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Abstract-The experimental variables that atfect the acidixation of sandstone cores in a permeameter are discussed. 
It was found that as HCl/HF acid mixtures are injected into porous sandstone cores a reaction front between 
selective minerals and the acid is formed. This reaction front and a corresponding permeability front move through 
the core with a constant axial velocity. The time for the permeability front to move through the core is detined as the 
break-through time. The breakthrough time is directly proportional to the core length but inversely proportional to 
the HP acid concentration and the rate of injection, 

INTRODUCTION 

In our previous papers[lJ] we reported the kinetics of 
the reactions between HCl and HCl/HF acid mixtures 
with various minerals (e.g. calcite, dolomite, albite, and 
microcline), which are commonly found in sandstone. In 
this paper we shall report experimental techniques used to 
study and identify the important parameters in the flow 
and reaction of acids in porous sandstone. In addition, 
experimental correlations will be presented to describe 
the movement of the permeability front through a linear 
sandstone core. 

The flow of a fluid through a porous media is described 
by Darcy’s law (in one dimension): 

q=_kdp 
P dx 

where 
q = rate of fluid flow through a unit area; 

ml/se&q cm, 
k = permeability; Darcies, 
p = viscosity; centipoise, 

2 = pressure gradient; atm/cm. 

Many attempts have been made to find relationships 
between the permeability and the other properties of the 
porous media. Although empirical correlations have been 
found relating the permeability with porosity, pore size 
distribution, or grain size distribution it is clear that they 
can only have limited validity. 

A better understanding of the porous media may 
possibly be arrived at by proposing suitable microscopic 

tPresent address: Norsk Hydro, Bygdeiy AUe 2, Oslo, Norway. 
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models and computing macroscopic properties of the 
porous media from these models. In nearly all of the 
microscopic models the pores are approximated as 
capillary tubes. In the simplest model the pore space in a 
core of porous media is treated as a bundle of straight, 
parallel capillaries of uniform radius running all the way 
through the porous core. Most often a porous media will 
have a distribution of pore sizes, and this may also be 
included in the model by introducing a pore size distribu- 
tion function[4]. The model may be refined by assuming 
the porous core to be divided into thin sections (normal to 
the direction of flow) and the flow of fluid exiting from 
each section to be fully mixed before entering the next 
section [5-l 11. Schechter [5-91 applied this pore model to 
acidization by following the pores in each section as they 
grow and collide. The Schechter model was tested 
experimentally [6, g-101 on well-ordered porous media 
having a narrow pore size distribution with good results. 
The increase in the permeability is mainly a result of the 
growth of the larger pores. 

An inherent weakness of a model based on a capillary 
description lies in the ill defined nature of a pore size 
distribution function. The three dimensional porous 
network is described by a pore size distribution only as a 
function of the pore radius. No information on the shape, 
length, or connections of the pores is included. In 
addition, measurement of the larger pores, which are 
believed to be the most important during acidization, are 
determined with the least accuracy[l2]. A further 
complication arises when a porous media such as 
sandstone having a heterogeneous solid matrix is to be 
described. 

MATRIX AClDlZATIONOFSANDSTONE 

The porous formation rock, sandstone, consists of a 
mass of angular mineral grains of widely different sizes 
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and composition. Quartz is the main mineral constituent 
of sandstone although considerable amounts of other 
minerals such as feldspars, clays, and carbonates may be 
present. The chemical composition of different grains of 
the same mineral species may show quite a variance since 
the chemical composition of a mineral may vary within set 
limits. 

A full microscopic description of a sandstone therefore 
not only necessitates a pore size but also a mineral 
distribution function. This would be difficult to obtain and 
there is little chance that such an approach will give 
results of practical value for acidization. For systems as 
complex as this, a better approach would be to describe 
the system by a macroscopic model that may contain 
parameters which lump information about the 
geometry, the flow, and the reactions within the porous 
media. Some of these parameters must be determined 
experimentally for each sandstone in question, whereas 
others may have general validity. 

