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Acid treatment is one of the main methods of stimulating the near wellbore area of the wells opening the carbonate
reservoirs.

Despite the extensive experience of using this technology both in Russia and abroad, as well as a significant number of
studies, the success rate is hardly ever estimated at over 30%.

One of the reasons for the low success rate is neglect to the changes in the physical properties of fluids during injection,
interaction with the rock and the properties of the reaction products in the wellbore and the near wellbore area during the
acid treatment planning.

This paper discusses the main chemical reactions occurring during the interaction of hydrochloric acid with limestones and
dolomites. The quantities of the substances resulting from a chemical reaction between 15% aqueous solution of acid and the
carbonates have been determined. The properties (phase state, solubility, dependences of viscosity and density on pressure
and temperature) of water, carbon dioxide, nitrogen, 15% aqueous solution of acid, solutions of calcium and magnesium
chloride salts in the range of possible pressures and temperatures during the acid treatment were evaluated.

Due to the diversity of additives used in acid solutions, the paper proves the necessity of conducting laboratory experiments
to evaluate their properties under the conditions expected during the acid stimulation.

Based on laboratory studies, the reaction time of 15% solution of hydrochloric acid with calcium carbonate was estimated.
The impact of the chemical diverter used for primary treatments at the Badra oilfield (Iraq) on the properties of the acid
solution and the reaction time was determined. The changes in the solution viscosity depending on the acid temperature and
concentration were determined.

The results provided in the work were used for the purposes of forecasting and evaluating the efficiency of acid treatment
performed on the wells of the Badra oilfield.

ComnstHokucnotHast oOpaborka (CKO) sBnsercss OXHUM M3 OCHOBHBIX METOHOB BO3JCHCTBHSA Ha NpPH3a00HHYIO 30HY
CKBa)KHH, BCKPBIBAIOIIUX KAPOOHATHEIE KOJIIIEKTOPEL.

HecMoTpst Ha OTpOMHBIH ONBIT MX NpUMEHeHMs kak B Poccum, Tak M 3a pyOeKOM M 3HAYUTEIBHOE KOJIMYECTBO
BBIIIOJIHCHHBIX MCCIICIOBAHUI, YCICIIHOCT UX MPOBEACHNUS, 110 Pa3IMYHBIM OLIEHKaM, He mpebinaet 30 %.

OjHOM M3 MPUUYKMH HU3KOH YCTICITHOCTH SIBJISICTCS HEJIOCTATOUHOE BHUMAHHE H3MEHEHHIO (DH3MUECKUX CBOHCTB ()ITIONIOB B
NpoIlecce UX 3aKauKH, B3aUMOJCHCTBHS C IOPOJIOH M CBOMCTB IOIy4YaeMbIX IPOJYKTOB PEaKIUM B YCIOBHSAX CTBOJIA
CKBaKUHBI ¥ IPH3a00HHOIT 30HBI IU1acTa npu npoexkrupoannu CKO.

PaccMOTpeHBI OCHOBHBIC XMMHYECKHE PEAKIMH, MPOTEKAIONe TPH B3aMMOJCHCTBHH COJISHON KUCIOTHI C M3BECTHAKAMH U
Jnoromutamu. OHpe/eieHbl KOIMYecTBa 00pa3yroIMXCsl BEIECTB HPU B3auMOJIEHCTBIH 15%-HOro BOJHOTO pacTBOpa COJSTHOM
KHUCIOTHI ¢ KapOoHaramu. OueHeHbl cBoiicTBa ((pa3oBoe cocTOsIHUE, KOI(DDUIHEHT PacCTBOPUMOCTH, 3aBHCHMOCTH BSI3KOCTH U
TUIOTHOCTH OT JABJICHHS M TEMIIEPaTyphl) BOJBI, YIJIEKHCIOTrO ra3a, a3ora, 15%-HOTO BOJHOTO PacTBOpA COJSIHON KHCIIOTHI,
PacTBOPOB coJIeH XI0py/Ia KalbLiks U MarHus B iUana3zone Bo3MoxHbIX pu CKO fapieHuil 1 Temiieparyp.

W3-3a pa3HOOOpa3sHs HCHOMB3YyEeMBIX JUISL PAcTBOPOB KHCIOT [J00aBOK IOKa3aHa HEOOXOAUMOCTb IIPOBEIACHUS
J1a00PaTOPHBIX YKCIIEPUMEHTOB JUIS OIIEHKH MX CBOMCTB B 03KMIAEMBIX IPH KMCIOTHOH CTUMYJIAIIMH YCIOBHUSX.

