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a substantial amount of energy, price and time. For that reason, this study expected to
determine an analytical technique to estimate the pore volumes to breakthrough
number with high accuracy. This method is accomplished by exclusively applying
formation and acid properties without using any experimental works. Pore volumes to
breakthrough calculation are done through developing an analytical method based on
the conservation of mass law in which the carbonate core is considered as a closed
system and the overall mass in the system as a constant throughout the process of
acid. Moreover, a constant number is added to the mathematical part of the model
with the aim of removing the dimensionless Damkdhler number which is supposed to
be calculated experimentally. This method results are compared to four other
experimental works, which led to calculating the average accuracy of this model that
is shown to be 81.36%. This study puts forward an inclusive analytical method to
estimate the number of pore volumes to breakthrough with an acceptable accuracy
rate just through known core and acid and properties.
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1. Introduction

The technigue of modeling in the study includes scaling the acid injection rate to the carbonate
core to create wormhole channels by using the conservation of mass law [1]. According to this
method, the overall mass in the system is constant throughout the injection acid process and
carbonate core is considered to be a closed system also the wormhole shape is assumed cylindrical.
Therefore, the volume of created wormhole is shown through the injected mass of acid at the surface
of carbonate core minus output mass of injected acid at the end of wormhole after reaction time. To
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establish the mathematical part of the model the Damkéhler number is used [2-7]. The Damkohler
number is named after the German chemist Gerhard Damkohler. It is a dimensionless number and is
described as the ratio of flow time scale to the chemical time scale [8]. To eliminate the dimensionless
Damkoéhler number which is supposed to be calculated experimentally, the dissolution rate constant
number is added to the mathematical part of the model. This constant number has a direct relation
with Damkdhler number. The number of dissolution rate constant indicates the rate of wormhole
growing by chemical reaction time [9]. This is a specific constant number equation, which is linear,
for each acid and rock [10, 11]. Acid and core properties and temperature determine the optimum
injection rate. Among them, core and acid properties are the most significant factors. In slow
reactions in carbonate cores, acid mass needs to increase significantly and on the other hand,
injection rate must decrease meaningfully. Moreover, by increasing temperature, the reaction rate
between acid and core will be increased. Many studies have been carried out regarding the optimum
injection rate in carbonate acidizing [12-19]. Besides, variety and effect of fluid flow for
incompressible fluids have been approved in several types of research [20-22].

Concentration changes of injected acid that is reacted with carbonate core are accounted to
calculate the chemical part of the model. To calculate the concentration changes, chemical equation
balance rule is used. The equation contains of the chemical formulas of the products and the
reactants. Because injected acid amount is not as much as carbonate core volume and cannot
dissolve the whole core, limiting reagent method is used for molar mass and weight of chemical
reaction products. The limiting reagent or limiting reactant in a chemical reaction is the substance
that is entirely consumed when the chemical reaction is done [23]. A constant equation for
Ethylenediaminetetraacetic acid (EDTA) has been utilized to develop the model. And the model is
compared with two other complex acids (Cyclohexylenedinitrilotetraacetic acid (CDTA) and
Diethylenetriaminepentaacetic acid (DTPA)). Porosity is another parameter that is applied in the
mathematical part of this method and the average porosity of the core is used in this study. To
calculates the number of pore volumes to breakthrough only known properties of carbonate core
and injected acid are used in the final equation.

2. Model Development

Consider a horizontal model of porous media, that is in a stable condition with injected fluid rate
of g and concentration of C to one side of this porous media as a solvent fluid flow to create a
wormbhole channels in the core and the acid has a preferential flow path in the capillary tube during
acidizing. The wormhole volume is calculated assuming to have a tube shape with area of a, and
length of |. The system is depicted in Figure 1.

ame () )

Fig. 1. Horizontal model of wormhole created in core
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The starting point of the model is writing the mass conservation equation for mixture acid
concentration rate of fluid injected. The overall equation for this model is

{mass of acid } B { mass of acid } _ {rate of chages of mass}
into the core out of the core inside the core

(1)
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where g1 and qz are fluid injection rate and rate of fluid coming out of the core respectively, C1 and
C; are injected fluid concentration and product fluid concentration respectively, a is capillary tube
area, Cis fluid concentration, | is length of core and t is time.