As a basis for proposing and substantiating a model for 
the acidization of sandstone, a quartzite sandstone was 
investigated in detail both by experiment and theory. The 
experimental part of this investigation is described in the 
present paper, whereas the development of a model is 
covered in a following paper. 

EXPJCRMENML 

Quartzite sandstone samples used in this investigation 
were collected from an outcrop in the Chico Martinez 
Creek, Kern Co., California. Microscopic examination of 
a thin section of the sandstone showed it to be a 
feldspathic quartzite composed of quartz grains, 
feldspars, minor amounts of quartzite rock fragments, 
small amounts of altered biotite, interstial clay-chloritic 
material and scattered heavy mineral grains. The grains 
are very poorly sorted and range from fine to very coarse 
in size. The grains are subangular to angular and ragged in 
shape. 

X-ray diffraction analysis shows the average 
mineralogical composition of this sandstone to be 
80.3 wt% quartz, 5.9 wt% plagioclase, 11.6 wt% potassium 
feldspar, and 2.2% illite and kaolinite. 

The acidization of the sandstone cores was carried out 
in a high pressure, high temperature permeameter (see 
Fig. 1); a full description of the apparatus and its 
operation has been reported [ 133. Mixtures of hydrofluoric 
and hydrochloric acid were pumped at constant rates 
through 1 in. dia. cores. The permeability of the core was 
measured as a function of time, and samples of the 
effluent acid were collected[l4]. The strength and flow 
rate of the acid mixture, the length of the core, and the 
volume of acid injected were varied in the series of 
experiments. After each experiment the core was 
retrieved and sectioned with a diamond saw. Parameters 
such as porosity, pore size distribution, mineral concent- 
rations and permeability were measured for several 
sections. Two series of acidization experiments were 
conducted, and the average properties of the sandstone 
were only slightly different in the two series. The 
properties of the sandstone and the complete experimen- 
tal data from the two series of acidization experiments are 
given elsewhere [ 141. 

In mounting a core for an acidization experiment (see 
Fig. 2), the core was first coated with an epoxy adhesive 
(on the cylindrical surface only) and then sandwiched 
between 100 mesh Hastalloy screens and two end-plates. 
Heat shrinkable Teflon tubing was shrunk over this 
assembly, which was then mounted rigidly inside a steel 
tube. The steel tube with the sandstone core was then 
mounted in a Hassler-type cell and a selected overburden 
pressure (5000 psig) was applied on the core by pressuriz- 
ing the Teflon Hassler sleeve with white oil. 

While the overburden pressure enables one to stay 
within the design limitations of the permeameter, it tends to 
reduce the permeability of the sandstone cores. To 
determine if the overburden pressure affected the results, 

Fig. 1. Schematic of permeameter. 
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Fig. 2. Schematic of Hassler cell. 

some experiments had to be performed without an applied 
overburden pressure. Except for the direct effect on the 
permeability, control experiments showed the behavior of 
the core during the acidization to be unaffected by 
overburden pressure. Separate heaters and temperature 
controllers on the Hassler cell and on the upstream flow 
lines maintained a constant temperature during the flow 
experiment (i.e. within 2-3°F). 

The procedure followed in the acidization experiments, 
was that a core was first vacuum saturated with distilled 
water and then flooded with distilled water to measure the 
initial permeability. The temperature of the core, the 
overburden pressure, and the flow-rate were adjusted 
until the desired values were reached. When the 
differential’ pressure across the core had remained 
constant for about 05hr, injection of the acid mixture 
through the core and sampling of the effluent acid were 
begun. After a significant increase in the permeability of 
the core (at least 3-fold) the flow of acid was stopped, and 
distilled water was again injected through the core. 

After each acidization experiment a series of analyses 
was performed on the core and the efluent acid. The 
effluent acid was analyzed for Na, K, Ca, Mg, Al, and Si 
with a Perkin-Elmer model 303 atomic absorption 
spectrophotometer. The permeability, porosity, pore size 
distribution, and the concentration of minerals in the core 
(or segment of a core) were also determined. Permeability 
was measured in a permeameter, porosity in a Kobe 
porosimeter[lti], and pore size distribution by mercury 
injection. The concentration of minerals in the sandstone 
core was determined by X-ray diffraction. 