Ha ocHoBe J1ab0paTOPHBIX UCCIICIOBAHUH BBIOJIHEHA OLCHKA BPEMEHHU peakuuu 15%-HOoro pactBopa COJISIHOI KUCIOTHI C
kapboHaTtoM Kanpuuss. ONpegeseHo BIHSHHE XHMHYECKOTO IMOTOKOOTKJIOHUTENS, MPHMEHSIEMOr0 IPH IEPBHYHBIX
obpaborkax Ha MectopoxaeHnn banpa (Mpak), Ha CBOWMCTBa KHMCIOTHOTO pacTBOpa M BpeMeHH peakiuu. OrpeneneHbl
H3MEHEHHs BI3KOCTH PACTBOPA B 3aBHCHMOCTH OT TEMIEPATyPbl M KOHIEHTPAI[UU KHUCIIOTHIL.

IpuBeneHHble B paboTe pe3ysibTaThl HCIIOIB30BAHBI MPU MPOEKTHPOBaHMH M oueHke dd¢exruBrHocTn CKO ckBaxkuu
MecTopoxaeHus baapa.
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Introduction

According to different estimates, up to 50-60 % of
the current world oil reserves and significantly more gas
reserves are contained in the reservoirs formed by
carbonate rocks [1-3]. In the process of reservoir
penetration and well perforation, workovers and
operation, the flow properties of the near wellbore
formation may deteriorate, reducing the productivity of
the wells.

The main method of recovery and improvement
of the hydrodynamic connection between the well
and the formation in the carbonate collectors
involves the introduction of acid compositions to
dissolve foreign clogging materials that get into the
formation and/or the rock itself, creating highly
permeable channels referred to as “wormholes”.

In the foreign studies, the acid treatment of a
well was first mentioned in 1895 [4, 5], and in
Russian literature, the first mentioning dates back
to 1934 [6, 7]. Despite its long-standing history
and the huge scope of the conducted research and
universal application (the number of acid
treatments in the world exceeds 40 thousand
operations per year [5]), its success rate is hardly
estimated as exceeding 30% [8—10].

One of the reasons for the low success rate of acid
treatment is insufficient attention to the planning stage.
Today, a significant part of the treatment operations
is based on nothing but the previous experience and
the so-called rule of thumb [5].

To improve the method efficiency, much attention
has been paid lately to simulation at the acid treatment
planning stage [11-16]. An important component of
modelling the wellbore and the near wellbore processes
is the evaluation of the changes that occur in the
properties of the fluids used for acid treatment and the
chemical reaction products under the influence of
pressure and temperature, as well as the evaluation of
the impact made by the acid treatment additives on both
the fluid properties and the time of reaction between the
used compositions and the rock-forming minerals.

For this reason, the paper studies the principal
chemical reactions occurring during the interaction of
the acid with the carbonates, and evaluates the amounts
of the reaction products.

Based on the generalization of the data provided
in different published researches, the physical
properties of the fluids used for the acid treatment
and the products of the chemical reactions are
analysed in a broad range of pressures and

temperatures that occur in the well and the near
wellbore area during the well stimulation. The key
factors that influence their physical properties are
identified. The dependencies of their fluids on the
pressure and temperature are established.

Besides, based on the laboratory research, the
impact of the diverter used for primary treatment at
the Badra oilfield (Iraq) on the changing acid
solution properties under the influence of
temperature and acid concentration is assessed, and
its impact on the speed of reaction between the acid
composition and calcium carbonate is evaluated.

Physical and chemical aspects of acids
interaction with carbonate reservoirs

Carbonate rocks are sedimentary formations,
consisting of carbonate minerals by 50% or more
[17]. The main rock-forming minerals are calcite
(CaCO;), dolomite (CaMg(CO;);), and the
combinations thereof.

