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Short Description
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Carbonate Acidizing Design J. A. Robert and C. W. Crowe, Schlumberger Dowell



17-1. Introduction Carbonate rocks, by definition, contain more than 50% carbonate minerals. The most common carbonate minerals are calcite (calcium carbonate, CaCO3) and dolomite, a single mineral associating 1 mole of CaCO3 with 1 mole of MgCO3. Carbonate rocks are typically classified by the calcite:dolomite ratio, and those with a ratio higher than 50% are generally called limestones. Carbonate rocks present singular physical characteristics, such as double porosity or high permeability contrasts, which are inherited from their process of formation. Hydrochloric acid (HCl) is usually selected for carbonate acidizing. It reacts readily with carbonate minerals and is available in large quantities at a relatively low price. Whereas the purpose of sandstone acidizing is to dissolve the damage, acid is used in carbonate formations to dissolve the matrix and bypass the damage. For this reason, both damage and rock characteristics must be taken into account when designing the treatment.



17-2. Rock and damage characteristics in carbonate formations 17-2.1. Rock characteristics Carbonate rocks are sedimentary rocks resulting mostly from organic activity. The vast majority of these sediments is composed of skeletons of marine organisms that vary in size from a few microns to several centimeters. Some carbonate sediments are formed by the chemical precipitation of CaCO3. Because they consist of noneroded, homogeneous materials, carbonate sediments usually have a high initial porosity. Conversely, because the permeability of sediments depends mainly on grain size, carbonate rocks present a wide range of permeabilities. For example, chalks formed from sediments of
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microscopic fossils have low permeabilities in comparison with those of oolithic limestones, although they can have similar porosities. After deposition, carbonate sediments are subject to chemical and physical transformation (diagenesis). Chemical modifications consist primarily of the evolution of the sediments to stable forms such as calcite and dolomite. This process is called neomorphism. Dolomites result from evolution under longterm contact with fluids with a high magnesium content. Dolomitization usually increases porosity but impairs permeability by precipitating dolomite crystals. When dolomites are in contact with rainwater, the inverse process of dedolomitization can occur. Modifications of permeability and porosity can also result from other chemical transformations such as dissolution, reprecipitation and cementation while in contact with subterranean water or molecular diffusion during severe subsurface conditions. Stress and pressure modifications occurring upon burial of the sediments may also entail a lithologic change, with porosity and permeability reductions. High insitu pressures result in grain compaction, with loss of most of the interstitial water. Higher pressures trigger physical dissolution with immediate reprecipitation causing pore lining. If the interstitial water can be expelled, grain joints are also dissolved and reprecipitated, decreasing the rock porosity to nearly zero and creating fissures of residual circulation. Carbonate sediments are much more sensitive to these phenomena than sandstones are. For example, a chalky mud becomes a compact calcitic rock at depths greater than 6500 ft if all the interstitial water escapes. Mechanical stress modifications also induce fractures, which are important for the economic viability of carbonate reservoirs. Carbonate reservoirs present a wide range of porosities and permeabilities, depending on the degree of reprecipitation and cementation. Many carbonate reservoirs are fissured under the action of tectonic stresses and behave like homogeneous, pri-
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mary porosity reservoirs, with an apparent permeability several orders of magnitude higher than the rock permeability.



17-2.2. Damage characteristics Damage identification is a prerequisite to the proper design of a carbonate acidizing treatment. In formations that are highly sensitive to acid, nonacidic formulations should be used, and the choice of the treating fluid is usually determined by the type of damage. Furthermore, the volume of treating fluid depends on the extent and location of the damage. All the types of damage that occur in sandstone formations (see Chapter 14) can occur in carbonate formations, except those related to the presence of clay particles in the matrix. In addition, poorly cemented chalks can be permanently impaired by acidic water-base fluids, which can easily dissolve the calcitic cement material, resulting in formation compaction from a loss of mechanical strength. Problems related to fluid surface tension (i.e., water blocks) are not expected in fissured reservoirs with low matrix permeabilities. In this type of formation, induced damage is concentrated in the fissures, and a greater invasion depth is expected than in a homogeneous reservoir. Pressure variation in the fissures can also result in the precipitation of mineral (scales) and hydrocarbon (asphaltenes) deposits.



17-3. Carbonate acidizing with hydrochloric acid 17-3.1. Introduction HCl is generally selected for carbonate acidizing. It can be replaced by organic acids, mainly to minimize corrosion problems at temperatures greater than 400°F [205°C]. The purpose of acidizing with HCl is either to bypass the damage by creating high-conductivity channels (also called wormholes) or to etch partially plugged fissures in low-permeability fissured formations. Although mere permeability restoration is usually targeted for sandstone formations (zero damage skin effect), carbonate acidizing commonly results in negative skin effects. This is due to the reopening of natural fissures and creation of highpermeability wormholes in the near-wellbore area.
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HCl can be retarded through the use of emulsions or microemulsions to prevent rock deconsolidation. In this case the wormholes are replaced by a more uniform increase of pore size throughout the stimulated zone. Deep penetration of live acid is obtained by reducing the contact area between the acid and the rock.