Dividing by concentration changes, the conservation of mass or continuity equation defined as
below

q1C1—q2C; _ al (3)

AC At

Eqg. (1) is further expanded using the following equations in order to determine the number of
pore volume to breakthrough.
— Ma

¢, = 7, (4)

where m, is mass of injected acid, Vi is the volume of injected fluid acid and q is fluid injection rate.
Put forward by Fredd and Fogler [3], the acid injection rate and pore volume to breakthrough by
definition are calculated by Eq. (5) and (6).

dlk
q== (5)

Npq

-
PVor = = (6)
where 1tis equal to 3.14, d is the wormhole diameter, | is the wormhole length, k is overall dissolution
rate constant of acid and rock, Np, is Damkohler number, PVgr is pore volume to breakthrough and

@ is porosity of core. The pore volumes space of rock that acid penetrate in it is calculated by Eq. (7).

nd?l
4

W = (7)
where Vy is volume of wormhole, the differential of time equals the acid reaction time with the rock.
The wormbhole is created in the formation at this time. So, the total processing time in this model is
shown by T. Therefore Eq. (1) is developed as below.

At =T (8)

q1C1—q2C, __ md?l

_ (9)

AC 4T

The assumption is, acid is injected in the core with the flow rate of q and due to being a single
shot injection with a certain amount of acid to create wormhole in the core and there is no flow rate

at the other side of the core and q2 is equals zero. Therefore the Eq. (9) is drive as
nd?IAC
AT

qC, = (10)
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The concentration of acid before the injection is shown as Ci. The acid concentration is
inconsistent and it changes during reaction with the rock. Therefore, the injected acid is assumed to
be the only fluid that flows in the rock and the acid has a reaction with the rock to make a wormhole.
Thus, the acid concentration changes during the T time. The changes in fluid flow concentration are
accounted as AC.

According to definition of pore volumes to breakthrough, the number of pore volumes to break
through (PVer) as the ratio of the volume of fluid injected to achieve channel breakthrough to the
volume of the pore space in the core as shown in Eq. (6). The XA part of this equation is the whole
core volume that is presented by V.. Also, the injected acid concentration is defined as mass of acid
(ma) divided by volume of fluid injected to the core (V).

Vi

PVBTzﬁ

(11)

Q=% (12)

The following changes are done to Eq. (10) to create an equation for pore volume to
breakthrough.

d?IAC
Mg _ T (13)
Vi AT

The term V@ is further multiplied by both side of Eq. (13) and the gma part is shifted to the other
side of the equation.

Ve md?IAC V@

V_i 4qmgT (14)
Therefore,

_ 4qmgT
PVer = Tz iac Ve @ (13)

In Eq. (5), the term k indicates the dissolution rate constant reaction between core and acid with
dimension of [L.T!] and ndlk in Eq. (5) shows the rate of wormhole creation in core with dimension
of [L3.T] that is always calculated by experimental work for every acid and rock type. The wormhole
creation rate in the rock is as follows.

ndlk =2 (16)
T

So, Eq. (5) changes into

Vw /T

q="7 (17)

and Eq. (15) becomes
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qmgT

PVgr = Vi Ve AC 0

(18)
To make the analysis less complicated, the dissolution rate constant (Dg) is shown as follows

Dp =% (19)

and Eq. (19) is transformed into

Dgr = Npa q (20)

So, the main equation to calculate the number of pore volume to breakthrough is presented in
Eqg. (21).