The reaction of hydrochloric acid with limestone
and dolomite is described in the following equations:

2HCl1+ CaCO, =H,0+CO, + CaCl,,
4HCl + CaMg(CO, )2 =
=2H,0+2CO, +CaCl, + MgCl,.
These equations can be used for calculation of

the weight of rock dissolved in one weight unit of
acid for a complete reaction:

Mcyco, -1 100,091

= =1,373 kg,
Peaco, My -2 36,46-2 s
Meamg(coy), 1 184,41
= b BT 264 kg,

where M is the molar mass of the substance, g/mole.
For the treatment of carbonate reservoirs, 15%
solution of acid (HC]) is usually used.
To proceed to the volume measurement units
with the weight concentration of acid in the solution
in mind, the following formula is used:

x =Puag .c
rock
where P> Puci are the density of the rock and
acid, kg/m’; B,,.. 1s the ratio of rock solubility in
100 % acid solution; and C 1is the weight
concentration of acid, %.
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In the complete reaction between the rock and
the acid, assuming the density of limestone to be
2710 kg/m’, the density of dolomite to be to
2870 kg/m’, and that of the 15% HCI solution at
20°C to be 1073 kg/m’, the solubility will amount
to as follows:

e limestone X;so, = 0.082 m*/m’;

e dolomite X5, = 0.071 m’/m’.

Table 1 presents the solubility values of the
carbonate minerals depending on the hydrochloric
acid concentration [18].

With that being said, the volumes of the reacting
substances and the resulting products can be
calculated. The results are provided in Table 2.

Physical properties of the injected
fluids and chemical reaction products
at different temperatures and pressures

The physical properties of the solutions and
products of their reactions depend on the pressure
and temperature, which can vary in a broad range and
depend on the surface conditions, depth of the
formation, geothermal gradient, field development
system, well operating conditions etc. As a rule, the
increase in depth causes a simultaneous increase in
both pressure and temperature values. Though the
reaction of HCl with carbonates is exothermic, the
heat emitted during the contact with the environment
disperses quickly [1]. Besides, acid treatment often

uses nitrogen injection (N,) to reduce the solution
density, which means that its properties should also
be described.

The considered range of possible pressures and
temperatures is provided in Table 3 and covers the
majority of possible values that occur during acid
treatment.

CaCO; and CaMg(COs), are solid substances at
any temperature and pressure and have the densities of
2710 and 2870 kg/m’ respectively. As their proportions
in the rock may vary, the average density remains
within the said range.

H,O is the main component of the acid solution and
the resulting saline solutions. That is why their
properties depend on the properties of the water to such
a great extent.

Under standard conditions, water is a liquid with
the density of 1000 kg/m’® and the viscosity of 1
mPa-sec.

The water phase state diagram is schematically
shown in Fig. 1.

Table 3

Range of pressures and temperatures
possible during the acid treatment

Table 1
Mineral solubility under different
concentrations of acid
Mineral Acid concentration, %
100 5 10 15 30

CaCOs 1.370 0.026 0.053 0.082 0.175

CaMg(CO3),| 1.270 0.023 0.046 0.071 0.152
Table 2

Volumes of the reacting substances and reaction
products, m’, under standard conditions
(t=20°C, P=0.1 MPa)

. Mineral 15% *
Mineral volume HCl H,O0 | CO, |CaCl,|MgCl,
CaCO;, 0.082 1 0.95252.82210.114| -
CaMg(CO;3),| 0.071 1 0.95252.822(0.057 | 0.045

Note: * — the volume of water used for assessment includes
the volume contained in the 15% HCI solution and the volume
produced in the reaction.

Temperature, °C Pressure, MPa
Substance Conditions | mini- maxi- mini- maxi-
mum mum mum mum
CaCOs .
and CaMg(CO5), Formation 30 250 3 100
15% aqueous Well +
solution of HC1 formation 20 250 0.1 100
H,0 Well + 20 250 | 0.1 100
formation
CO, Formation 30 250 3 100
Aqueous solution .
of HCI Formation 30 250 3 100
Aqueous solution .
of CaCl, + MgCl, Formation 30 250 3 100
N, Well 20 250 | 0.1 100
formation
B
220+
g
< =t
g =)
= n
v
w2
o
Pt
A~ 1
0,006 |- Gaseous
A

0 100
Temperature, °C

Fig. 1. Diagram of Phase State of the Water
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Density, kg/m’
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Viscosity, mPa-sec

800 >
20 40 60 80 100120140 160 180200220240

Temperature, °C
Density of 15 % HCl
®  Density of 15 % HCI (laboratory data)
= = = Water density
Viscosity of 15 % HCl
®  Viscosity of 15 % HCI (laboratory data)
— = = Water viscosity

Fig. 2. Dependence of water density and viscosity
on temperature for the 7C saturation line
and 15 % aqueous solution of HCI

The curves in Fig. 1 show the conditions, in
which the phases are balanced. The BT curve
characterizes the ice melting pressure and
temperature. The 7C curve characterizes the pressure
and temperature of the water transition into the
gaseous state. Point C is called the critical point (for
water T, = 374.2 °C and for P, = 218.3 atm [19]).
When pressure and temperature values exceed this
point, the gas (steam) and liquid phases of water are
impossible to recognize (supercritical fluid).