17-3.2. Historical background Acidizing was one of the earliest methods developed for increasing well productivity, along with nitro shooting. The technique was first used in 1895, with patents issued in 1896. The original Frasch (1896) patent describes a technique in which HCl is injected into a limestone formation, where it reacts to create channels within the rock. Frasch did not envision the use of corrosion inhibitors, and his process required pipe lined with rubber or some other corrosion-resistant coating. Although the early acidizing treatments produced some impressive results, their actual use declined within a few years, possibly because of corrosion problems resulting from the uninhibited acid. About 30 years later, the Gypsy Oil Company performed a number of well treatments in sandstone formations in which inhibited HCl was used in an attempt to remove “gyp” deposits (calcium sulfate). The inhibitor used had been developed earlier in the steel industry for the acid pickling of metals. The treatment results were mostly unimpressive, and no patents were filed on the process. The modern era of acidizing began on February 11, 1932, when the Dow Chemical Company siphoned 500 gal of HCl containing 2 gal of an arsenic inhibitor into a well owned by the Pure Oil Company and displaced it with an oil flush. This was the first use of an inhibited acid on a limestone formation. The previously dead well responded by producing 16 BOPD. The first treatments were apparently done in an attempt to dispose of surplus HCl. However, it was soon noted that these acid disposal wells accepted fluid at an increasing rate. Treatments performed later on brine-producing wells at the Dow plant in Midland, Michigan, resulted in increased brine flow, prompting the idea that the process might also have application for oil wells. The use of inhibited acid to treat oil wells spread quickly, and the Dow Well Service Group was
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formed to exploit this new process. The first two words of the company’s name were combined, becoming Dowell, Inc., in November 1932. Other service companies soon followed. Within 3 years, acidizing was practiced widely. The first hydraulic fracturing treatments were probably performed with acid, although they were not recognized at the time. Wells in tight carbonate formations would usually not accept acid until a critical pressure was reached. However, after this pressure was reached, acid could be easily injected at high rates. It was later recognized that these wells had been hydraulically fractured. For this reason, later hydraulic fracturing patents were never enforced against acid fracturing treatments.
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where the use of square brackets indicates the concentration in mol/L and p CO2 is the pressure of carbon dioxide. Because H2CO3 is a weak acid, and the concentrations of HCO3– and CO32– are negligible in presence of HCl, the reaction of CaCO3 with HCl can be written as CaCO3 + 2HCl → CaCl2 + H2O + CO2 For dolomite, the reaction equation becomes CaMg(CO3)2 + 4HCl → CaCl2 + MgCl2 + 2H2O + 2CO2
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HCl 1000 gal



CaCO3



CO2



H2O



CaCl2



1846 lbm



6616 scf



343 lbm [41 gal]



2121 lbm



K r = kr C n ,



Calcium carbonate reacts with HCl to produce carbon dioxide, water and calcium chloride. This system is governed by several chemical reactions (Garrels and Christ, 1965), listed as follows with their values of the equilibrium constant K: KCaCO =



Table 17-1. Quantities of by-products created by the reaction of 15% HCl and limestone.



The reaction rate Kr, expressing the moles of acid reacting per square meter of wetted surface area per second, depends primarily on the temperature and acid concentration:



17-3.3. Reactivity of carbonate minerals with hydrochloric acid



CaCO3 ↔ Ca 2+ + CO 32−



This solid-liquid reaction takes place at the rock surface. In excess of HCl, it is complete and irreversible. Table 17-1 lists the quantities of different by-products of the reaction of 15% HCl with calcite. Calcium chloride (CaCl2) and magnesium chloride (MgCl2) are highly soluble in spent acid and present no risk of reprecipitation.
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where kr is the reaction rate constant, C is the HCl concentration in mol/m3, and n is the reaction order. The terms kr and n have been determined experimentally (Lund et al., 1973, 1975; Li et al., 1993). The constant kr varies with temperature according to Arrhenius’ law, and the coefficient n varies with temperature for dolomite. The reaction of limestone with HCl is fast and cannot be measured at room temperature. Lund et al. (1975) measured limestone reactivity with a rotating disk apparatus at a maximum temperature of 28.4°F [–12°C]. Dolomite is less reactive, and reaction rates can be measured at much higher temperatures (212°F [100°C]). The reaction rates obtained by Lund et al. are given in Chapter 16. The following example provides the order of magnitude of the reactivity of limestone and dolomite: assuming a reaction-ratelimited process (see Section 17-3.4) and using data from Lund et al. (1973, 1975), it can be calculated that at 75°F [25°C], the thickness of a rotating disk of calcite reacting with excess 5% HCl decreases by 1.2 mm/min. This value drops to 1.4 µm/min for dolomite at the same conditions. Weak acids such as formic acid or acetic acid also react with carbonate rocks. However, the high concentration of CO2 produced by the reaction prevents it from going to completion, even in the presence of excess fresh acid.
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17-3.4. Acidizing physics • Reaction process A solid-liquid reaction such as HCl with carbonate minerals involves the transport of hydronium ions (H3O+) to the rock surface, reaction of the ions with the rock and transport of the reaction products from the surface to solution. When one of the steps is much slower than the others, it imposes itself on the reaction rate and is said to be the limiting step. Lund et al. (1973, 1975) studied the reaction rate of calcite and dolomite with HCl using the rotating disk technique. Theory predicts that for a diffusion-limited process, the rate of dissolution is proportional to the square root of the rotation speed and to the bulk concentration. Lund et al. found that the reaction with calcite at room temperature and higher is transport limited, whereas dolomite switches from reaction rate limited to diffusion rate limited between 125° and 212°F [50° and 100°C]. These results were confirmed by de Rozières et al. (1994). On the other hand, Wang et al. (1993) argued that at the pore level the reaction rate determines the overall rate of acid consumption, thereby implying that the process is reaction rate limited. Reaction rate limited and diffusion rate limited represent extreme cases in which one phenomenon is much slower than the others. There is also an intermediate case in which different processes have kinetics of the same order of magnitude and influence each other. Both the diffusion rate and the reaction rate depend on ion concentrations at the surface. Therefore, for surface concentrations of the same range as the bulk concentration, transport by diffusion and the reaction rate are interdependent phenomena. This is the case for dolomite and HCl at intermediate temperatures and for calcite and ethylenediaminetetraacetic acid (EDTA) at room temperature (Fredd et al., 1997). • Wormholing phenomenon Limestone cores acidized with HCl show the formation of macroscopic channels, called wormholes. Most of the published experiments were performed with linear cores (radial section, flow parallel to the longitudinal axis). They show that the acid injection rate affects the geometry of the channels and the amount of acid required for breakthrough. Daccord et al. (1989) found that wormholing occurs in limestone cores above a
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critical flow rate and that within the wormholing region the volume required for breakthrough increases with the rate at a power of 1⁄3. These results were confirmed by Wang (1993) for calcite and dolomite at high temperatures. Wormholing can be explained by the instability of the acidizing phenomenon: bigger pores tend to receive more acid, which increases both their area and length. This eventually creates a macroscopic channel, or wormhole, that accepts more acid than the surrounding pores and propagates through the core. Wormhole branching depends on the injection rate. Near the wormholing threshold, a single, thick wormhole is formed. As the injection rate is increased, a denser network of thinner channels is created. Computer network simulations have been used to replicate the wormholing phenomenon (Hoefner and Fogler, 1988; Pichler et al., 1992; Lauritzen et al., 1992). The porous medium is represented by a two-dimensional (2D) network of capillaries. In each pore, the flow obeys Kirchoff’s laws, and the growth of each pore is assumed to follow a given function. These 2D models are extensions of the one-dimensional analytical model of Schechter and Gidley (1969) and Guin and Schechter (1971). Similar results are obtained with regard to the development of unstable patterns. The main advantage of the models is that the dissolution function and flow parameters can be changed in a much wider range than experimentally possible. In these simulations, the occurrence of fractal behavior is bounded by two extreme cases (Fig. 17-1): – At low velocity, molecular diffusion is predominant, and the solution becomes saturated before any appreciable volume can enter the pore. – At high velocity, the thickness of the boundary layer becomes so small that the kinetics crosses over to surface reaction rate limited. The velocity is sufficiently high compared with the dissolution rate to allow the invasion of all pores by fresh solution. Uniform etching occurs. Daccord et al. (1993) presented a dimensionless analysis in which the rate of acid diffusion toward the pore walls is compared with the rate of acid convection into the pore. For a wormhole to form, the initial pore radius must be large enough to allow acid transport beyond the pore inlet (see Sidebar 17A).
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mq k (17-2) , φAD where m is a coefficient introduced for consistency with earlier publications, q is the total injection rate, k is the matrix permeability, φ is the porosity, A is the area perpendicular to flow, and D is the diffusion constant. The coefficient m is equal to 1 for a linear geometry and 2 for radial flow. Table 17-2 shows the results of linear core tests with various values of acid concentration, Pe and temperature. The dimensionless volume to breakthrough is the ratio of the pore volumes to breakthrough to the volume required for complete dissolution of the core. The limit for wormholing is between Pe = 10–3 and Pe = 10–2. The tendency for the critical Peclet number to increase with acid concentration has been explained by the onset of gravity phenomena caused by the difference between the fresh and spent acid densities, which creates additional currents near the pore walls that modify the effective acid diffusivity (Daccord et al., 1989). Fredd et al. (1997) used the generalized Damköhler number Da instead of Pe: Pe =



