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ABSTRACT 22 
Carbonate acidization is the process of creating wormholes by injecting acid to increase reservoir 23 
permeability and oil production. Nevertheless, some reservoir oils are problematic with low asphaltene 24 
stability, which affects the wormholing process. The interactions between acid, rock, and asphaltene lead to 25 
acid-asphaltene sludge formation, which reduces oil productivity and acid injectivity. Neglecting this sludge 26 
formation, leads to over predicting the depth of the wormhole penetration. Therefore, a numerical model 27 
was developed in this study to provide a better understanding of acid-asphaltene sludge formation effect 28 
on wormhole creation and propagation in carbonates. A 1D radial model was developed by coupling fluid 29 
flow equations in porous media with asphaltene deposition and acid-asphaltene reactions. Then, the 30 
developed model was validated and utilized to investigate the effects of different parameters on wormholing 31 
including asphaltene presence, acid injection volume and concentration, formation temperature and 32 
porosity, and asphaltene concentration. Results showed that acid injection in carbonates with asphaltenic-33 
oils reduces wormhole penetration from 40% to total pore blockage as opposed to reservoirs without 34 
asphaltene deposition. The findings also highlighted that shallow wormhole penetration is more pronounced 35 
with high volume of acid injection, high porous formations, less diluted acid, and high concentration of 36 
asphaltene. In addition, there is an optimum acid injection volume at which wormhole penetration is high 37 
and its infiltration is deep into the formation. This is the first work to discuss modeling of acid-asphaltene 38 
sludge formation and subsequent wormhole development in carbonates, which is particularly important for 39 
problematic crude oils.  40 
 41 
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 45 
INTRODUCTION 46 

Chemical reactions in porous media between rock and different injected fluids is of interest in many 47 

subsurface geochemical processes including CO2 sequestration, low salinity water injection, polymer 48 

injection, surfactant injection, microbial injection, and production enhancement by hydraulic fracturing and 49 

acidizing [1-6]. Both experimental and numerical studies play an important role in evaluating the 50 

environmental effects and economic viability of these techniques [7, 8]. The implementation of these 51 

techniques, especially the acid injection in carbonates, is complex and challenging. During acid injection in 52 

carbonate rocks and particularly limestones, the surface reaction rates are high and thus, the transfer of 53 

mass restricts the net reaction rate, originating highly non-uniform and branched dissolution pathways 54 

known as wormholes [9, 10].   55 

A lot of work has been done over the years on the thermal hydraulics and computational efforts 56 

in general, [11-31]. However, advanced techniques for reactive transport modelling have only recently 57 

started to receive the requisite attention. For example, in [32-35] experimental data was used for model 58 

development, validation and penetration of wormholes. The knowledge of these wormholes and their 59 

penetration aids have been utilized in determining the effect of acidization on skin factor in the context of 60 

improved oil recovery. The development of wormholes could be a consequence of carbon dioxide (CO2) 61 

based enhanced oil recovery (EOR). In CO2 based EOR operations, millions of cubic feet of anthropogenic 62 

CO2 is injected in the reservoirs as opposed to only hundreds of cubic feet of acid is injected in an acid job 63 

for stimulation [34]. Moreover, in CO2 based EOR operations, the injected CO2 might create a weak acid 64 

(carbonic acid) while in acid stimulation, very strong acids such as hydrochloric and hydrofluoric acids are 65 

injected. The latter renders the estimation of wormhole in acid stimulation operations more critical 66 

compared to CO2 based EOR. Therefore, it is crucial to understand and determine the safety, success, and 67 

economic feasibility of oil recovery in highly reactive operations such as acidization.  68 

In carbonate reservoirs, acidization is usually conducted by injecting concentrated acid into the 69 

formation to enhance permeability and consequently, oil production. In these reservoirs, acid injection at 70 

low rates creates shallow and thick wormholes, while injection at high rates creates branched wormholes 71 
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with shallow penetration. Nevertheless, at optimum injection rate, deep and extended wormholes might 72 

be created with least amount of acid [36]. Consequently, several researchers proposed global acidization 73 

models [10, 37-40]. These models could determine the amount of acid needed for creating wormhole and 74 

could predict the wormhole propagation rate around the wellbore. However, these models ignored the 75 

effect of asphaltene presence on wormholing in the porous media. Although in practical acidizing 76 

treatments, a solvent preflush is used to dissolve asphaltenes, this paper addresses the cases when preflush 77 

could not dissolve all of the asphaltenes leading to an irreversible formation damage.  78 

In acid injection operations, acid-oil interaction is an aspect that has received limited attention in 79 

wormhole creation and propagation. During an acid job, when the acid interacts with the asphaltenic 80 

crudes, the acid might cause instability of dissolved asphaltene leading to asphaltene deposition [41, 42]. 81 