For the considered pressure and temperature values,
water is obvious to remain in the liquid phase.

The results of measuring water viscosity
depending on the pressure and temperature are
provided in [19, 20]. The main influence on water
viscosity is rendered by temperature: as the
temperature rises, the water viscosity declines.
Pressure increase causes an insignificant increase in
the water viscosity and may be neglected in practical
calculations.

The dependence of water viscosity on the 7C
saturation line is provided in [20] and shown in
Fig. 2.

Water density depends on pressure and
temperature. As the temperature rises, the water
density declines, and if grows as the pressure
increases. Water belongs to weakly compressible
fluids, with the dependence of density change on the
pressure presented as follows [21]

p(P.T)=p,(B.T)[1+¢,(P-R)],

where p(P,T) is the density at pressure P and
temperature 7; P, (PO,T ) is the density at known
pressure Py and temperature 7; ¢, is the compression
ratio. This formula can be used for the fluid
compression within the range of 10°-10" atm™' [22].
For pure water, compressibility at 20°C equals to
0.5-107 atm ' [23].

The formation volume factor at a given pressure
and temperature is determined according to the
following formula [22]

_V(R.T) _py(RT)
B =) ™ o(er)

where pg (Py, Ty) is the fluid density at the standard
terms of Py = 1 atm, T, = 20 °C; p(P, T) is the fluid
density at the given conditions of P and 7.

As arule, the pressure-determined density change
is taken into account for hydrodynamic modelling
because the huge injected and edge water volumes
make a significant impact on the final results. In the
acid treatment process, the volume of the injected
aqueous solutions does not exceed several hundred
cubic meters and the pressure-caused density
changed can be neglected by regarding the solutions
as incompressible.

The dependence of water density on temperature
is more significant [20] and for the saturation line it
is provided in Fig 2.

Under standard conditions, 15% aqueous solution
of HCl is a liquid with the density of 1073 kg/m® and
the viscosity of 1.26 mPa-sec [24, 25].

Based on the fact that the acid solution contains
85% of water, its freezing and boiling temperatures are
27.6 and +108°C respectively [26], and the liquid phase
area of the solution is broader than that of water.
Consequently, within the considered pressure and
temperature range the solution remains in the liquid
phase.

For the calculations, the pressure-caused change
of density and viscosity of the 15% aqueous solution
of HCl can also be neglected similarly as for water.

The change of HCIl concentration increases the
viscosity and density of the solution [25, 27].

The change of viscosity of 15% HCI solution
depending on the temperature for the interval from
20 to 200 °C is provided in paper [1] and shown in
Fig. 2. For higher temperatures, the solution viscosity
can be estimated with the accuracy sufficient for
practical calculations by extrapolating the data with
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due regard to the dependence of water viscosity on
the temperature.

Laboratory data about the density of 15% HCI
solution up to the temperature of 100°C [24], as well as
dependencies for higher temperatures estimated by
means of extrapolation with due regard to the water
data, are provided in Fig. 2.

Water solutions of salts MgCl, and CaCl,

Considering the density of calcium chloride as
equal to 2150 kg/m’ and the volume of salt and water
produced in the reaction with calcium carbonate, its
mass concentration in water equals to 20,5 %. Whereas
the solubility of calcium chloride in water at 20°C
equals to 74.5 g in 100 g of water and increases with the
temperature [24], the calcium chloride produced in the
reaction is fully dissolved in the water at any
temperature.

In the reaction with dolomite, the mass
concentrations of calcium chloride and magnesium
chloride (with the density of 2320 kg/m’) amount to
12.87 and 11.04 g per 100 g of water, with the total
mass concentration amounting to 19.3 %. Taking into
account that the solubility of these salts in water at 20°C
amounts to 74105 and 52108 g per 100 g of water and
increases with the temperature [24], potassium chloride
and magnesium chloride produced in the reaction are
fully dissolved in the water at any temperature.