Figure 17-1. Dissolution patterns observed with a network model (Hoefner and Fogler, 1988). The width of the bonds is proportional to the amount of material removed for 6 orders of magnitude of the Peclet number (1 = lowest, 6 = highest). Flow is from top to bottom.



Wang et al. (1993) presented a different analysis but came also to the conclusion that a critical initial pore size is required to initiate a wormhole. According to Daccord et al. (1989, 1993), the Peclet number Pe, which represents the ratio of axial flow to radial transport in the pores, is the dimensionless variable governing the transition between compact dissolution at low rates and wormholing at higher rates for a transport-limited reaction (i.e., calcite and high-temperature dolomite). The Peclet number is



2πrLK (17-3) , qc where r is the capillary radius, L is the capillary length, K the overall reaction rate taking into account transport by diffusion and reaction, and qc is the rate in the capillary. This method enables extending the analysis to systems that are not purely transport limited. Fredd et al. reported a series of tests with linear calcite cores and different solvents (EDTA, acetic acid and 1.7% HCl [0.5N]). For all systems the critical Damköhler number is equal to 0.29. Da =



Table 17-2. Acidizing results for Indiana limestone cores. Acid Concentration (N)



Temperature



Pe



Dimensionless Volume to Breakthrough



Reference



0.147



75°F [25°C]



5.5E–3



3.2E–3



Wang (1993)†



0.235



125°F [50°C]



8.9E–3



7.5E–3



G. Daccord (pers. comm., 1988)



0.47



75°F



4.6E–3



1.0E–2



G. Daccord (pers. comm., 1988)



0.47



175°F [80°C]



6.7E–3



1.1E–2



G. Daccord (pers. comm., 1988)



1



75°F



9.6E–3



3.11E–3



Wang (1993)†



1



125°F



2.2E–2



9.75E–3



Wang (1993)†



4.4



75°F



4.9E–2



6.47E–3



Wang (1993)†



† Data



for the near-critical Peclet number
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pore length and diameter, which promotes wormhole propagation. Once a wormhole is formed, it tends to capture the whole flow because the pressure drop ∆p in a wormhole is negligible compared with ∆p in the matrix. Assuming that a pore is a site for wormhole initiation if only one-half of the fresh acid is spent within a length equal to the pore radius:



17A. Wormhole initiation and propagation Acid transport inside a pore can be schematically represented by two perpendicular fluxes: axial transport by convection and transport to the pore walls by diffusion. The diffusion constant D expresses the ability of ions to migrate when submitted to a concentration gradient:



1/ 3



q r2  q cC 0 = 2πC 0D  c  . 2  πD 



dC , (17A-1) dx where J is the acid flux (i.e., the number of moles passing through a unit surface per unit time) and dC/dx is the concentration gradient. In a pore, because of acid reaction with the rock, the acid concentration at the walls is lower than the bulk concentration. Levich (1962) used boundary layer theory to calculate the rate of diffusion in a capillary: J =D



Equation 17A-4 leads to q ur = = 8, Dr π D



(17A-2)



where I is the diffusion flux in the capillary in mol/s, C0 is the acid concentration at the capillary inlet, qc is the rate in the capillary, and l is the capillary length. Under laminar flow conditions, the rate in the capillary qc is πr 4 ∆p , qc = 8µ l



(17A-5)



where u is the axial velocity in the capillary. The limit between a transport-limited and a convectionlimited regime is therefore defined by the Peclet number Pe from Eq. 17A-6. For a low value of Pe (low rate or small radius), all the acid is spent at the pore inlet. For a high value of Pe, fresh acid is transported beyond the pore inlet and a wormhole is created:
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q l2  I = 2πC 0D  c  ,  πD 



(17A-4)



Pe =



ur . D



(17A-6)



If a low injection rate is applied, all pores are below the critical rate for wormhole initiation and all the acid is consumed at the wellbore face. This is compact dissolution. Compact dissolution produces poor stimulation and should be avoided. As the rate increases, the fraction of pores able to initiate wormholing increases, which leads to a denser network of wormholes. A similar analysis can be performed for a reaction-limited process. In that case, the dimensionless number derived is the Damköhler number Da, expressing the ratio of axial flow to the rate of consumption at the pore walls (Daccord et al., 1993).