Consequently, the reaction of the injected acid with asphaltene might form a black and sticky substance in 82 

the reservoir, which is known as acid-asphaltene sludge. This material enhances gravity segregation due to 83 

its density and forms a layer of acid-asphaltene sludge in the reservoir. Thus, decreasing reservoir 84 

permeability and at worse conditions it might completely shut off production. Moreover, in most of the 85 

laboratory studies, the wormholing experiments are usually performed in single phase, water-saturated 86 

conditions, which do not allow capturing sludge formation [43-45].  87 

Houchin et al. [46] performed a number of tests and reported that acid induced asphaltene sludge 88 

is formed for crude oils with API gravities > 27 oAPI and asphaltene concentration < 3 wt. %, and this sludge 89 

is more severe for reservoirs under secondary and tertiary recovery activities. Kumar et al. [47] studied the 90 

effect of phase saturation on wormholing and showed that it has a significant impact on the acid operation 91 

[26]. They experimentally determined an optimum acid injection rate 10 cm3/min with minimum branching 92 

in the fully water saturated cores. Whereas for the fully oil saturated cores, the optimum acid injection rate 93 

was reported at 5 cm3/min. They also found no optimum rate for waterflooded residual oil cores. However, 94 

they ignored the acid-asphaltene reactions, acid-asphaltene sludge formation, and its effects on 95 

wormholing process. Similarly, AlMubarak et al. [48] investigated the acid-induced emulsion and the 96 

precipitation of asphaltene in low permeability reservoir and they found that acid systems are not 97 

compatible with several oils when they interact with each other.  98 
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Furui et al. [38] observed a mismatch in predicting wormhole formation during matrix acidizing 99 

between theoretically and conventionally developed models as opposed to field data [41]. This observation 100 

was based on performing inverse analysis on wormholing data from horizontal and inclined wells in oil and 101 

gas fields from Middle East and North Sea. The discrepancy is due to investigating acid-rock reaction and 102 

acid-asphaltene reactions separately. Several researchers considered acid-rock reactions while ignored 103 

acid-asphaltene reactions [1, 37, 38]. However, Rietjens and Van Haasterecht considered acid-asphaltene 104 

reactions and ignored acid-rock reactions [49]. Moreover, Alrashidi et al. [50] analyzed the effect of bio-oil 105 

dispersants on asphaltene sludge during acidization and they found that the dispersant could decrease the 106 

formation of asphaltene sludge formation. Thus, both aspects of acid-rock and acid-asphaltene reactions 107 

need to be studied and further investigated. Nevertheless, in order to understand asphaltene effect during 108 

acidization and acid-asphaltene sludge formation, several factors need to be investigated which affect 109 

asphaltene deposition, acid-asphaltene reaction, and acid-asphaltene sludge formation.  110 

Therefore, in this study, the experimental data of the above sources [43-48] in the literature were 111 

used to propose a model, which considers simultaneous acid-rock and acid-asphaltene reactions as well as 112 

acid-asphaltene sludge formation. Furthermore, the effect of several factors on wormholing was 113 

investigated in both presence and absence of asphaltene slug formation. These factors include presence of 114 

asphaltene, acid injection volume, formation temperature, formation porosity, acid concentration, and 115 

asphaltene concentration. To the best of our knowledge, there are no published works focusing on 116 

modeling acid-asphaltene sludge formation and its subsequent wormhole development. This paper aims at 117 

providing a better understanding of the effects of asphaltene deposition and acid-asphaltene sludge 118 

formation on wormhole creation and propagation in carbonates.  119 

 120 

NUMERICAL MODEL DEVELOPMENT   121 

In this study, reactive transport modeling of sludge formation during acidization was performed by 122 

considering the Darcy scale model at two-phase conditions. The model is based on combining single-phase 123 

reactive, advective, and dispersive transport in the porous media with deposited asphaltene as a solid 124 

phase. This technique has the ability to capture comprehensive picture of the interplay of the mechanisms 125 
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of asphaltene deposition, acid-asphaltene reaction, and acid-asphaltene sludge formation. These 126 

phenomena will aid in determining the critical rate of wormhole generation around the wellbore for 127 

maximum permeability enhancement. Figure 1 shows the flowchart followed for asphaltene based 128 

wormhole penetration modeling describing how the study is conducted. The 1D developed model 129 

incorporates the rock-acid-asphaltene interactions in the following sequence: i) deposition of asphaltene ii) 130 

diffusion of acid in the immediate wellbore vicinity of rock-asphaltene interface, iii) Surface reaction at the 131 

asphaltene-formation interface between the acid and asphaltene, iv) formation of acid-asphaltene sludge 132 

deposits on the rock surface and its diffusion away from the interface.  133 

Figure 2 shows the mathematical description of the developed model for asphaltene based 134 

wormhole penetration modeling. In this study, it was assumed that light and heavy oil components are 135 

produced, the oil residue (asphaltene) is deposited in the reservoir, capillary and gravity forces are 136 

negligible, and the temperature of the reservoir is constant during acid injection.  137 

Fluid Flow in Porous Media. The single-phase model is extended to a two-phase formulation for fluid flow 138 

in porous media. Thus, Darcy’s law is used, as it is the fundamental equation for fluid-flow in porous media 139 

where the phase flow is given by: 140 

  
𝜕𝜙

𝜕𝑡
+ 𝛻. 𝑣𝑡 = 0,                                                                                 (1) 141 

where ϕ is formation porosity, t is time, and vt is velocity of all the phases present in the porous media 142 

including water and oil.  143 

The acid-rock surface reaction rate could be determined by calculating acid mass transfer from the 144 

bulk acid-water solution to the rock surface. This technique helps in finding the sequential rate of acid 145 

concentration on the rock surface interface from the bulk acid-water solution. Therefore, the rate of mass 146 

transfer from the bulk solution to the rock surface interface could be determined as: 147 