The solution produced in the chemical reaction
between the acid and the rock may remain liquid at
the temperatures significantly below 0°C [28],
depending on the concentration. This means that for
them the BT line in the water phase state diagram
(see Fig. 1) shifts to the left.

The boiling temperature of the solutions is higher
than that of water and increases with concentration
[29], shifting the TC line (see Fig. 1) to the right.
Thus, in the given conditions the solutions of these
salts will remain in the liquid phase.

The viscosity of aqueous solutions depends on
pressure, temperature, quantity and type of the
dissolved salts. The viscosity rises as the pressure
and salinity increase and the temperature declines.
The existence of dissolved gas makes a little
influence on the water solution viscosity [30] and
may be neglected in practical calculations.

The density p, kg/m’, and dynamic viscosity
Pa-sec, of the water solution of CaCl, and MgCl,
with the weight content of the dissolved component
w, kg/kg, at the temperature ¢, °C, can be taken from

the manuals [24] or calculated with to the relational
equations [29]

p =pBexp[w(a1 +a2104t—a310"6t2)},
w=p,exp| w(b +5,101-b107)],

where py, is water density at the given temperature,
kg/m’; p, is water viscosity at the given
temperature, Pa-sec; w is mass concentration of
salt in the water, fraction of a unit; a; and b; are the
ratios set out in Table 4.

Table 4

Empirical ratios for determining the density
and viscosity of aqueous saline solution

Substance a; a, as b, b, bs
CaCl, 0.8101 | 10.673 | 6.224 | 3.4143 |-0.3062| 84.004
MgCl, 0.7764 | 18.216 | 7.466 | 5.0164 |-0.8807(-96.036
NaCl 0.6653 | 14.146 | 10.308 | 2.0544 | 0.4135 | 1.047

In a reaction with a combined type of carbonates,
the solution property can be determined with the
additivity principle [31]. For the aqueous solutions of
CaCl, and MgCl,, the equation looks as follows:

4 —6 2
p = pBCXP|:WCaC12 (alCaClz + a2CaCl2 1077t— a3CaC12 107t ) +
4 62
+ Wnigcl, (alMgC12 + Mecl, 10 t_a3MgC12 107t )],
—4 6,2
u ZugeXp|:WCaC12 (blCaC12 +b2CaC12 10 t_b3CaC12 107°¢ ) +

FWvigcl, (bungm2 +bynect, 107 —byviec, 107042 )J

The dependences of viscosity and density of the
solutions on the temperature are shown in Fig. 3.

For stimulation of waterless oil or gas wells, the
influence of the released bound water on the saline
solution mix properties can be neglected due to its
small volume. However, for stimulation of high
water cut or injection wells, the influence of the
formation or injected water can matter.

As a rule, the prevailing salt dissolved in the
formation water is sodium chloride (NaCl). The
concentration of sodium chloride in the formation
water can vary in a broad range. The results of
studying the physical properties of this solution
depending on the salt content, pressure and
temperature are provided in papers [23, 29, 32-35].

If besides NaCl, some small quantities of other
salt types are found in the formation water, a
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nomogram for calculating the equivalent NaCl
content based on the present salt type and content. To
take the NaCl content influence on the properties of
the produced solutions into account, the additivity
principle described above can be used.

An example of dependencies of the viscosity and
density of the sodium chloride solution on the pressure
and temperature, the calculation of the correlations
proposed in [29] for the weight concentration of 18%
typical for the Badra oilfield (Iraq) is carried out. The
results are provided in Fig. 3.

Under standard conditions, carbon dioxide
(CO,) is a gas with the density of 1.839 kg/m’ and
the viscosity of 0.0147 mPa-sec. The phase state of
CO, depending on the pressure and temperature is
illustrated in Fig. 4.

Viscosity, mPa-sec

20 40 60 80 100120 140160 180 200220240
Temperature, °C

Density of CaCl, + MgCl, solution

—a— Density of CaCl, solution

= == - Density of NaCl solution (mass concentration of 18 %)
—— Viscosity of CaCl, + MgCl, solution

—#— Viscosity of CaCl,solution

= =~ Viscosity of CaCl solution (mass concentration of 18 %)

Fig. 3. Dependence of viscosity and density on the
temperature for CaCl,, CaCl, + MgCl, and NaCl solution

! |
g B I
< 5 I
= H
2 2 ! | Supercritical fluid
gl 3
: i1
: il
80 [ _C;"'_";";";";";'
] B I R
20| Bl Gaseous|
T
4 |
-50 30

Temperature, °C

Fig. 4. CO; phase state diagram

Carbon dioxide has critical parameters (point C):
T =31°Cand P, =72.9 atm [19].