DISCUSSION OF RESULTS 

Permeability changes during acidization 
The permeability of a sandstone is often sensitive to the 

ionic content of the aqueous Solution flowing through it 
and in sorpe instances the permeability may decrease 
drastically and irreversibly. This reduction in permeability 
(i.e. damage) is caused by the interaction of clays in the 
sandstone[l6,17] with the flowing fluid. 

For a sandstone core undergoing acidization the plot of 
the permeability k as a function of time, t, has a 

characteristic shape. This is illustrated in Figs. 3 and 4 
where the permeability ratio, K /KI, is plotted as a 
function of the dimensionless injection time, T. Here KI is 
the initial permeability of the core and the number of pore 
volumes injected, 8, is defined as: 

e=f/T (2) 

(3) 

where L is the length of the core; cm, and 4 is the 
porosity. 

These figures show that during the first part of the 
acidization, the average permeability of the core remains 
either essentially constant or it may perhaps even 
decrease somewhat. This behavior is a result of the 
interaction of the acid solution with the clays (illite and 
kaolinite) and other fines causing a reduction of permea- 
bility in a section of the core. When the acid has dissolved 
most of the readily dissoluable minerals in the larger pores 
of the core, the permeability increases rapidly. The time 
period necessary to achieve this result may be called the 
breakthrough time, tb. That is, the breakthrough time is 
the time necessary to inject acid through the core in order 
to start to signiiicantly increase the permeability of the 
core. In the last phase of the acidiiation, the permeability 
of the core becomes fairly constant again. The structural 
strength of the sandstone will be decreased by the 
acidization and the core may partially collapse under the 
intluence of the overburden pressure. The permeability of 
the core will generally be lowered if this occurs. The 
actual value of the permeability in the last stage will be 
quite dependent on the number of the larger pores present 
in the sample and the degree of collapse that has taken 
place during the acidization. 

During the acidization the (local) permeability k(x, t) at 
any point in the core will be a function of time and position. 
The average permeability K(t) of the core at any time is 
given by: 
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Fig. 3. Permeability of a core during acidization vs dimensionless time. 
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Fig. 4. Permeability of a core during acidization vs dimensionless time. 

where L is the length of the core. From this calculation it 
is clear that the section of the core having a low 
permeability will have a dominant effect on the value of 
the average permeability. 

To obtain a better understanding of the variation of the 
local permeability during acidization some acidized cores 
were cut (normal to the direction of flow) into 0.5 or 1 in. 
core segments and the permeability of the segments was 
measured. The ratio of the local permeability to the initial 
core permeability is shown in Fig. 5 as a function of axial 
position in the core for runs 344, 434, 437 and 438. The 
axial distance is measured from the up-stream face. The 
acid injection time and concentration of acid were varied 
while the superficial velocity of the acid was approxi- 
mately the same for this set of experiments (0.20- 
O-26 cm/min). After acidization the average permeability 
of the cores in the experiments R434 and R438 was 
significantly higher than the initial permeability (i.e. 

breakthrough had occurred), whereas this was not the 
case for R344 and R437. The two latter cores show severe 
reduction of the permeability in part of the core as a result 
of damage. At permeability ratios larger than 1-O we 
observe from Fig. 5 that the permeability profiles have 
approximately the same shape and that the location of 
each profile is simply determined by the amount of acid 
injected into the core. Since the acid was injected at a 
constant rate in the experiments, this result implies that 
the zone of rapidly changing permeability may be 
considered as a front which moves through the porous 
media with a constant velocity. 