Fr = km (Cac- Crf),                           (2) 148 

where Fr is the rate of bulk fluid mass transfer from the bulk fluid to the rock surface interface, km is the 149 

mass transfer-coefficient, Cac is concentration of acid in the aqueous phase, and Crf is concentration of acid 150 

at rock-fluid interface.  151 
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Asphaltene Deposition Model. Among different organic matters present in the crude oil, asphaltenes are 152 

the most complex mixture of colloidal suspended molecular particles with no certain chemical formula [50]. 153 

Consequently, due to different aggregate sizes, asphaltenes have a wide range of molecular weights from 154 

1,650-500,000 g/mol [52]. To study the behavior of precipitation and deposition of asphaltene during 155 

production and other enhanced oil recovery operation, the asphaltene onset pressure is the most important 156 

factor. This onset pressure is determined by using a mixture of reservoir fluids at varying percentage of 157 

injected fluid in the reservoir. However, this technique only addresses the static asphaltene behavior and 158 

thus, the risk of asphaltene deposition under dynamic conditions is ignored.  159 

To encounter this issue, dynamic asphaltene behavior is used to have a clear picture of asphaltene 160 

deposition in oil recovery operations. Thus, dynamic behavior shows that when asphaltene deposits in the 161 

pores of the reservoir, the reservoir fluid loses its heavy components. This process causes a reverse 162 

phenomenon where the density of live oil increases and that of dead oil decreases. In a giant oil field in the 163 

Middle East, the density of dead oil was 0.805 g/cm3 and that of the produced oil was in the range of 0.83-164 

0.84 g/cm3 [53]. This reverse-density phenomenon indicates that with the continuous oil production and 165 

associated reservoir pressure drop, the equilibrium of reservoir fluids is disturbed and due to gravity 166 

segregation, the heavy oil component (asphaltene) is deposited in the reservoir. The risk of asphaltene 167 

deposition is even more severe in case of light crudes, when the reservoir fluids are in a highly under-168 

saturated reservoir pressure [41]. When acid is injected in the porous media, its flow is described by the 169 

continuity equation as follows:   170 

 
( ) ( )as

l as as l l as as l asp l l as l

V
S X S w w v w v

t t r
      

  
+ = − + + 

    .                                                      (3) 171 

where S is saturation in fraction,  is density in kg/m3, X is asphaltene concentration,  is porosity in fraction, 172 

v is fluid flow in m/s, w is mole concentration, V is deposited concentration, and t is time in s. Subscripts a, 173 

o, l, g, as, and asp refer to aqueous, oil, liquid, gas, asphaltene, and suspended asphaltene, respectively. 174 

One should note that further details can be found in Appendix A.  175 

For asphaltene deposition, several researchers have performed experimental and simulation 176 

studies to determine the risk of asphaltene deposition. Gruesback and Collins observed that the deposition 177 
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of asphaltene is dependent on the concentration of asphaltene in the reservoir fluid [54]. Thus, they derived 178 

a simple model by considering a single-phase flow. Wang and Civan [55] considered some complexities and 179 

showed that asphaltene deposition is controlled by its concentration in the reservoir fluid, deposition 180 

behavior, trapping, and plugging mechanism in the porous media. They mentioned that the observed 181 

plugging of the pore throat is related to asphaltene concentration, liquid saturation, superficial velocity, 182 

and gravity segregation. They derived the following equation: 183 

𝜕𝜂𝑎𝑠

𝜕𝑡
+ (𝑣𝑙 − 𝑣𝑐𝑟.𝑙)𝑑𝑎𝑠𝛽𝑎𝑠 = 𝑆𝑙𝛼𝑎𝑠𝐶𝑎𝑠𝜙 + 𝑆𝑙𝛾𝑣𝑙𝐶𝑎𝑠 ,                                                                                       (4) 184 

where ɳas is deposition rate of asphaltene, vl is interstitial velocity, das is asphaltene deposition rate, βas is 185 

asphaltene entrainment rate coefficient, Sl is saturation of liquid, αas is coefficient of asphaltene surface 186 

deposition, γ is plugging coefficient, and Cas is asphaltene concentration. Therefore, the precipitation and 187 

deposition of asphaltene on porous rock surfaces could lead to severe formation damage, pore blockage, 188 

and reservoir relative permeability impairment [56]. The deposition of asphaltene on a rock surface is 189 

controlled by two mechanisms; mass transfer and chemical reactions for flocs appearance, precipitation, 190 

and deposition of asphaltene. Afra et al. mentioned that during CO2 injection, the injected CO2 reacts with 191 

the amine functional group of asphaltene [57]. This reaction decreases the stability of asphaltene in the oil 192 

and thus, asphaltene could be destabilized through physical interactions and chemical reactions. 193 

Soulgani et al. performed several experiments for asphaltene deposition and observed the 194 

deposition of asphaltene decreased as soon the injected fluid velocity is increased [58]. This phenomenon 195 

shows that mass transfer is a less controlling mechanism. It was also found that when temperature 196 

increases, the heat transfer coefficient decreases at a higher rate, which promotes asphaltene deposition. 197 