(17A-3)



where r is the capillary radius, ∆p is the pressure drop in the capillary, and µ is the dynamic viscosity. Wormholing results from the instability of acid propagation: the rate in a wormhole (or a pore) is proportional to r to the 4th power (Eq. 17A-3), whereas the rate of acid consumption, equal to the diffusion flux for transport-limited reactions, is proportional to the flow rate to the 1⁄3 power (i.e., r 4/3, Eq. 17A-2). Therefore, bigger pores accept more and more acid, compared with smaller pores, and the acid is used to increase the



tivity of systems such as EDTA and acetic acid allows fresh acid to penetrate into more pores and causes the more homogeneous dissolution pattern. It also lowers the transition rate between compact dissolution and the wormholing regime (Fredd and Fogler, 1996).



Limestone cores acidized with acetic acid exhibit wormholes with more branching than acidizing with HCl at the same injection rate, and lower live acid penetration is obtained (Hendrickson, 1972; Fredd and Fogler, 1996). Rotating disk measurements indicate that the dissolution of limestone by acetic acid is mass-transport limited (G. Daccord, pers. comm., 1988; Fredd et al., 1997), and the effective diffusivity of acetic acid is lower than that of HCl (Table 17-3). The lower overall reac-



• Radial geometry Very few results have been published for acidizing tests using radial geometries. Daccord et al. (1989)



Table 17-3. Effective diffusivity coefficients (m2/s) for 0.5N acetic acid at different temperatures. 73°F [23°C]



165°F [75°C]



230°F [110°C]



Reference



1.14 ×



2.7 ×



4.0 ×



Dunn and Stokes (1965)



10–9†



10–9‡



10–9



0.21 × 10–9



0.51 × 10–9



0.74 × 10–9



Nierode and Williams (1970)§



0.08 ×



0.40 ×



0.57 ×



G. Daccord (pers. comm., 1988)



10–9



10–9



10–9



Note: For comparison, the diffusivity for 0.5N HCl at 73°F is 2.4 × 10–9 m2/s. † Value at 75°F [25°C] ‡ Extrapolated from data at 75°F § Extrapolated from data for 2N acetic acid at 199°F [93°C]



17-6



Carbonate Acidizing Design



used a plaster and water system to obtain casts of wormhole patterns (Fig. 17-2). From the experimental data, they derived a formula in Eq. 17-4 linking the apparent stimulation radius rac with the injected acid volume Vac. The apparent stimulation radius is calculated from the pressure differential across the core, assuming that the pressure differential in the wormholes is null: ar 2 hPe Vac = w Ac



1/ 3



 r  d   ac  − 1 ,  rw  



(17-4)



where rw is the wellbore radius, h is the core height, Pe is the Peclet number as defined in Eq. 17-2, and Ac is the acid capacity number:



Ac =



CVM , Ω(1 − φ)



(17-5)



where C is the acid concentration, VM is the molar volume, and Ω is the stoichiometric coefficient (2 for calcite, 4 for dolomite). Wormholes in radial geometry exhibit a fractal pattern with a fractal dimension d equal to 1.7. The constant a is introduced to fit experiments with the model. Other experiments (Frick et al., 1994b) on low-permeability (0.2-md) limestone cores with various acid concentrations and temperatures confirm the trends expressed by Eq. 17-4: – Rate of wormhole propagation increases with acid strength. – Rate of wormhole propagation increases as the temperature is increased (acid diffusion increases). – Within the wormholing regime, the volume for breakthrough increases with the injection rate at 1 ⁄3 power. However, the constant a varies with the system considered. Daccord et al. (1993) found that a = 1 ⁄84 for the plaster and water system. Frick et al.’s (1994b) data indicate that the constant a is approximately 1⁄18 for low-concentration acid (4% HCl) and 1⁄4 for high-strength acid (30% HCl). These different values could be explained by gravity effects or differences in the pores structures of the systems studied. Discrepancies may also be due to different test conditions; i.e., data from Frick et al. were obtained with low-permeability rock and low rates (maximum Pe of 6E–2), near the compact dissolution/wormholing transition, whereas Daccord et al. studied higher Pe values for which the wormholing regime was fully established.



17-3.5. Application to field design



Figure 17-2. Cast of a wormhole pattern in radial geometry (Daccord and Lenormand, 1987).
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• Injection rate To ensure wormhole propagation and successful treatment, the acid velocity near the wellbore should be sufficiently high to reach the wormholing regime. Examples of the rates required to exceed the critical velocity at the wellbore are in Table 17-4. The critical rate is calculated from Eq. 17-2, with the critical Pe taken as 5E–2.
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• Acid volumes The results listed in Table 17-2 indicate that at optimum conditions (i.e., the near-critical rate), breakthrough is obtained when less than 1% of the total core has been dissolved. This indicates that designing fluid volumes for 5% to 10% rock dissolution over the stimulated area should provide a conservative design. For a radial geometry, the volume of acid required for a given porosity increase varies with the square of the treatment radius, assuming homogeneous dissolution. Figure 17-3 shows the volume of HCl required to increase porosity by 10% for different values of the treatment radius. For example, 50 gal/ft of 15% HCl is required to increase the porosity by 10% up to 2 ft from the wellbore. For a more accurate design, use of a numerical simulator is required (Bartko et al., 1997). Using a finite-difference simulator enables tracking acid velocity and mineralogy evolution. The amount of rock dissolved as a function of time and acid location can then be calculated in each grid block



17B. Acidizing case study The well was acidized with 60 gal/ft of 20% HCl pumped through coiled tubing over a 135-ft interval. The pumping rate was limited to 2 bbl/min. Permeability varied from 15 to 150 md. Foamed diesel was pumped between the acid stages for diversion. Figure 17B-1 compares the production profiles before and after stimulation. The new open interval between 31 and 37 ft corresponds to a high-permeability zone. The poorly producing zone between 37 and 79 ft corresponds to a zone of low porosity, according to the results of a log survey. The stimulation increased the well productivity index from 1.1 to 23.9 STB/D/psi. These results indicate that successful stimulation can be achieved at moderate injection rates, provided that coverage of the whole producing interval is ensured.