Mmq

PVgr = — o __
BT ™ Npg Ve AC O

(21)

3. Dissolution Rate Equation

In order to calculate the concentration of acid before injection, the molarity of acid with the
dimension of [mol.L3] is multiplied by the molar mass of acid with the dimension of [m.mol™]. For
example, the concentration of acid before injection is 0.25M EDTA (0.25 mol/lit) multiplied by the
molar mass of EDTA (292.24264 g/mol) that is equal to C1 (0.0731 g/cm?). The chemical balance
equation of the reaction between hydrochloric acid and limestone is:

C10H16N20s + CaCO3 — CaCioH16N20s + CO3 (22)

To determine the mass of other compounds, the amount of acid mass is accounted as shown in
Eqg. (22). Table 1 presents the example of primary mass amounts. Furthermore, the mass of limestone
(CaCO3s) core is 259 gram and is calculated by size, probity and density of the core [3]. The post-
reaction injected fluid flow concentration is calculated by Eq. (23) with mass and volume of chemical
equation products.

ym
C; =57 (23)
Table 1
Mass concentration for chemical balance of 0.25M EDTA with limestone
Compound Constant Molar mass Molar concentration Weightin 1 Mass Concentration
(g/mol) (mol/lit) litre (g) (g/cm?)

Injected CioH16N20s 1 292.242264 0.25 73.06066 0.0731
fluid
Product CaCioHisN20s 1 332.32064 0.25 83.08016 0.0831
fluid COs3 1 60.0089 0.25 15.00223 0.0150

The amount of product fluid concentration will not change for each amount of acid mass after
the reaction. The reason is the limiting reagent, which is the substance that is totally consumed when
the chemical reaction is fully done. This reagent limits the amount of created product because the
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reaction is unable to continue without it. Injected acid is always the limiting reagent compound in
carbonate acidizing. Similar process is accomplished on the reaction of limestone with
Cyclohexylenedinitrilotetraacetic acid (C14aH22N20s) (CDTA) and Diethylenetriaminepentaacetic acid
(C14aH23N3010) (DTPA) to calculate C1 and C; for each reaction.

C14H22N20g + CaCO3 — CaC1aH22N20g + CO3 (24)
C14H23N3010 + CaCO3 — CaC14H23N3010 + CO3 (25)

Table 2 shows the concentration amounts of injected acid and product fluid for each acid and
core that used in this study.

Table 2

Concentration of injected acid and product fluid

Acid type Core type  Acid concentration Product fluid concentration
(g/cm?) (g/cm?)

0.25 M EDTA Limestone 0.0731 0.0981

0.25 M CDTA Limestone 0.0866 0.1116

0.25 M DTPA Limestone 0.0983 0.1234

4. Model Calibration by Coefficient Number

In order to develop the model a dimensionless coefficient number (Co.) is added to Eq. (21). The
coefficient number is created by equalizing the number of pore volumes in the model with the actual
number of pore volume to the breakthrough calculated by Fredd and Fogler [3] for EDTA.

Comg
PVor = Speveacs 20)

Table 3 shows the coefficient number that is calculated through Eq. (26) for 0.25M EDTA whose
Damkoéhler number had been provided by Fredd and Fogler [3].

Table 3

Calculated coefficient numbers by Eq. (26)
0.25 M EDTA
g (cm3/min) Npa Co.
0.01 8.7 3.0027
0.025 3.5 1.2066
0.06 15 0.5056
0.15 0.6 0.2031
1 0.09 0.0308
3 0.03 0.0103

The relation between Damk6hler numbers and acid injection rates with the coefficient number is
analyzed so this number as an experimental factor can be excluded in the model. The outcome
indicates that these coefficient numbers have a direct relation with Damkéhler numbers as shown in
Figure 2.
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Fig. 2. Coefficient number and Damkdéhler number relation for 0.25 M EDTA

The following equations are calculated for EDTA acid to represent the numerical relation between
Damkohler number and the coefficient number.

For EDTA - Co.= 0.3454Np, (27)

To find the final equation usable for complex acids with any concentration and limestone cores,
Eqg. (28) is the concluding equation in which the final coefficient number is discovered to be 0.3454.