This behavior of asphaltene shows that asphaltene deposition is controlled by temperature of the system. 198 

Therefore, chemical reaction is the determining mechanism of asphaltene deposition. A number of 199 

researchers developed different models and investigated asphaltene [58-62]. However, it was found that 200 

the deposition of asphaltene is controlled by chemical interactions of injected fluid and oil. Therefore, in 201 

this work, the deposition of asphaltene in the porous media was estimated by the asphaltene deposition 202 

model in Equation (5) and was added with Equation (4) to estimate the net asphaltene deposition volume 203 
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fraction that will deposit in the reservoir. Different coefficients for asphaltene deposition could be found in 204 

Table 1.   205 

𝜕𝜔𝑎𝑠

𝜕𝑡
=  𝐾 

𝐶𝑎𝑠

𝑣
𝑒

−𝐸
𝑅𝑇⁄  ,                                                                                                                                                      (5)                                                                206 

where ω is rate of asphaltene deposition per unit time, χ is reaction rate coefficient, C is concentration, E is 207 

activation energy, R is universal gas constant, T is reservoir temperature, and v is acid flow rate. The 208 

subscript “as” stands for asphaltene.  209 

Capturing Changes in Porosity and Permeability. After the deposition of asphaltene, the reservoir rock 210 

surface area will be modified. This deposition would decrease the reservoir permeability. Thus, changes in 211 

reservoir permeability were captured in the model through updating reservoir porosity and the related 212 

permeability using the following equations [62]: 213 

𝜙 = 𝜙𝑖(1 − 𝑆𝑎𝑠),                                                                                                                                                           (6) 214 

𝑘

𝑘𝑖
= (

𝜙

𝜙𝑖
)

𝑒

(
1−𝜙𝑖

1−𝜙
)

2

 ,                                                                                                                     (7) 215 

where k is reservoir permeability,  is reservoir porosity, S is saturation, and subscripts i and as represent 216 

the initial stage and asphaltene, respectively. The exponent e with values of 3, 5, and 12 represent clean 217 

formations, anhydrite precipitation, and for coreflooding experiments showing the technical time scale for 218 

anhydrite dissolution and precipitation, respectively. It should be noted that an e value of 3 was used in this 219 

work. This is because of the assumption that the carbonate formation is clean without clay, which is usually 220 

the case. In addition, it was assumed that the rock is 100% calcite in this study and the effects of 221 

dissolution/precipitation of other solid species were not considered as it requires a comprehensive 222 

geochemical engine.   223 

Sludge Formation Model. After acid injection, insoluble organic precipitate, known as acid-asphaltene 224 

sludge, is formed [49]. This sludge is too sticky and is highly undesirable type of formation damage, which 225 

could adversely affect the whole acid job. The formed acid-asphaltene flocs has the tendency to form acid-226 

asphaltene aggregates leading to the formation of acid-asphaltene sludge. This is due to the charged groups 227 

present on asphaltene boundary, which demonstrates the sticky mass of sludge formed at the acid-228 
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asphaltene interface. It was assumed that the formation of sludge will hinder the direct contact of acid with 229 

the rock. Thus, the acid transfer from the aqueous phase to the solid asphalt phase is described by [49]:  230 

𝜔𝑎𝑠 + 𝐻𝐶𝑎𝑞 ⇄
𝑘−1

𝑘1

𝜔𝐻+𝐶𝑎𝑠
−  ,                            (8) 231 

where HC represents acid, subscript “aq” stands for aqueous, “k” coefficient is phase transport, and 232 

𝑋𝐻+𝐶𝑎𝑠
−  is the formed acid-asphaltene sludge term abbreviated as Yas and is represented by: 233 

𝜔𝐻+𝐶𝑎𝑠
− ⇄

𝑘−2

𝑘2

𝑌𝑎𝑠 .                                                                    (9) 234 

After combining Equations (8) and (9), the rate of acid-asphaltene sludge formation is given by: 235 

𝑑𝑌𝑎𝑠

𝑑𝑡
= 𝑘2[𝜔𝐻+𝐶𝑎𝑠

− ] − 𝑘−2[𝑌]𝑎𝑠.                                                                 (10) 236 

The concentration of acid is also considered constant at a certain time and it increases with acid injection. 237 

Thus, the boundary condition for acid-asphaltene sludge formed at initial time (t is zero) is given by: 238 

𝑑𝑌𝑎𝑠

𝑑𝑡
= 𝑘1𝜔𝑎𝑠𝐻𝐶𝑎𝑞𝑉.                                                                       (11)                                       239 