Analysis of the ejZuent acid 
In several of the experiments the eflluent acid from the 

core was collected and analyzed for Na, K, Ca, Mg, Al 
and Si. In Figs. 6 and 7 the results of the analysis of a 
typical experiment, R341, is plotted as a function of a 
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minerals will compete for the reactants in the acid 
mixture. The mineral for which the product of the 
dissolution rate and accessible surface area is the greatest 
will be dissolved preferentially. The relatively large 
concentration of the elements Ca and Mg in the first 
sample collected suggests that carbonates are being 
dissolved first as one would expect. In samples at 
subsequent times, the concentrations of K, Na, Al and Si 
reach a maximum and then slowly decline. The preferen- 
tial dissolution of the ahrminosilicates such as feldspars 
and clays is taking place and their dissolution rates are 
similar. 

In a previous paper [3] we discussed the dissolution of 
aluminosilicates in hydrochloric-hydrofluouric acid mix- 
tures and the equilibria in which aluminum and silicon 
participate. Since the concentration of Na, K, Ca, Mg, Al 
and Si in the effluent acid are known from the chemical 
analysis, then it is possible to determine the approximate 
concentration of H’ and HF in the effluent acid by solving 
the system of non-linear algebraic equations describing 
the equilibria in the ionic solution. 

AXIAL OISTANCE IN CORE, INCHES 

Fig. 5. Permeability profile in cores which have undergone 
acidization. 

dimensionless injection time, 0. In run 341 an acid mixture 
with a concentration of 1.4 wt% HCI and 0.8 wt% HF was 
injected at a rate of 0.22 cm’lsq cmlmin through the core. 
As previously mentioned, cores from the same sandstone 
may not have identical mineralogical composition and the 
individual minerals may vary in composition. Conse- 
quently the trends for the composition of the effluent acid 
can be expected to show some variation and it is only 
possible to relate the content of the different elements in 
the acid to the dissolution of specific minerals in the core 
in a qualitative or at best, semi-quantitative manner. As 

In Table 1 the results of this type of calculation for the 
second sample of effluent acid from R346 are given. The 
calculated concentration of HF in the et&rent acid is 
shown as a function of time in Figs. 7 and 8 for 
experiments R341 and R346 respectively. The rate of acid 
injection through the core was approximately nine times 
larger in R346 than in R341, and the reaction front of the 
hydrofluoric acid in the core should be sharper in the 
latter experiment. When most of the readily dissoluble 
and accessible minerals in the core have been removed by 
the acid, the concentration of HF in the etfluent acid 
should increase more rapidly in R341 as compared with 
R346. From the figures we observe this to be true. Most 
often the concentration of H’ varies only slightly (see Fig. 
8) and we note that the H’ concentration may actually 
increase due to the release of H’ from HF in some of the 

the acid enters the pores of the core, the dissolving homogeneous reactions. 
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Table 1. Measured and calculated concentrations of sample 2 of 
efauent acid from R346 (in mole/l.) 

Initial acid concentration: [m,l = 2.05; mF,l = 1.25 

Concentrations raeasured by atcmic absorption spectorrater: 

[la+] = 0.0207 [a++1 = 0.00195 

[I(+] = 0.0081 [JIltI = 0.075 

[M9++1 = 0.0070 [Sit1 - 0.1.55 

cm~entrations calculated from the equilibrium relationships: 

[al'+1 = 0 21x10-' 

[nlP2+l = ,.0033 

[Am21 = 0.031 IAlP'- = 0.30x10-9 

[Am;1 - 0.039 

IAlP' = 0.0019 = 0.0060 

mw;1 = o.91x1o-5 

ISiP' 

[SiP$l = 0.149 

[SiPi] = 0.82x10-' [cl-l = 2.05 

[H+l = 2.11 p-1 = 0.95x10-4 

[L-IF] - 0.30 

Petrographic analysis cif sandstone cores 
The identity and concentration of the crystalline 

minerals in the porous media were determined by X-ray 
analysis with aluminum added as an internal standard to 
quantify the results (called an aluminum petrolog). The 
acidization studies on sandstone were carried out by 
performing two series of experiments. The sandstone 
cores for the two series were cut from two diierent 
blocks of the same sandstone (quart&e) and they do 
show some differences, although minor, in composition as 
determined by X-ray Wraction: 

The analysis also indicated a small amount of amorph- 
ous material to be present (l-3 wt%) but due to the 
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method of determination at least part of this may be 
analytical error. The results of the analysis on the center 
portion of the cores, after acid&ion in runs 341 and.342 
are also shown in Table 2, For both of these cores the 
injection of acid was continued until after breakthrough 
had occurred. As expected the analyses show the 
feldspars and the clays to dissolve preferentially. If we 
assume the quartz to be inert during acidization a mass 
balance on the feldspars and clays shows that approxi- 
mately one third of these minerals are being dissolved. 