The diagram shows that for the majority of cases of
the considered range of pressure and temperature
values, CO, produced in the reaction under the
formation conditions is in the supercritical fluid state
and only in the pressure range from 3 to 7.3 MPa it
transitions into the gaseous phase. The properties of the
substance in the supercritical fluid state are intermediate
between those of the gaseous and fluid phases. The
supercritical fluid is characterized by high density
similar to liquid and low viscosity similar to gas.

CO; solubility

Carbon dioxide is a gas rapidly soluble in water.
The results of the laboratory measurements in cm® °C
and 1 atm per 1 g of water (corresponding to m*/tons)
are provided in papers [36, 37].

The dependence of the carbon dioxide solubility
in water on pressure and temperature was assessed by
combining two studies (carried out for the
temperatures below 100°C and above 200°C) and is
provided in Fig. 5.

The results of the study showed (see Fig. 5) that
the solubility grows as the pressure increases. At
lower pressures and temperatures, the solubility
declines if the temperature begins to grow; after the
pressure and temperature have gone up, however,
the solubility also increases. This is explained by
the fact that carbon dioxide reacts with water
produced in carbon dioxide in water both in the
ionic form and as a solution [38].

At the minimal values of the considered interval,
the solubility will count around 15 m’/ton; at
maximum values, it reaches about 160 m’/ton (by
extrapolation).

The impact of the dissolved carbon dioxide on the
water properties is studied in [38]. Based on the
performed laboratory experiments, the following
conclusions on the impact of the dissolved carbon
dioxide on the water properties were made:

e water density depends on the concentration of the
dissolved CO, to a small extent, it can be therefore
deemed independent of the CO, concentration.

e water viscosity increases insignificantly with
the growth of the dissolved CO, concentration.

Whereas the volume of carbon dioxide involved
in the reactions reaches about 55 m*/ton of water, the
presence of salts in the water reduces its solubility,
and in certain cases, a part of gas remains
undissolved.
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Fig. 6. Dependence of density (a) and viscosity (b) of CO,
on pressure and temperature

CO, density

Gas density in a broad range of pressures and
temperatures can be evaluated with the formulas
proposed in [39].

The results of CO, density calculations for the
considered range of pressures and temperatures are
provided in Fig. 6, a.

The volume factor calculated using density value
is in the range from 0.029 to 0.0025 for the
considered interval; therefore, the volume of carbon
dioxide released in the reaction of 1 m’ of 15% acid
ranges from 1.5 to 0.13 m’. Considering that from 30
to 100% of gas is dissolved in water, the volume
occupied by the remaining CO, will not exceed 1.05
m’. It is also necessary to keep in mind the good
solubility of CO, in oil, as that means that the free
volume will be even less.

CO, viscosity

The viscosity of gases increases with the growth
of temperature and pressure. To calculate the ideal
gas viscosity, Sutherland’s formula can be used.
However, this formula only considers the influence
of temperature on the viscosity of gas.

Information about the viscosity of carbon dioxide
in a broad range of pressures (up to 300 MPa) and
temperatures (up to 726°C) is provided in paper [40].

For the considered range of pressures and
temperatures, the dependence of viscosity on
pressure and temperature is shown in Fig. 6, b.

For the extreme values of the considered
pressures and temperatures (P, = 3 MPa, Th,;, = 30 °C,
Prox = 100 MPa, T, = 250 °C), the viscosity will
amount to 0.017 and 0.07 mPa-sec.

The results of studying the properties of the gas
and water mixture as a supercritical fluid have not
been presented in any literature. However, for the
practical purposes, the additivity principle can be
assumed to apply to density calculation, and the
apparent dynamic viscosity shall be deemed equal to
that of the external environment (in our case, to the
saline solution viscosity) [23]. Moreover, its impact
on the properties of the saline solutions can be
neglected due to the small resulting volume.

Nitrogen (N)

The phase diagram for N is provided in paper
[41] (Fig. 7).
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Fig. 8. Dependence of N solubility
on pressure and temperature

The nitrogen has the following critical parameters:
T, = —-146.94°C and P, = 339 atm [29]. It is a
colourless gas with the density of 1.25 kg/m’ in normal
conditions, 1.16 kg/m’ in standard conditions and
viscosity of 0.01665 mPa-sec in normal conditions and
0.01766 mPa-sec in standard conditions [42].