Modified Wormhole Propagation Model. Based on Equation (11), the rate of acid-asphaltene sludge 240 

formation is proportional to the concentration of phase transport by asphaltene, the acid activity in 241 

aqueous phase, and its volume. Economides et al. assumed that for wormholing, the injected acid would 242 

dissolve a certain volume of rock to penetrate in the formation [9]. They used this approach to determine 243 

the acid volume to predict the distance of wormhole penetration. It was observed that the dissolution of 244 

small rock fragments will form few wormholes while the dissolution of large rock fraction will create more 245 

branched and deep wormholes in the rock matrix. They proposed an equation for rock acidization by 246 

injected acid as follows [9]:  247 

𝑟𝑤𝑜 = √𝑟𝑟 +
𝑁𝑐𝑉

𝜋𝜙ℎ𝜏
  ,                                            (12)              248 

where rwo is radial wormhole penetration in feet, rr is wellbore radius in feet, Nc is acid capacity number 249 

that is defined by the ratio of amount of rock mineral dissolved by the injected acid to the amount of rock 250 

mineral present in a unit rock volume, V is the acid volume in cubic feet, h is the reservoir height in feet, 251 

and τ is wormholing efficiency that is estimated from coreflooding. The wormholing efficiency depends on 252 
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acid capacity number and number of acid pore volume injected until breakthrough [10]. However, this 253 

model has a couple of constraints; it overlooks fluid loss, reaction with organic matter present in crude oil, 254 

and asphaltene deposition in the porous media. Ignoring these factors over predicts the depth of wormhole 255 

penetration. Equation (13) is the proposed modified model, which was derived by deducting Equation (11) 256 

from Equation (12) to formulate the net reaction of acid-asphaltene sludge formation that will occur in the 257 

reservoir.  258 

𝑟𝑤𝑜 = √𝑟𝑟 +
𝑁𝑐𝑉 −𝑘1𝜔𝑎𝑠𝐻𝐶𝑎𝑞𝑉

𝜋𝜙ℎ𝜏
 .                                                                                                                                                  (13) 259 

Table 1 provides the values of the different variables used in this study. The data for wormholing 260 

efficiency and its propagation with strong acid in core samples were taken from Furui et al. [38]. The rock 261 

is carbonate and the acid is hydrochloric acid as mentioned by Furui et al. [38]. Economides et al. mentioned 262 

that the wormhole efficiency can be estimated from the data of a linear coreflooding, and is given by [1]: 263 

τ = Nc × PV,                                                                                                                                                                       (14) 264 

where PV is the pore volume of the acid injected at the time of wormhole breakthrough at the end of the 265 

core. In order to determine the rate of acid-asphaltene sludge formation in the initial stage of reaction, the 266 

concentration of asphaltene was assumed to be constant and the reverse reactions in Equations (8) and (9) 267 

were neglected. The objective of this study is to evaluate the effect of organic matter present in reservoir 268 

oil on wormholing, by combining acid-formation reaction and acid-organic matter reaction to the formation 269 

of acid-asphaltene sludge. Figure 3 shows a graphical representation of acidization with and without 270 

asphaltene, creation of acid-asphaltene sludge, and aggregation of sludge to acid-asphaltene sludge in the 271 

porous media.  272 

During the development of the acid-asphaltene sludge model, the main objective is to define 273 

formation damage. Unfortunately, very limited experimental research is conducted on wormholing in 274 

asphaltene deposited cores. Nevertheless, Kumar et al. [47] investigated acidization of both brine saturated 275 

and residual oil saturated cores as shown in Figures 4 (i) and (ii), respectively. The findings of Kumar et al. 276 

[47] showed that the organic layer acts as a physical wall or barrier between acid and rock and thus, 277 

validates the concept/technique presented in this paper. Therefore, the results generated are more realistic 278 



Journal of Energy Resources Technology JUNE 2022, Vol. 144 / 063001-1 

11 

 

where the formation of acid-asphaltene sludge reduces acid-rock reaction and further hinders wormhole 279 

penetration. As was previously mentioned, this fundamental fact is usually ignored leading to large 280 

discrepancies between simulation and field data [38]. 281 

DEVELOPED MODEL VALIDATION. In modeling acid-asphaltene sludge formation, it was observed that the 282 

most difficult part is to model the deposition of asphaltene. This is because in acidization, the injected acid 283 

is usually very strong and it will definitely react, but determining asphaltene deposition is complex. 284 

Asphaltene deposition is controlled by rock properties, formation water composition, oil properties, 285 

thermodynamic conditions of the reservoir, and flow rate of the injected fluids. To validate the developed 286 

numerical model, the experimental work conducted by Soulgani et al. [58] was used. In the latter 287 

experimental work, the authors used coreflooding to determine the formation damage caused by 288 

asphaltene deposition. The details of experimental run are given in Table 1.  289 

Figure 5 presents a good match between the experimental data and our simulation results. One 290 

should note that the observed asphaltene deposition has adverse effects on formation permeability and 291 

acid is usually injected to recover this permeability. It is evident from Figure 5 that with the increase in 292 

injected pore volumes, the formation damage increases. The formation damage is presented by the 293 

permeability ratio of altered to initial permeability. Furthermore, one can observe from the latter figure 294 

that due to asphaltene deposition, the reservoir permeability decreased by 46%. This decrease will certainly 295 

have a negative effect on oil production from a reservoir. Moreover, data from experiments conducted by 296 

different researchers were used to further evaluate the accuracy of the developed model. Figure 6 shows 297 

a good match with Bagheri et al. [63]. In the latter study, the authors performed experimental investigation 298 

of asphaltene precipitation and deposition process during different production schemes such as natural 299 

depletion, lean gas injection, and CO2 injection. The simulation results of this work were compared with 300 

their CO2 injection case because CO2 forms a weak acid in the reservoir by mixing with formation water. 301 