Porosity and pore size distribution measurements 
The porosity, 6, of the quartz&e was measured with a 

Kobe porosimeter[lS], and the following values were 
found before acidization:’ 

Series 1 (R341-R348) 4 = 9.9% 
Series 2 (R421-R478) do = 12.0%. 

The accuracy of the measurement was approx. +l*O%. 
After most of the experiments the porosity of the acidized 
core (either whole or sectioned) was measured. Generally 
it was found, that although dramatic increases in the 
permeability had occurred, the. porosity had changed only 
by a small amount. This is illustrated by comparing the 
porosities of the sectioned cores from the experiments 
R434, R437 and R438 given in Table 3 with their 
permeability profiles shown in Fig. 5. 

The porosities of the core sections (05 in. long) are 
listed in order of the direction of flow. In R437 the 
acidization was stopped before breakthrough had occur- 
red. The increase in the permeability for the given change 
in porosity is substantially larger than what has been 
predicted by the capillary models described earlier [4-l 11. 
This result illustrates that the main mechanism for the 
increase of the permeability is probably not the uniform 
dissolution of all of the pore walls but rather the selective 
removal of mineral debris, exposed mineral grains, and 
constrictions in the larger pores. 

The change in the porosity of a core may also be 
computed from the chemical analysis of the et&rent acid, 
since the change in pore volume is equal to the mass 
dissolved from the core divided by the average sand grain 
density (2.62 g/cm’). For example, Table 4 is a list of some 
of the calculated and measured porosities. In general the 

Table 2. Petrographic analysis of unacidized and acidized cores 

Unacidized Unacidized 
Series 1 Series 2 Acidized Acidired 
(RUl-R348) (R&21-R478) RU,, 341 Run 342 
Weight $ Weight $ Weight $ Weight % 

Quartz 79.4 82.3 85.1 84.9 

Plagiaclase 5.5 5.1 4.8 ?.8 

K-feldspar 12.5 10.7 9.6 8.8 

xacdinite 0.8 0.8 

1uite 1.7 1.1 0.5 0.5 

Table 3. Porosity measurements of acidized cores 
Experimenfal Hean aria1 km3ition of mmple in core Ian) 

Run . . . . . 

R434 mcr, = 19.5 15.4 15.7 15.5 

R437 ml%, = 15.7 15.4 14.1 11.0 

R438 4(P) = 17.8 15.1 15.8 16.0 17.0 19.1 

Table 4. Core porosities computed from chemical analysis of the 
e6luent acid 

Experiment Computed Measured 

R436 0 = 14.5% 14.7% 

R437 .$ = 13.4% avg. 14.8% 

R440 .$ = 22.5% 25.1% 

calculated porosities are somewhat lower than the 
measured ones and this may be due to several reasons 
other than measurement errors; (1) some porosity may be 
inaccessible to the porosimeter; (2) precipitates formed in 
the core during the acidization may dissolve during the 
post acidization injection of distilled water and thereby 
increase the porosity by an unmeasured amount; (3) solids 
may be washed out of the core; and (4) some of the 
effluent acid may be lost through leaks and during the 
change of sample bottles. However, there is still good 
agreement between the measured and calculated 
porosities. 

The pore size distributions of various samples before 
and after acidization were obtained by use of a mercury 
porosimeter[l4]. Primarily, the diameter of the larger 
pores are increased by the acidization but on the other 
hand the growth of a few larger pores does not dominate 
the acidization as has been reported for the acidization of 
limestone cores[S]. 