Cumulatve productivity index (STB/D/psi)



Table 17-4 shows that pump rates applied for matrix acidizing are usually well above the critical rate for wormholing. Field data generally confirm these results and show that good stimulation can be obtained even with moderate pumping rates over large intervals (see the case study in Sidebar 17B). It is common practice to increase pumping rates as injectivity increases during a treatment. Applying high rates ensures that all portions of the reservoir reach the wormholing regime, even in case of injectivity contrasts between different zones. It also allows sustaining wormhole growth as the stimulation radius increases and the velocity at the acid front decreases. Furthermore, in fissured reservoirs where the purpose of the treatment is to clean up fissures, applying high rates increases the live acid penetration.
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Figure 17B-1. Flow profiles before and after treatment.



using local conditions of mineralogy and acid concentration and velocity. Reaction parameters and the rate of wormhole growth are correlated from experimental data obtained with linear cores for a broad range of flow and acid conditions. Tracking the wormhole propagation front allows calculating a skin effect factor s, assuming an infinite permeability in the stimulated area: r  s = − ln  ac  .  rw 



(17-6)



Table 17-5 lists examples of stimulation radii required for different values of skin effect. The completion skin effect resulting from partial com-



Table 17-4. Critical flow rates (bbl/min/10 ft) for transport-limited regimes. 15% HCl



28% HCl



Critical Flow Rate, at Sandface



k = 5 md



k = 100 md



k = 5 md



k = 100 md



Cased completion



0.015



0.003



0.031



0.006



Openhole, 0.8-ft diameter wellbore



0.14



0.03



0.3



0.063



Notes: Diffusivities were computed at 150°F [65°C]. For the perforated case, a density of 4 shots per foot (spf) was assumed, with an 8-in. perforation length and 0.4-in. perforation diameter. Porosity = 15%. These are the critical rates at the wellbore. Higher rates are required to sustain wormhole growth in the matrix.
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Table 17-6. Maximum protection times for different acids and temperatures.



300 15% HCl 28% HCl



Volume (gal/ft)



250 200



Acid



Temperature



Maximum Protection Time (hr)



150



15% HCl



375°F [190°C]



8



400°F [205°C]



4



28% HCl



350°F [175°C]



4



10% acetic acid



400°F



24



500°F [260°C]



16



100 50 0 0



1



2



3



4



5



Distance beyond 0.4-ft wellbore radius (ft)



Figure 17-3. Acid volume required to increase porosity 10% (absolute) as a function of the depth of live acid reaction.



HA + H2O



H3O+ + A–



The equilibrium is characterized by the dissociation constant kd: kd = [H 3O + ][ A − ] [HA ] .



Table 17-5. Stimulation radii for different values of skin effect. Skin Effect



Stimulation Radius (ft)



–1



1.1



–2



3



–3



8



Note: Calculated using Eq. 17-6 for a 0.4-ft wellbore radius



pletion or well deviation must be added to the stimulation skin effect to obtain the total formation skin effect. Using a simulator provides a more accurate calculation of skin effect evolution than Eq. 17-6 because factors such as the decrease of velocity as the acid front progresses into the formation and heterogeneities in the reservoir can be taken into account.



17-4. Other formulations 17-4.1. Organic acids Organic acids are used instead of HCl when high bottomhole temperatures prevent efficient protection against corrosion (above 400°F). The two main types of organic acids used are acetic acid and formic acid. Acetic acid is easier to inhibit than formic acid and is used more often. Table 17-6 lists examples of corrosion inhibition with organic acid and HCl. Organic acids are weak acids, which do not totally dissociate in water. The equilibrium reaction is written as
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The dissociation constant kd depends on the type of acid and varies with temperature. At 75°F, acetic acid has a dissociation constant of 1.76 × 10–5 mol/L and formic acid has a dissociation constant of 1.77 × 10–4 mol/L. The value of kd increases slightly with temperature up to 175°F [80°C] and then decreases as the temperature increases further. This implies that at usual reservoir conditions, organic acids are less reactive than at surface conditions. Acetic and formic acids react with CaCO3 to form calcium acetate and formate, respectively: CaCO3 + 2CH3COOH Ca2+ + 2CH3COO– + H2O + CO2 CaCO3 + 2HCOOH Ca2+ + 2HCOO– + H2O + CO2 Calcium acetate is highly soluble in spent acid (374 g/L at 75°F). High concentrations of acid, up to 20% to 25%, can be used without any precipitation problem, although concentrations above 10% are generally not used (Table 17-7). Calcium formate and magnesium formate are much less soluble (162 and 140 g/L at 75°F, respectively). Formic acid strength should be limited to 9% to 10% to avoid calcium formate reprecipitation. Table 17-7. Quantities of calcite and dolomite dissolved per volume of acid, assuming complete spending. Acid



Calcite



Dolomite ft3]



854 lbm [4.8 ft3] 663 lbm [3.7 ft3]