More details about their experimental work are described elsewhere [63]. Further explanation on the 302 

asphaltene deposition and acid-asphaltene sludge formation will be discussed in the results and discussion 303 

section. 304 

 305 
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RESULTS AND DISCUSSION 306 

After validation against the experimental data, the developed model was utilized to predict the deposition 307 

of asphaltene, asphaltene-acid reaction, and acid-asphaltene sludge formation. The important factors 308 

affecting wormholing that were thoroughly investigated in this work include the presence of asphaltene, 309 

acid injection volume, formation temperature, formation porosity, acid concentration, and asphaltene 310 

concentration. Typical values of these parameters were selected in the base case run, which represent 311 

typical carbonate reservoir conditions. Table 1 shows the values of these parameters used in this study. The 312 

effect of each parameter on the wormholing process is described below.  313 

ASPHALTENE EFFECT. Figure 7 shows the effect of asphaltene presence on wormhole penetration. This 314 

figure shows that wormhole penetration in the presence of asphaltene is slower as opposed to the absence 315 

of asphaltene. In the latter figure, the wormhole penetration after 100 gal/ft of acid injection is 316 

approximately 2.75 ft. Nevertheless, when asphaltene is present, the relationship between wormhole 317 

penetration and volume of injected acid shows an extremely low penetration that is less than 1 ft after 318 

injecting the same amount of acid (100 gal/ft). It is worth mentioning that a monotonic increase in 319 

wormhole penetration is observed with acid injection in the absence of asphaltene. However, when 320 

asphaltene is present in the crude oil, the wormhole penetrates just 1 ft with acid injection of 40 gal/ft and 321 

with further acid injection, the penetration rate decreases. The reason behind this decrease in wormhole 322 

penetration is the presence of asphaltene as well as formation and deposition of acid-asphaltene sludge. 323 

Thus, the injected acid could not directly react with the rock matrix. 324 

The acid first reacts with asphaltene, forming acid-asphaltene sludge where most of the injected 325 

acid is consumed, regardless of the acid injection rate. Consequently, injecting acid in reservoirs with 326 

asphaltenic crudes could lead to severe formation damage near the wellbore as evident from Figure 7. This 327 

formation damage, caused by acid-asphaltene sludge, decreases the wellbore production and might 328 

sometimes shut-off oil production. Therefore, acid induced asphaltene sludge will adversely affect the 329 

effectiveness of wormholing. 330 

ACID INJECTION VOLUME EFFECT. The effect of acid injection volume on wormholing can also be deduced 331 

from Figure 7. The latter figure was produced using an acid injection at a certain acid concentration of 15% 332 
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by weight and asphaltene concentration that is limited to just 1 percent in the reservoir. From Figure 7, it 333 

is evident that the wormhole penetrated deep in the formation when 40 gallons of acid was injected and 334 

afterwards the penetration decreased. These 40 gallons of acid could be considered as an optimum acid 335 

volume at which the wormhole propagation is high with minimum sludge formation. This is supported by 336 

the increase of wormholing depth with increasing injected acid volume up to 40 gallons. Afterwards, any 337 

further increase in injected acid volume results in a decrease in wormhole penetration. 338 

These findings were not observed by Daccord et al. [9], Hung et al. [32], Buijse and Glasbergen 339 

[37], and Furui et al. [38]. Because they ignored the presence of asphaltene and acid-asphaltene sludge 340 

formation and considered that the wormhole propagation is proportional only to the rate of acid injection. 341 

Hung et al. model [10] considered the wormhole propagation is linear while Daccord et al. model [9] showed 342 

it depends on the average wormhole velocity. Moreover, both studies of Buijse and Glasbergen [37] and 343 

Furui et al. [38] studies incorporated the linear relationship between acid injection rate and wormhole 344 

propagation. Therefore, it is important to consider the effect of asphaltene presence in porous media during 345 

wormholing; as the study shows that after a certain acid injection volume, enormous acid-asphaltene sludge 346 

forms, which leads to severe formation damage and low penetration of wormhole. 347 

TEMPERATURE EFFECT. The effect of temperature on wormholing in the presence of asphaltene was 348 

determined as depicted in Figure 8. The latter figure mimics reservoirs with different depths of 1000, 1800, 349 

2600, 3400, and 4200 meters that correspond to reservoir temperatures of 40, 60, 80, 100, and 120 °C, 350 

respectively. It is evident that the rate of wormhole penetration is high in the shallow reservoirs, which is 351 

due to the exothermic reaction nature of carbonate dissolution process. The low temperature of a reservoir 352 

favors dissolution reaction and results in high acid solubility. Therefore, wormholing phenomenon slows 353 

down at high temperatures. Regarding the precipitation of dissolved particles, it is evident that when the 354 

temperature of a reservoir is high, the process of wormholing will be low and the dissolved particles will 355 

remain soluble in the media. Figure 8 illustrates that wormholing by acid injection in the presence of 356 

asphaltene will be better in shallow reservoirs as opposed to deep reservoirs. Nevertheless, one should 357 

carefully consider the dissolutions in the near wellbore region, which might sometimes lead to casing failure 358 