Experimental breakthrough correlation 
Earlier it was proposed in connection with Fig. 5 that in 

a sandstone core undergoing acidization a zone of rapidly 
changing permeability may be considered as a front which 
moves through the core with a characteristic velocity. 
Furthermore, the position of the front seemed to be 
proportional with the amount of acid injected, i.e. 

X,R = qcot (5) 

where CO is the HF concentration in the acid mixture 
(mole/cm’); q, the rate of acid injection per unit area 
normal to direction of flow (cm/mm); t, the injection time 
(min); Xf, the position of the front from the up-stream face 
of the’core (cm); and R, the constant of proportionality. 

If we define the time, 8 at which breakthrough occurs 
for a core of length I. as the intersection between the lines 
K = KI and the asymptote to that part of the permeability 
vs time curve where the permeability increases rapidly 
(see Figs. 3 and 4), then eqn (5) becomes: 

qC& IL = R 6) 

where L is the length of the core (i.e. L = X,), and R, the 
characteristic constant of the porous media. An average 
value of R may be calculated for all of the experiments: 

R = 04046 moles/cm3 

In Fig. 9 the experimentally measured breakthrough times 
are compared with those we may calculate from eqn (6) 
for R = 0.0046 moles/cm’. When we consider the com- 
plexity of the porous media and the simple form of eqn 
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(6), the agreement between data and correlation is 
surprisingly good. The four experimental points that 
deviate signilicantly from the correlation were measured 
for short cores (l/2 in. and 1 in.) and high acid flowrates 
(approx. 25 cm’lsq cmlmin). Under these conditions we 
would not expect the correlation to be valid since a sharp 

urn et al. 

(2) The dramatic increase in the permeability of a 
sandstone core undergoing acidization is probably due to 
the selective dissolution of the reactive minerals which 
are present in the larger pores in the form of exposed 
grains and debris. 

(3) The dissolution of the minerals in the core produces 
a change in the local permeability which travels as a front 
with a constant axial velocity through the cylindrical core. 

(4) The time it takes the permeability front to travel 
through the core may be called the breakthrough time. 
The breakthrough time is proportional to the core length 
and inversely proportional to the HF acid concentration 
and the rate of injection. 

co 
dp Idx 

K 

k 
L 

ii 

t 
tb 

Vf 
x 

Xf 

NOTATION 

initial (inlet) concentration of HF acid, mole/cm3 
pressure gradient, atm/cm 
average permeability, Darcy 
local permeability, Darcy 
core length, cm 
rate of fluid flow, cm’/cm*/min 
breakthrough model number (defined by eqn 

(6)), mole/cm’ 
time period of acid injection, min 
breakthrough time, min 
velocity of permeability front, cm/mm 
axial position in core, cm 
axial position of permeability front, cm 

permeability front will not be established in the core. In Greek symbols 

some of the acidization experiments the cores were 
stressed by an overburden pressure, whereas, in other 
experiments this was not the case. From Fig. 9, one 
observes no difference in breakthrough time due to this 
experimental procedure. 

Equation (6) together with the other experimental 
results suggest that during the acidization fronts of 
strongly changing permeability and hydrofluoric acid 
concentration move through the core with a constant 
characteristic velocity. The constant, R, should then 
simply be a measure of the amounts of solids to be 
dissolved per unit bulk volume of the sandstone. During 
the acidization the acid mixture dissolves about a third of 
the feldspars and clays in the core. The concentration of 
these solids (lumped together as feldspar) is 1.5 x 
lo-‘moles per unit volume of quartzite. Taking the 
stoichiometric coefficient to be 15 moles HF per mole 
feldspar[14], one may estimate R to be: 

R = (4)15 x lo-’ x 15 = 7.5 x low3 moles/cm3. (7) 

This result is in good agreement with the experimental 
data. 

CONCLUSIONS 

(1) In the acidization of sandstone cores the HF/HCl 
acid mixture selectively dissolves the more reactive 
minerals such as the feldspars and clays. The o-quartz 
does not react to any appreciable extent. 
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