10% formic



1000 gal



920 lbm [5.4



10% acetic



1000 gal



720 lbm [4.3 ft3]
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When weak acids attack CaCO3, an equilibrium is established between the chemical species produced by the reaction (see the first five reactions in Section 17-3.3) and the acid species (HA + H2O H3O+ + A–). In static conditions, the degree of completion of the reaction depends on the concentration of CO2 in solution. For instance, at high-pressure conditions (typically above 1000 psi), only one-half of 10% acetic acid reacts with limestone at 150°F [65°C]). In similar conditions, 80% of 10% formic acid reacts. Although some live acid remains once the reaction reaches equilibrium, a low pH is not maintained because of buffering by the reaction products. Acetic acid is also beneficial for preventing ferric hydroxide precipitates, because it creates a weak complex with the iron in solution and thus increases the pH at which hydroxide precipitation occurs (Crowe, 1985). This effect is particularly significant at low temperatures (i.e., below 125°F). At higher temperatures, some delay of ferric hydroxide precipitation is expected. Formic and acetic acids can be pumped together, but usually only one acid is selected. Mixtures of organic acid and HCl are also used. The design volume depends on the suspected damage extent around the wellbore. Because organic acids react more homogeneously than HCl, larger volumes are required. Good results have been reported with volumes of the order of 100 gal/ft of 20% acid mixture if proper placement is ensured (Ridwan and Cannan, 1990). Organic acids are much more expensive than HCl per unit volume of rock dissolved. The economics of the treatment must be taken into account for the design. Acetic acid has other specific applications. Combined either with an aromatic solvent and a mutual solvent to obtain a clear solution or with methanol, it is used to remove water blocks and break emulsions. Combined with a highly concentrated corrosion inhibitor, it can be used as completion fluid to keep the pH low near the wellbore and prevent clay swelling or as a perforating fluid. In the latter case, organic acids are preferred to HCl at temperatures above 200°F [95°C] because their reduced reactivity at higher temperatures enables good corrosion protection for several days.
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17-4.2. Gelled acids Gelled acids were developed primarily for fracturing but have found some applications in matrix acidizing. They are used in acid fracturing to increase the viscosity and decrease the leakoff rate. The same principle applies to matrix acidizing conditions in fissured or vugular formations with low primary porosity. In this case, gelled acids are used mainly to clean up the high-permeability channels and minimize fluid loss in the lower permeability matrix. Gelled acids can also be used as a carrier fluid for ball sealers or particulate diverters (flakes). In the design of gelled acid treatments, the stability of the gelling agent at bottomhole temperatures must be checked carefully. Several types of gelling agents are used. Xantham gums are adequate for moderate conditions (i.e., temperatures up to 230°F [110°C]), with the acid strength limited to 15% (Crowe et al., 1981). Under more severe conditions, synthetic polymers are more appropriate for use up to 400° to 450°F [205° to 230°C]. Crowe et al. (1990) showed that under dynamic conditions gelled HCl exhibits the same reaction rate with limestones as ungelled acid. In some cases, reaction rates are accelerated. The reaction rate measured is the rate of calcite consumption. It is the overall reaction rate, determined by the limiting step, which is acid transport by diffusion. It is generally agreed (Muhr and Blanshard, 1982) that the rate of diffusion depends on the solvent viscosity and is not modified by the presence of polymers, at least as long as the distance between the polymer chains is large compared with the size of the ions in solution. The interaction between polymer chains and the rock surface can affect the overall reaction rate and live acid penetration. If the gel exhibits a nonNewtonian behavior, the shear rate at the rock surface can be modified, which may increase the mass transfer and result in a higher reaction rate. Aside from this effect, the polymer can plug the smaller pores, acting as a fluid-loss agent. This effect was studied by Nierode and Kruk (1973), who found that the growth rate of wormholes is maximum for a small concentration of fluid-loss agent. HCl is usually the acid component of gelled mixtures. Acid strength varies typically from 5% to
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28%. The volume of acid depends on the suspected depth of damage in the fissures and vugs and on fluid placement efficiency.



17-4.3. Emulsions Emulsions are obtained by mixing acid with a refined-oil-base fluid in the presence of a surfactant. The stability of the emulsion depends on the temperature and the ionic strength of the aqueous phase. Some emulsifying agents provide stable emulsions in temperatures up to 300°F [150°C]. Depending on the type of surfactant, a water-in-oil or an oil-in-water emulsion can be obtained (see Chapter 15). In static conditions, emulsions have been found to lower the overall reaction rate of the acid. Acid-inoil emulsions are more effective for reaction retardation. It is generally agreed that these emulsions build an oil barrier at the rock surface, preventing the acid from reacting readily with the substrate. Acid-external emulsions also provide some retardation, which is generally attributed to physical interaction of the oil with the path of acid transport to the rock surface. Few results have been published on core acidizing with emulsions under dynamic conditions. The initial studies show that oil-external emulsions can treat low-permeability cores more efficiently than plain acid (Horton et al., 1965). Limestone cores acidized with emulsions display a highly permeable network of microwormholes that reflect significant modification of the process of acid transport and reaction. Emulsions tend to stabilize the acidizing process by reducing the contact area of the acid with the matrix, thereby decreasing the apparent reaction rate. Measurement of diffusion coefficients in acid-in-oil emulsions by de Rozières et al. (1994) using the rotating disk technique found that effective diffusion coefficients in these systems are as much as 3 orders of magnitude lower than diffusion coefficients in plain acid at the same temperature conditions. Therefore, good stimulation can be obtained with emulsions at low rates corresponding to the compact dissolution regime with plain acid. Like gelled acids, emulsions are usually prepared with HCl. Various acid strengths and volumes can be selected for the fractions, with 70:30 acid-in-oil emulsion a commonly used system. The viscosity of the emulsion is an important parameter because the high viscosity of some mixtures used for fracturing limits their application to matrix acidizing.
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A recent trend involves adding nitrogen (N2) to the emulsion to obtain a triphase system. Static tests show that this further reduces the reactivity of the acid (Guidry et al., 1989). The exact mechanism of the retardation has not been fully studied. It is generally admitted that N2 reduces the contact area of acid with the rock. With this type of system, the dissolution pattern is expected to be more homogeneous (in comparison with plain HCl at same pump rate), and relatively large volumes are pumped to obtain large stimulation radii. Liquid volumes as large as 500 gal/ft are usually pumped. This type of treatment is economically advantageous because as much as 50% of the volume pumped consists of nonacid fluids. To increase the matrix injectivity prior to pumping the emulsion, a pretreatment with plain acid is usually performed. Furthermore, to allow injection at higher rates than normally prescribed by the fracturing limit, the wells are generally drawn down as much as possible, and the shut-in time prior to the treatment is reduced to the minimum technically possible. Under these conditions, the near-wellbore pressure is much lower than the average reservoir pressure, and higher matrix rates can be applied. Two- and triphase emulsions are recommended for the treatment of deep damage or if the purpose of the treatment is to stimulate the formation to obtain a highly negative skin effect.