0.3454m,

PVgr = Ve AC @

(28)

5. Evaluation of The Model

The final results are compared to the pore volume to breakthrough results provided by Fredd and
Fogler [4] (as listed in Table 4) on different complex acids and limestone cores for the deviation and
accuracy evaluation of the model. Figures 3, 4, and 5 compare the results.

Table 4
Overview of the others works
Acid type Coretype Core porosity Core diameter Core length
(%) (cm) (cm)
Fredd and Fogler 0.25 M EDTA Limestone 20 3.81 10.16
[4] 0.25 M CDTA Limestone 20 3.81 10.16
0.25 M DTPA Limestone 20 3.81 10.16

100

o N\ —

4 Fredd & Fogler (1998)
— 0 del

0.01 0.1 1 10
Acid injection rate (cm?/min)

Pore volumes to breakthrough

1

Fig. 3. Comparison of the model with Fredd and Fogler [4] results for EDTA and limestone
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Pore volumes to breakthrough

Acid injection rate (cm?/min)
Fig. 4. Comparison of the model with Fredd and Fogler [4] results for
CDTA and limestone
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Fig. 5. Comparison of the model with Fredd and Fogler [4] results for
DTPA and limestone

6. Evaluation of The Model by Deviation and Accuracy

The accuracy of the model is measures using the standard deviation formula as presented in Eq.
(29)-(31). Error, deviation and accuracy are shown in Table 5.

SD = \/Zliv=1(PVactu;,l_PVmodel)2 (2)
N f—

OWMAPE = %Zi=1|PV;thual PVmodell % 100 (30)
actual

% Accuracy = 100 — %MAPE (31)

where SD is the standard deviation, MAPE is the mean absolute percentage error, PVactual is the
number of pore volumes to the breakthrough that was calculated experimentally; PVmodel is the
number of pore volumes to the breakthrough that is calculated by this model and N is the number of
observations.
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Table 5
Evaluation of the model
Acid type Core type, Porosity (%) SD MAPE  Accuracy
(%) (%)
Fredd and Fogler [4] 0.25 M EDTA Limestone, 20 0.1155 0.99 99.01
0.25 M CDTA Limestone, 20 2.8159 19.65 80.35
0.25 M DTPA Limestone, 20 6.5972 35.27 64.73

Average 18.64 81.36

7. Conclusions

By comparing the results with 21 samples from three experimental works, the average accuracy
of the model has been measured as shown to be 81.36% for complex acids and limestone. Comparing
the results of the model to these experimental results indicates that the accuracy of the model
decreased when the concentration of acid increased. This study puts forward an inclusive analytical
method to estimate the number of pore volumes to breakthrough with an acceptable accuracy rate
just through known acid and core properties.

Acknowledgments
The authors would like to thank the Department of Petroleum Engineering, School of Chemical and
Energy Engineering, Universiti Teknologi Malaysia (UTM) for providing support.

References

[1]  Volkenstein, Mikhail V. Entropy and information. Vol. 57. Springer Science & Business Media, 2009.

[2]  Fredd, Christopher N., and H. Scott Fogler. "The kinetics of calcite dissolution in acetic acid solutions." Chemical
engineering science 53, no. 22 (1998): 3863-3874.

[3] Fredd, Christopher N., and H. Scott Fogler. "Influence of transport and reaction on wormhole formation in porous
media." AIChE journal 44, no. 9 (1998): 1933-1949.

[4] Fredd, Christopher N., and H. Scott Fogler. "The influence of chelating agents on the kinetics of calcite
dissolution." Journal of colloid and interface science 204, no. 1 (1998): 187-197.

[5] Fredd, C. N., and H. S. Fogler. "Optimum conditions for wormhole formation in carbonate porous media: Influence
of transport and reaction." Spe Journal 4, no. 03 (1999): 196-205.

[6] Fredd, C. N., R. Tjia, and H. S. Fogler. "The Existence of an Optimum Damkohler Number for Matrix Stimulation of
Carbonate Formations." In SPE European Formation Damage Conference. Society of Petroleum Engineers, 1997.