In Fig. 7, we see that in the majority of cases within
the considered range of pressure and temperature
values, the nitrogen used for acid treatment is in the
state of supercritical fluid and only at the pressure
values below 33.9 atm it transitions to the gaseous state.

The solubility of nitrogen in water is
significantly lower than that of carbon dioxide.
The laboratory measurement results are provided
in [36, 37, 43, 44]. Combined research results were
presented as a graph in Fig. 8.

In the graph we can see that the solubility of
nitrogen at the maximum considered pressures and
temperatures does not exceed 24 m’/ton, and the
minimum solubility value is 0.5 m*/ton.

600

E ]
(= =]
(= ]

Density, kg/m’
o [7%)
[=] [=1
(=} [}

—
(=]
(=]

0 20 40 60 80 100

Pressure, MPa
a

Viscosity, mPa-sec

0 20 40 60 80 100
Pressure, MPa
- - =r=20°C t=30°C t=60°C
t=80°C t=90"°C - = = (=100"°C
[=120°C =———1t=150°C 1=180°C
t=210°C 1=240°C = = = (=250°C
b

Fig. 9. Dependence of density («) and viscosity (b)
of nitrogen on pressure and temperature

N, density and viscosity

The density and viscosity of gas for the considered
pressures and temperatures were evaluated according to
the formulas proposed in [45, 46].

The estimated values of density and viscosity for
the considered range of pressures and temperatures
are provided in Fig. 9, a, b.

The nitrogen density for the extreme values
amounts to 1.16 and 399 kg/m’, respectively, and
viscosity amounts to 0.01766 and 0.042 mPa-sec.

Influence of the used additives
on the properties of acid solutions
and time of reaction with the rock

At the moment, for acid treatment compound
acid compositions are usually selected, which
includes additives to prevent or mitigate the negative
impact of the acid on the well equipment and near
wellbore area (corrosion inhibitors, demulsifiers,
reagents preventing clay swelling etc.) and to
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improve of efficiency of the intervention process

(reagents, reduced friction, diverters, reaction
inhibitors, etc.).

Some of the additives wused in certain
concentrations may materially change the

properties of the injected fluids and products of
their reaction with the rock both constantly and
within a definite time interval. Therefore, it is
necessary to assess the extent of the impact these
additives make on the physical properties of the
used solutions and reaction products within the
range of the pressures and temperatures expected
from the acid treatment.

Due to the wide range of additives available and
a broad range of possible pressures and tempe-
ratures, the most reliable source of information is
the laboratory and oilfield experiments carried out
in the conditions similar to those expected during
the acid treatment. The academic literature provides
a significant number of papers devoted to the
impact of different additives on the acid treatment
efficiency [47-51].

For primary well treatment in the Badra oilfield,
the following compositions were tested and used:

— acid solution: 15% HCI + 1% iron stabilizer +
2.5 % corrosion inhibitor + 2% demulsifier + 0.5% clay
stabilizer;

— solution with diverter agent of chemical type:
15 % HCI + 1% iron stabilizer + 2.5 % corrosion
inhibitor + 2 % demulsifier + 0.5 % clay stabilizer +
4.5 % diverter (ZPWD-10).

The acid was used as the main treatment agent
because the productive formation was represented by
the limestone of cavernous and porous type with the
calcite content of 85-95%.

Laboratory tests have shown that the impact of
iron stabilizer, corrosion inhibitor, demulsifier and
clay stabilizer on the physical properties of the
solutions is not significant. The main impact was
rendered by the diverter, which increased the viscosity
of the acid solution in its initial state and during the
reaction with the rock.

In its initial state, ZPWD-10 diverter is a pale
yellow highly viscous liquid with the density of
1050 kg/m’, supplied in 200-litre barrels.