and wellbore stability problems. 359 
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FORMATION POROSITY EFFECT. The sensitivity of formation porosity on wormholing in the presence of 360 

asphaltene is shown in Figure 9. In high porous formations, the surface area of contact between acid and 361 

rock surfaces is large, and the wormholing process is expected to develop more effectively than in low 362 

porosity formations. However, in the presence of asphaltene, a reverse phenomenon occurs. This is because 363 

acid will form acid-asphaltene sludge instead of moving deeper in the formation as shown in Figure 9. This 364 

sludge might coagulate together to create a mat of acid-asphaltene sludge as shown in Figure 3 and it will 365 

block acid penetration and reservoir pores/pathways. Therefore, the continuous injection of acid will 366 

dissolve more rock minerals only in the near wellbore region, creating vugs around the wellbore as shown 367 

in Figure 3, and the pressure drop over the acid invaded region decreases significantly. 368 

Consequently, further volumes of injected acid removes some sludge and it might divert and force 369 

acid flow to enter smaller pores that might give rise to the branching phenomenon. However, this branching 370 

prohibits further growth of deep penetrating single-wormholes. The branching phenomenon is usually 371 

intensified at higher injection volumes of acid, which might explain the start of the decreasing trend at 100 372 

gal/ft of acid injection volume for the 30% porosity curve in Figure 9. In addition, it is evident from Figure 9 373 

that for the same volume of acid injection, the wormhole penetration is deeper for low porous formations 374 

than in high porous formations. It is clear from the figure that after injecting 100 gal/ft of acid, the 10% 375 

porosity scenario shows 2.5 ft of wormhole penetration, while the 30% porosity scenario shows less than 1 376 

ft of wormhole penetration. This behavior highlights that the shallow wormhole penetration is more 377 

pronounced in high porous formations than low porous formations. One should note that these 378 

observations hold under the assumptions of no direct acid-rock reaction, which is expected to increase the 379 

formation porosity.  380 

ACID CONCENTRATION EFFECT. Figure 10 illustrates the effect of acid concentration on wormhole 381 

penetration. The acid might be injected in the reservoir in a number of forms such as regular acid, foamed 382 

acid, and emulsified acid. These different forms might have some benefits such as foamed acid provides 383 

good leak-off control and emulsified acid might have deep penetration. However, regular acid gives better 384 

results at higher flow rates [47]. Therefore, a regular acid injection was utilized at different concentrations 385 

of hydrochloric acid including 10, 20, and 30 percent.  386 
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The results showed that in the presence of asphaltene, the increase in acid concentration causes 387 

a shallower wormhole penetration. This is supported from the latter figure where high acid concentration 388 

(30 percent) results in wormhole penetration of just 0.5 ft. However, a 10 percent acid solution results in 389 

wormhole penetration of more than 3 ft at an acid injection of 100 gal/ft. The reason behind this low 390 

penetration at high acid concentration is that the high acid concentration promotes sludge formation. 391 

ASPHALTENE CONCENTRATION EFFECT. The effect of asphaltene concentration in reservoir fluid on 392 

wormholing is presented in Figure 11. During acid injection, the reaction of acid with asphaltene depends 393 

on its mixing, concentration, and solubility with the asphaltene. It could be observed from Figure 11 that 394 

when asphaltene concentration is low, this creates less acid-asphaltene sludge and hence, the acid 395 

penetrates deeper into the formation. This is supported by the case of 0.5 percent asphaltene (shallow 396 

wormhole penetration). Moreover, the negative penetration shown in Figure 10 illustrates total pore 397 

blockage by acid-asphaltene sludge formation and deposition, which halted further acid penetration as 398 

supported by the case with just 1.5 percent asphaltene. Therefore, when the concentration of asphaltene 399 

is high, the amount of acid-asphaltene sludge formation increases, and the penetration of acid in the 400 

formation decreases. These phenomena will lead to severe and irreversible formation damage. 401 

 402 

SUMMARY AND CONCLUSIONS 403 

A numerical 1D model was successfully developed in this study to predict acid-asphaltene sludge formation 404 

and its effect on wormholing during acid treatment in carbonates with asphaltenic oils. The main findings 405 

of this work can be summarized as follows: 406 

• The study shows for the first time that the injection of acid in carbonates with asphaltenic-oils 407 

results in sludge formation that reduces the wormhole penetration from 40 percent to total pore 408 

blockage as opposed to reservoirs without asphaltene deposition. 409 

• The effectiveness of wormholing process is worsen by sludge formation, which was found to be 410 

highly dependent on reservoir porosity, acid concentration, and solubility of asphaltene in acid. 411 
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• Shallow wormhole penetration is more pronounced in high porous formations, with less diluted 412 

acid, and in the presence of high concentration of asphaltene. The wormholing penetration is 413 

intensified by increased volume of acid injection. 414 

• There is an optimum acid injection volume at which wormhole penetration is high and its 415 

infiltration is deep into the formation. 416 

• It is recommended to better characterize the properties of reservoir fluid before an acid treatment 417 

job as the effectiveness of wormholing is controlled by asphaltene concentration.  418 