[71  Gdanski, Rick. "A fundamentally new model of acid wormholing in carbonates." In SPE European Formation Damage
Conference. Society of Petroleum Engineers, 1999.

[8] Fogler, H. Scott. "Elements of Chemical Reaction Engineering, 1999." (1999).

[9] Inger, George R. "Scaling Nonequilibrium-Reacting Flows: The Legacy of Gerhard Damko-yen; hler." Journal of
Spacecraft and Rockets 38, no. 2 (2001): 185-190.

[10] Fredd, C. N. "Dynamic model of wormhole formation demonstrates conditions for effective skin reduction during
carbonate matrix acidizing." In SPE Permian Basin Oil and Gas Recovery Conference. Society of Petroleum Engineers,
2000.

[11] Talbot, Malcolm Seth, and Rick David Gdanski. "Beyond the Damkohler number: a new interpretation of carbonate
wormholing." In Europec/EAGE Conference and Exhibition. Society of Petroleum Engineers, 2008.

[12] Akanni, O. 0., and H. A. Nasr-El-Din. "The accuracy of carbonate matrix-acidizing models in predicting optimum
injection and wormhole propagation rates." In SPE Middle East Oil & Gas Show and Conference. Society of
Petroleum Engineers, 2015.

[13] Dong, Kai, Ding Zhu, and A. Daniel Hill. "Theoretical and experimental study on optimal injection rates in carbonate
acidizing." SPE Journal 22, no. 03 (2017): 892-901.

[14] Economides, Michael J., and Kenneth G. Nolte. Reservoir stimulation. Vol. 2. Englewood Cliffs, NJ: Prentice Hall,
1989.

81



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 61, Issue 1 (2019) 73-82

(15]

(16]
(17]
(18]

(19]

[20]

[21]

(22]

(23]

Glasbergen, Gerard, Nitika Kalia, and Malcolm Seth Talbot. "The Optimum Injection Rate for Wormhole
Propagation: Myth or Reality?." In 8th European Formation Damage Conference. Society of Petroleum Engineers,
2009.

Buijse, Marten Adriaan, and Gerard Glasbergen. "A semi-empirical model to calculate wormhole growth in
carbonate acidizing." In SPE Annual Technical Conference and Exhibition. Society of Petroleum Engineers, 2005.
Glasbergen, Gerard, Valerie Jean Yeager, Robert P. Reyes, and Don M. Everett. "Fluid-diversion monitoring: The key
to treatment optimization." SPE Production & Operations 25, no. 03 (2010): 262-274.

Mahmoud, Mohamed A., Hisham A. Nasr-El-Din, Corine De Wolf, and James LePage. "Optimum injection rate of a
new chelate that can be used to stimulate carbonate reservoirs." SPE Journal 16, no. 04 (2011): 968-980.

Sidaoui, Ziad, Abdulazeez Abdulraheem, and Mustapha Abbad. "Prediction of Optimum Injection Rate for
Carbonate Acidizing Using Machine Learning." In SPE Kingdom of Saudi Arabia Annual Technical Symposium and
Exhibition. Society of Petroleum Engineers, 2018.

Mahmud, K. R., M. M. Rhaman, and A. K. Al Azad. "Numerical simulation and analysis of incompressible Newtonian
fluid flows using FreeFem++." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 26, no. 1
(2016): 1-19.

Jahanshaloo, L., NA Che Sidik, and S. Salimi. "Numerical simulation of high Reynolds number flow in lid-driven cavity
using multi-relaxation time Lattice Boltzmann Method." Journal of Advanced Research in Fluid Mechanics and
Thermal Sciences 24, no. 1 (2016): 12-21.

Lee, Ming Wei, Kok Hwa Yu, Yew Heng Teoh, Han Wei Lee, and Mohd Azmi Ismail. "Developing Flow of Power-Law
Fluids in Circular Tube Having Superhydrophobic Transverse Grooves." surfaces 2, no. 3 (2019): 16.

Zumdahl, Steven. "Chemical Principles, 1995." DC Heath and Company,: 67-70.

82



