficiency of Hþ and increases
the acid-rock reaction rate. However, the main factor determining
the mass transfer capacity of Hþ is the acid convection intensity, so
as the acid concentration increases, the increase in acid-rock re-
action rate decreases and the breakthrough volume ratio plateaus.

For the use of hydrochloric acid for the modification of car-
bonate reservoirs, if the acid concentration is below 5 mol$L�1, the
acid concentration can be increased to obtain a higher acidification
efficiency. For concentrated acid acidification systems, changing the
acid concentration has little effect on the dissolution pattern and
acidification efficiency.
4.4. Correction analysis

The comparison diagram of the reaction rate curve of 0.42, 0.92,
and 1.27 order acid-rock reaction before and after modification is
shown in Figs. 23e25, with the aim of illustrating the quantitative
analysis of the correction effect of the multi-order acid-rock reac-
tion model.

The present study utilizes the R2 score to quantitatively evaluate
the efficacy of the modified multi-order acid-rock reaction model.
The R2 score, which ranges from negative infinity to 1, is a measure
of the degree of conformity between the fitted data and the actual
data (Waldmann, 2019; Chang et al., 2022; Kamble et al., 2021). A
value between 0 and 1 indicates a high level of concurrence, while a
negative R2 score suggests a significant deviation in the fitted re-
sults and calls for a change in the fitting methodology. The calcu-
lation formula for the R2 score is provided below.

R2¼ 1�

Pn
i¼1

ðyi � byiÞ2Pn
i¼1

�
yi � y2

�2 (28)

where yi is the actual acidification rate value, mol$cm�2$s�1; y2 is
of acid-rock reaction (Dm ¼ 1.5 � 10�10 m2$s�1).

s of acid-rock reaction (Dm ¼ 9 � 10�10 m2$s�1).



Fig. 14. Acid erosion porosity field for different orders of acid-rock reaction (Dm ¼ 3 � 10�9 m2$s�1).

Fig. 15. Acid erosion porosity field for different orders of acid-rock reaction (Dm ¼ 9 � 10�9 m2$s�1).

Fig. 16. Relative relationship between diffusion coefficient and breakthrough volume
ratio for the multi-order acid-rock reaction Hþ.

Dm

Lower reaction orderHigher reaction order

High
reaction

order
wormholing
dissolution

range

Low
reaction

order
wormholing
dissolution

range

Difference value
in optimal mass

transfer rate
due to reaction

orders

Fig. 17. Schematic diagram of multi-order acid-rock reaction dissolution patterns in
relation to the range of injection rates.
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the average value of actual acidification rate, mol$cm�2$s�1; byi is
the prediction of acidification rate value by numerical model,
mol$cm�2$s�1.

After discretizing the curve data in Fig. 23, under the experi-
mental conditions of this paper (4.4 mol$L�1 hydrochloric acid, 96%
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calcite content carbonate rock, 90 �C), the goodness of fit between
the actual acid-rock reaction rate curve and the traditional model
was calculated using the R2 formula to be 63.58%, while the
goodness of fit between the actual acid-rock reaction rate curve and
the multi-order acid-rock reaction model was calculated to be
99.85%, resulting in an accuracy improvement of 36.27%.

Similarly, for carbonate rocks with 56% dolomite content, the
fitting accuracy of the classic 1-order model is 93.07%, the fitting
accuracy of the multi-order reaction model is 97.92%, and the ac-
curacy is increased by 4.85%.

For the case where the dolomite content reaches 96%, the
matching degree between the multi-order acid-rock reaction
model and the actual reaction curve can reach 96.03%, but at this
time, the R2 score of the classic model and the actual reaction curve
is negative, which indicates that the classic model has extremely
poor accuracy when fitting the reaction order value deviates from
the 1-order data to a large extent and further explains the adapt-
ability of the multi-order reaction model to different reaction order
models.

In general, the fitting accuracy of the multi-order acid-rock re-
action model under different reaction orders is higher than that of
the traditional model (m s 1). Under the carbonate acidizing
conditions of three different mineral components simulated in this
paper, the best fitting accuracy of the multi-order model can be as
high as 99.85%, and the maximum accuracy increase can be as high
as 36.27%, indicating that the multi-order reaction model can well
reflect the real change of acidizing reaction rate under different
reaction orders.

5. Conclusions

(1) Based on the traditional two-scale continuous medium
model, this paper constructs a numerical model of acidifi-
cation applicable to the calculation of multi-order acid-rock
reactions using a function segmentation fitting method,
which improves the accuracy of the calculation of the theo-
retical model of acidification when the number of acid-rock
reaction orders is not one, the best fitting accuracy can
reach 99.85%, and the maximum improvement of accuracy
can reach 36.27%.



Fig. 18. Acid erosion porosity field for different orders of acid-rock reaction (C0 ¼ 1.4 mol$L�1).

Fig. 19. Acid erosion porosity field for different orders of acid-rock reaction (C0 ¼ 2.4 mol$L�1).

Fig. 20. Acid erosion porosity field for different orders of acid-rock reaction (C0 ¼ 4.4 mol$L�1).

Fig. 21. Acid erosion porosity field for different orders of acid-rock reaction (C0 ¼ 6.4 mol$L�1).
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(2) The reaction order of carbonate rocks with 96% dolomite, 56%
dolomite, and 96% calcite were 0.42, 0.92, and 1.27, respec-
tively, and the reaction rates were 6.02�10�6 m$s�1,
1.44�10�5 m$s�1 and 4.20�10�5 m$s�1, respectively, under
the experimental conditions of this paper. In the range of
5%e25% mass fraction of hydrochloric acid, the reaction rate
of acid-rock accelerated and the non-uniform etching
deepened as the number of reaction orders increased and the
concentration of acid increased.

(3) Numerical simulations of multi-order acid-rock reactions
show that the rock dissolution pattern changes from facet
dissolution to wormholing dissolution to homogeneous
dissolution as the acid flow rate increases. The Hþ diffusion
coefficient increases and the rock dissolution pattern
2099
changes in the opposite direction. The higher the number of
reaction orders, the higher the optimum acid flow rate and
the lower the optimum Hþ diffusion coefficient required to
form wormholes. However, the difference in breakthrough
volume ratio curves with acid concentration is not significant
for different reaction orders.

(4) The acidizing site should inject high viscosity acid in small
volume and use slow acid systems such as thickening acid,
cross-linking acid and emulsifying acid when reforming
carbonate reservoir with high calcite content; and inject low
viscosity acid in large volume and use conventional acid
systems such as hydrochloric acid when reforming carbonate
reservoir with high dolomite content. When the acid mass



Fig. 22. Schematic diagram of acid concentration vs. acid volume ratio for multi-order
acid-rock reaction.

Fig. 23. Comparison of acid-rock reaction rate curves between the traditional primary
model and the 1.27 order model.

Fig. 24. Comparison of acid-rock reaction rate curves between the traditional primary
model and the 0.92 order model.

Fig. 25. Comparison of acid-rock reaction rate curves between the traditional primary
model and the 0.42 order model.
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fraction is less than 25%, an appropriate increase in acid
concentration can improve the acidification efficiency.
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