17-4.4. Microemulsions Microemulsions consist of a fine dispersion of oil and acid, stabilized by proper surfactant and cosurfactant additives. Depending on the concentration of the different components, an oil-in-acid or acid-in-oil emulsion can be obtained. The main difference from macroemulsions is the size of the droplets, which are reported to be in the range of 0.005 to 0.2 µm. Oil-external microemulsions may behave as a singlephase fluid in porous media and sweep oil more easily than plain acid, facilitating acid injection and flowback. Acid diffusivity in acid-in-oil microemulsions is also greatly reduced compared with plain acid, by at least 2 orders of magnitude (Hoefner and Fogler, 1985). This results in a more homogeneous attack of the rock, as observed in core experiments (Hoefner et al., 1987), which presents two advantages. First, it should enable acidizing tight carbonate rocks at low rates that correspond to compact dissolution conditions with plain acid. Second, at higher rates it avoids
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the formation of large wormholes, which can be detrimental to the mechanical properties of soft formations such as chalks. Despite their advantages, microemulsions are not commonly used in field operations. Because of the high surfactant concentration required, these systems are more expensive and difficult to inhibit. Furthermore, stability problems have been encountered. In most cases similar results can be achieved with macroemulsions. The additional cost of microemulsions is justified only for sensitive formations where mechanical stability is a concern.



particularly for naturally fissured reservoirs where completion materials have invaded the fissures (see Sidebar 17C). For shallow damage caused by cake deposition in natural fissures, such formulations are highly efficient when acid is spotted through coiled tubing and flowed back, possibly several times (Liétard et al., 1995). If an oil-base mud was used, or if damage material has been in contact with oil downhole, the use of a surfactant and mutual solvent is required to water wet the cake surface and facilitate acid flow in the fissures.



17-4.5. Special treatments



17-4.6. Self-diverting acid



HCl can be used in combination with other chemicals for specific treatments. This section briefly reviews the main formulations using HCl. More detailed description is in Chapter 15. Blends of alcohol (mainly methanol) and HCl are used for gas well treatments. Alcohol lowers the surface tension, but not as much as surfactants. However, because it does not adsorb on the rock, it penetrates into the formation as deeply as the acid. It also increases the vapor pressure of the spent acid. This facilitates cleanup of the spent acid and improves gas permeability by reducing the residual water saturation. The addition of alcohol slightly slows the reaction of acid with the rock and slightly accelerates the corrosion rate. The volume fraction of alcohol can vary widely depending on the application, from 20% to 67%. Mixtures with 67% methanol are stable up to 250°F [120°C]. Mixed with an aromatic solvent and a stabilizer, HCl forms a solvent-in-acid emulsion. The volume fraction of the acid varies typically from 50% to 90%. The emulsion stability depends on the solvent concentration and temperature. This formulation is used to remove paraffin and mixed deposits. It is also recommended for removing scale and treating wells being converted from producers to injectors. HCl can also be used in combination with a surfactant and a chelating agent to remove mud damage in carbonate formations. The combined action of the additives has been found to successfully disperse and remove clays and mud damage. In formations presenting a risk of deconsolidation, HCl can be replaced by a brine or calcium chelant solution such as EDTA. This type of formulation is recommended



Self-diverting acid, originally developed for fracturing, has also been used to improve placement during carbonate acidizing. It consists of HCl mixed with a gelling agent and a pH-sensitive crosslinker. Crosslinking occurs at intermediate values of pH (typically from 1 to 3.5) corresponding to partially spent acid. The lower fresh acid viscosity allows penetration in wormholes and fractures until acid reaction increases the pH and causes crosslinking, thereby diverting the following acid stages to other portions of the reservoir (Fig. 17-4). Because the gel breaks at a pH above 3.5, flowback presents no problem once fresh acid injection is stopped and the acid is allowed to spend completely. Like particulate diverters or foams, self-diverting acids are pumped in several stages, alternating with regular acid stages. Good results are reported in fractured formations and in long, open intervals where benzoic flakes or gelled acid has failed to provide fluid diversion (see Sidebar 17D).
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Figure 17-4. Effect of self-diverting acid (SDA) on fluid placement.
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Well A Well A was an oil producer from a fissured dolomitic reservoir with an average matrix permeability of 10 md and a porosity of 3%. Damage by mixed silts and organic deposits was suspected. The well was treated with 130 gal/ft of solvent-in-acid emulsion, with a 90 gal/ft preflush of a mixture of 80% solvent with acetic acid and mutual solvent. The pumping schedule was as follows: 1. Preflush: solvent + acetic acid (42 bbl) 2. Main fluid: solvent-in-acid emulsion (63 bbl) 3. Diverter: benzoic acid flakes (31 bbl) 4. Repeat steps 1, 2 and 3 5. Repeat steps 1 and 2 6. Displacement: nitrogen Production before the treatment had dropped to 1172 STB/D at a wellhead pressure 455 psi. Postjob production increased to 3580 STB/D at a wellhead pressure of 1179 psi. Well B Well B was an oil producer from a calcitic reservoir containing 5% clays. Reservoir porosity was 2% and the average matrix permeability did not exceed a few millidarcies. The production rate prior to the treatment indicated a damage skin effect of approximately 40. The treatment was executed with 75 gal/ft of 15% HCl laden with suspending and sequestering agents, preceded by a preflush of suspending agent-laden brine. The schedule was as follows: 1. Preflush: suspending agent–laden brine (63 bbl) 2. Main fluid: 15% HCl with suspending agent + nitrogen (107 bbl) 3. Diverter: benzoic acid flakes in gelled acid (31 bbl) 4. Repeat steps 1 and 2 5. Displacement: nitrogen



head pressure decreased by 1200 psi while the first acid stage was injected into the formation. According to Eq. 17C-1, this pressure falloff is equivalent to a skin effect decrease of more than 40: ∆s =



(17C-1)