In order to determine the influence of the
diverter on the properties of the acid solution, the
following three laboratory experiments have been
performed:

1. Determination of the solution properties under
different temperatures.

14
o 12 .\.\ )‘:16,6066_0’013'\'
(]
% 10
Ay
Z 6 P
- 2
0

20 40 60 80 100 120

Temperature, °C

Viscosity
M Viscosity (laboratory data)
~~~~~~~~~ Exponential (viscosity)
Fig. 10. Dependence of the change in viscosity
on the temperature for the acid solution with diverter

This test was performed to evaluate the viscosity
changes during the injection process.

Experiment methodology: the prepared solution
(300 ml) was heated to the required temperature and
its viscosity was measured. The temperature ranged
from 20 to 80°C with an interval of 20 °C.

The test results are provided in Fig. 10.

The evaluation of the acid solution density with
diverter has shown the values close to the parameters of
a 15% acid solution.

2. Determination of the solution properties during
reaction with the rock.

The purpose of the test is to determine the
viscosity of the acid solution with diverter in the
process of its reaction with the rock.

Experiment methodology: the prepared solution
(500 ml) was heated to 80 °C in the water bath. Then
10 ml portions of calcium carbonate were added and
after the reaction, viscosity and acid concentration
measurements were made. Then, calculations for the
temperature of 120 °C were performed. The
experiment results are shown in Fig. 11.

As we can see in Fig. 11, prior to the neutralization
of about 30 % of the acid composition (with the acid
concentration of 10-11 %), the viscosity of the
composition has hardly changed. With further reaction,
the viscosity of the composition grows abruptly and
reaches the maximum at the neutralization of 45 %
(with the acid concentration of 8.2 %) of the acid
composition. In the further reaction process, the
solution viscosity reduces and approximates to the
viscosity of water. Thus, at the frontline of the acid
composition movement with a diverter, a “narrow ring”
of increased viscosity develops, diverting further
portions of acid from the formed channels.
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Fig. 12. The results of the experiment on the evaluation of
reaction time of acid solutions without mixing («)
and with constant mixing ()

3. Determination of the neutralization time of
the 15 % acid solution with a diverter.

The purpose of the test is to determine the acid
reaction time the with and without a diverter in case
of excessive calcium carbonate content.

Experiment methodology: the prepared solution
of the 15 % acid composition without and with a

diverter and a portion of CaCO; were heated to a
certain temperature in the water bath. The solution
was added to calcium carbonate. The end of the
reaction was evaluated visually as the termination of
the carbon dioxide emission. The reaction time was
measured with a timer. The experiments were
performed at the atmospheric pressure and the
temperatures of 20, 50 and 80 °C with constant
mixing (continuous feeding of new portions of acid
to the rock, simulating injection of acid under
pressure) and without it (acid bath simulation). The
experiment results are shown in Fig. 12, a, b.

The experiment results show that the presence of a
diverter in the solution slows down the speed of
reaction with calcium carbonate.

Constant feeding of the new portions of acid
solutions to the reaction surface significantly
increases the speed of reaction of the solutions both
with and without a diverter.

The growth of temperature and the reaction
surface area materially increases the reaction
speed.

The time of reaction at a temperature over 80 °C
(typical of the Badra oilfield) and with constant
feeding of the new portions of acid compositions to
the reaction surface (mixing effect) does not exceed
1 min for the solution with a diverter and 30 sec for
the solution without a diverter, i.e. the reaction on the
mineral surface is practically instant. The impact of
the pressure on the reaction time for the Badra
oilfield was not assessed.

Thus, the total reaction time for acid treatment
conditions (injection under pressure) at the Badra
oilfield (7 = 80-120 °C, P = 35-51 MPa) depends on
the speed of the acid delivery to the surface as a
slower process, and the reaction speed at the surface
of the mineral can be neglected (considered instant)
[5] both for the acid solution with and without
the diverter.

Conclusion

The performed analysis showed that in the range
of pressures and temperatures arising in the process
of acid treatment:

e MgCl, and CaCl, salts produced in the reaction
of 15 % HCI with carbonates are in the dissolved
state;

e the main impact on the pressure and viscosity
of these solutions is rendered by the change of
temperature. The influence of changes in the pressure
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and volume of the dissolved gas on these parameters
may be neglected for practical calculations;

e carbon dioxide is highly soluble in water and
oil. If the CO,volume is not fully dissolved in water
or oil, within the considered range it will be in the
state of a supercritical fluid with the properties
depending on both pressure and temperature.

o the use of additives in the acid solutions may have
a material impact on their properties;

e the ZPWD-10 additive used as a diverter for
acid treatment at the Badra oilfield significantly
increases the viscosity of acid solution allowing to
create a short-term “narrow band” of a highly viscous
fluid in the frontline of the acid movement, diverting
the flows to the unprocessed formation areas.

The dependences provided in the paper were used
in the process of acid treatment planning for the
wells of the Badra oilfield.
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