This is the first work to discuss modeling of acid-asphaltene sludge formation and subsequent wormhole 419 

development in carbonates, which is particularly important for problematic crude oils. In the future work, 420 

the proposed model will be expanded to 2D and 3D, which enables capturing the branching phenomenon 421 

and further validating the model against CT scan images for the wormhole.  422 
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 427 
APPENDIX A  428 

The flow characteristics of oil, gas, and aqueous phases are presented by the fluid flow continuity equations 429 

as follows: 430 

( ) ( )o o o o o ow S w v

t r

   
= −

 
    (A-1)  431 

( ) ( )g g g g g gw S w v

t r

   
= −

 
    (A-2)  432 

( ) ( )a a a a a aw S w v

t r

   
= −

 
    (A-3)  433 

Combining Equations (A-1) to (A-3) gives: 434 
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For acid component, if we neglect the diffusion, the above-derived equations are given by: 436 

( ) ( ), , , , , ,o w o o o g w g g g a w a a a o w o o o g w g g g a w a a aS w S w S w w v w v w v
t r
              

 
+ + = − + +

 
  (A-5) 437 

For simplification, we assumed the acid injection rate is constant. Thus, Equation (A-5) becomes:  438 

( ) ( ), , , , , ,

inj

o w o o o g w g g g a w a a a o w o o o g w g g g a w a a a

q
w S w S w S w v w v w v

t r
           



 
+ + = − + +

 
. (A-6) 439 

Therefore, during acid injection, the mass balance equation for asphaltene deposition is:  440 

( ) ( )as
l as as l l as as l asp l l as l

V
S X S w w v w v

t t r
      

  
+ = − + + 

   
   (A-7)  441 

where S is saturation in fraction,  is density in kg/m3, X is asphaltene concentration,  is porosity in fraction, 442 

v is fluid flow in m/s, w is mole concentration, V is deposited concentration, and t is time in s. Subscripts a, 443 

o, l, g, as, and asp refer to aqueous, oil, liquid, gas, asphaltene, and suspended asphaltene, respectively. 444 

  445 
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NOMENCLATURE  446 

Symbols 
A Area of porous media, meter-square 
C Concentration, percentage 
D Coefficient of diffusion  
d Deposition rate, 1/t 
E Energy for activation, J/mol 
F Coefficient of drag force  
h Reservoir height, m 
K Coefficient of reaction rate  
k Mass transfer coefficient  
L Pores Length, m 
R Universal gas constant, J/mol.K 
r Pore radius, m 
S Saturation, % 
T Reservoir temperature, K  
V Volume, m3 
v Fluid velocity, m/s 
Y Rate of sludge formation, 1/t 
Greek Letters 

 Formation porosity, % 
w Mole concentration 

 Density, kg/m3 
α Surface deposition coefficient  
β Entrainment rate coefficient  
γ Plugging deposition rate coefficient   
τ Wormholing efficiency, % 
  Reaction rate coefficient 

ɳ Net deposition, 1/t 
ω  Rate of asphaltene deposition per unit time 
Subscripts 
a aqueous 
ac acid 
as asphaltene 
c carbonate 
e exponent 
g gas 
i initial 
l liquid 
o oil 
r reservoir 
s suspension 

 447 

 448 
  449 
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Fig. 2 Mathematical description of the developed model for asphaltene based wormhole penetration 

modeling 
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Fig. 3 Schematic of matrix acidization with and without asphaltene 
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i. Brine saturated core ii. Residual oil saturated core 

Fig. 4 Comparison of inlet and outlet faces of the 6-inch limestone cores with 15 wt. % HCl injection at 

5 × 10-7m3/min and 93.3 ºC [25] 
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Fig. 5 Comparison of simulation results with experimental data perfomred at 2.76 × 10-9m3/s and 80 ºC 

[36] 
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Fig. 6 Comparison of results with experimental data perfomred at 1.33 × 10-8m3/s and 96 ºC [41] 
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Fig. 7 Effect of asphaltene presence on wormhole penetration with 30% formation porosity and 15 wt. % 

acid concentration 
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Fig. 8 Effect of temperature on wormhole penetration in the presence of 5.3 wt. % asphaltene and 30% 

formation porosity 
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Fig. 9 Effect of formation porosity on wormholing in the presence of 5.3 wt. % asphaltene and 15 wt. % 

acid concentration 
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 635 

 
Fig. 10 Effect of acid concentration on wormholing with 30% formation porosity and 5.3 wt. % 

asphaltene 
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 638 

 
Fig. 11 Effect of asphaltene concentration on wormholing with 30% formation porosity and 15 wt. % 

acid concentration 
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 641 

Table 1 Summary of the input parameters used in the Acid-Asphaltene formation reaction 642 

Parameter Value 

Formation Porosity (ϕ), percent 30 

Wellbore Radius (r), cm 9.998 

Acid Density (ρ), g/cm3 1.07 

Acid Concentration (Ca), % weight 15 

Acid Capacity Number (Nc) 0.035 

Rock Density (ρ), g/cm3 2.71 

Rock Wormholing Efficiency (τ) 0.0711 

Reservoir Thickness (h), m 30.49 

Asphaltene Concentration (Cas), % weight 5.3 

Asphaltene Reaction Rate Coefficient (χ) 4.65 × 10-3 

Asphaltene Entrainment Rate Coefficient (β) 0.6 
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