Well C was converted from an oil producer to a water injector. A well test indicated near-wellbore damage, presumably from the presence of workover material. The average reservoir porosity was 16%, and permeability deduced from a porosity log varied from 5 to 500 md across the 200-ft open interval. The well was treated with 30 gal/ft of 15% HCl laden with suspending agents. The acid was pumped through coiled tubing, and four foam stages were used for diversion. The injection profiles before and after the treatment are shown in Fig. 17C-1. The acid significantly improved injectivity in the middle interval, corresponding to a lower permeability region (less than 25 md). The porosity log indicated that the bottom part of the interval (below 170 ft) corresponded to a very low permeability zone. The total injectivity increased from 30,000 BWPD at a wellhead pressure of 1640 psi to 54,000 BWPD at 1420 psi at the wellhead. 600 Before After
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Production increased from 500 STB/D before the job to 3700 STB/D after the treatment at a wellhead pressure of 5900 psi (i.e., 500 psi below the wellhead shut-in pressure). Striking evidence of the acid effect is provided by the pressure record during the treatment, which shows that the well
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Figure 17C-1. Comparison of injection profiles before and after treatment.



17D. Placement using self-diverting acid Three similar injector wells were treated with different placement techniques. The average reservoir permeability varied from 4 to 10 md. The formation comprised two zones of different injectivities. Treatment for the first well consisted of pumping 15% HCl through coiled tubing. The second well was acidized with gelled acid pumped through tubing. For the third well, three stages of a blend of HCl and suspending agents were pumped through Zone B coiled tubing. Two stages of self-diverting acid were Well 3 — 15% HCl Zone A Coiled tubing placement with SDA used to separate the main stages. After Figure 17D-1 compares Before Zone B the injectivities of the three Well 2 — Gelled 15% HCl wells before and after Bullhead Zone A acidizing. Zone A was treated successfully only in the third well with the Well 1 — 15% HCl Zone B use of self-diverting acid. Coiled tubing placement Zone A



Figure 17D-1. Comparison of acidizing results of three placement techniques.
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17-5. Treatment design 17-5.1. Candidate selection As explained in Chapter 13, candidate recognition utilizing a systems analysis approach is the first step for the design of carbonate acidizing. Whereas sandstone acidizing is usually limited to damage removal, carbonate acidizing is typically oriented toward reservoir stimulation. Wells exhibiting a slightly negative skin effect prior to the treatment are usually still considered good candidates. Because of the ability of HCl to create channels, it ensures excellent communication with the reservoir. In higher permeability formations, acidizing can also be used as an alternative to dense perforating. Field experience shows that cased completions with small perforation densities (as low as one perforation every 3 or 5 ft) can exhibit a negative skin effect after stimulation with HCl.



17-5.2. Pumping schedule The second step in the design consists of choosing the right acid formulation, depending on the damage and formation characteristics. Examples of pumping schedules are given in the sidebars to this chapter. Generally, carbonate treatments consist of alternating stages of the main fluid and diverter. A solvent preflush can be used ahead of the main fluid to clean up the formation and increase its receptivity to acid. An overflush of brine or seawater can be used to displace the acid into the formation and ensure complete spending away from the wellbore. N2 can be used for displacement at the end of the job or added to the treatment fluids to assist the flowback of spent acid that may contain insoluble material or high-viscosity gel residuals remaining in the formation. Generally, N2 is recommended for low-pressure wells with a pressure gradient below 0.46 psi/ft. The pumping rate is limited by the fracturing pressure. In tight formations, the rate must be sufficiently high to prevent compact dissolution near the wellbore if plain HCl is used. In naturally fractured formations, good results have been obtained with high flow rates. Such pump rates and high pressures do not correspond to usual matrix conditions and are likely to mechanically enlarge natural fractures and increase their conductivity during the treatment.



17-14



17-5.3. Additives Additives must be added to the different stages to protect tubulars and ensure successful treatment of the formation. This topic is fully covered in Chapter 15. For oil wells, adding a mutual solvent to the preflush or acid stages helps to water wet the formation and provides good contact of the treating fluids with the rock surface. Acid corrosion inhibitors and inhibitor aids are required to protect tubulars. Organic acids are easier to inhibit than HCl. Stable emulsions are also relatively easy to inhibit. However, in most corrosion tests, emulsion breakage occurs, and the corrosion rate is similar to or greater than that of the nonemulsified acid. The addition of surfactant and demulsifiers may also be necessary to lower the interfacial tension between treating fluids and the reservoir fluid and to prevent emulsions. Finally, antisludging agents, scale inhibitors and iron control agents can be used to prevent specific problems. When mixing additives, the compatibility of the different components with each other and with the downhole conditions must be checked thoroughly.



17-5.4. Placement Proper placement of acid over the whole pay zone is required for successful treatment. In thick formations or multilayer reservoirs with different values of permeability or damage severity, acid tends to penetrate the more permeable zones and create high-injectivity streaks that prevent injection into the whole interval. Five main diversion techniques can be used to improve fluid placement in carbonate acidizing: packers, ball sealers, particulate diverters, foam diversion and self-diverting acid. The first four methods are discussed in Chapter 19. The use of self-diverting acid has increased recently (see Section 17-4.6). In large intervals (e.g., horizontal wells) some of these techniques can be combined with the use of coiled tubing (Thomas and Milne, 1995).



17-6. Conclusions Limestone and dolomite formations can easily be stimulated with acid formulations. Unlike sandstone acidizing, the goal of carbonate acidizing is usually
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to bypass the damage rather than dissolve it. HCl is typically used for carbonate acidizing. In case of incompatibility with the formation or the completion (i.e., risk of corrosion), other formulations are used, such as emulsions or organic acids. Suspending agents or solvents can also be used if required by the type of damage. The high reactivity of acid with limestones and high-temperature dolomites results in the creation of wormholes, which considerably increase the apparent permeability around the wellbore. When wormholes extend beyond the damaged zone or connect with natural fissures in the formation, a negative skin effect is obtained. An engineering approach should be adopted to design effective carbonate treatments. As in sand-
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stone acidizing, proper placement of the acid over the whole interval is necessary for successful treatment and usually requires employing placement techniques. Foam diversion and self-diverting acid are two methods that are increasingly used, with good results.
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