
Perm Journal of Petroleum and Mining Engineering. 2019. Vol.19, no.3. P.275-289. DOI: 10.15593/2224-9923/2019.3.7 

PERM JOURNAL OF PETROLEUM AND MINING ENGINEERING  
ВЕСТНИК ПНИПУ. ГЕОЛОГИЯ. НЕФТЕГАЗОВОЕ И ГОРНОЕ ДЕЛО 
ISSN 2224-9923 
Volume / Том 19   №3   2019 
http://vestnik.pstu.ru/geo/ 
 

Вестник ПНИПУ. Геология. Нефтегазовое и горное дело. 2019. Т.19, №3. С.275–289. DOI: 10.15593/2224-9923/2019.3.7 

UDC 622.276.63 
Article / Статья © PNRPU / ПНИПУ, 2019 

CHANGES IN THE PROPERTIES OF FLUIDS AND CHEMICAL REACTIONS PRODUCTS 
CAUSED BY ACID TREATMENT OF CARBONATE RESERVOIRS 

R.A. Khuzin, T.S. Yushchenko1, G.P. Khizhniak2 

Gazpromneft Badra B.V., Iraq, (335 Royal Tulip Al-Rashid Hotel, Baghdad, 8070, Republic of Iraq) 
1LLC ENERGOAVTOMATIKA (9 Chuksin deadlock, Moscow, 127206, Russia) 
2Perm National Research Polytechnic University (29 Komsomolskiy av., Perm, 614990, Russian Federation) 

ИЗМЕНЕНИЕ СВОЙСТВ ФЛЮИДОВ И ПРОДУКТОВ ХИМИЧЕСКИХ РЕАКЦИЙ 
ПРИ СОЛЯНОКИСЛОТНЫХ ОБРАБОТКАХ КАРБОНАТНЫХ КОЛЛЕКТОРОВ 

Р.А. Хузин, Т.С. Ющенко1, Г.П. Хижняк2 
Газпромнефть Бадра Б.В. (8070, Ирак, г. Багдад, Ройял Тьюлип Аль-Рашид Хоутел, оф. 335) 
1ООО «Энергоавтоматика» (127206, Россия, г. Москва, Чуксин тупик, 9) 
2Пермский национальный исследовательский политехнический университет (614990, Россия, г. Пермь, Комсомольский проспект, 29) 

Received / Получена: 04.06.2019.  Accepted / Принята: 01.08.2019.  Published / Опубликована: 27.09.2019 

Keywords: 
carbonates, limestone, dolomite, 
acid treatment, diverter, viscosity, 
density, volume ratio, chemical 
reaction, reaction products, 
hydrochloric acid, phase state, 
calcium chloride, magnesium 
chloride, carbon dioxide, nitrogen, 
solubility, supercritical fluid, 
pressure, temperature, reaction 
time, reaction rate, core, 
neutralization, dissolving ability, 
Badra, Iraq. 

 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.
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 Солянокислотная обработка (СКО) является одним из основных методов воздействия на призабойную зону 
скважин, вскрывающих карбонатные коллекторы.  
Несмотря на огромный опыт их применения как в России, так и за рубежом и значительное количество
выполненных исследований, успешность их проведения, по различным оценкам, не превышает 30 %.  
Одной из причин низкой успешности является недостаточное внимание изменению физических свойств флюидов в
процессе их закачки, взаимодействия с породой и свойств получаемых продуктов реакции в условиях ствола 
скважины и призабойной зоны пласта при проектировании СКО. 
Рассмотрены основные химические реакции, протекающие при взаимодействии соляной кислоты с известняками и
доломитами. Определены количества образующихся веществ при взаимодействии 15%-ного водного раствора соляной 
кислоты с карбонатами. Оценены свойства (фазовое состояние, коэффициент растворимости, зависимости вязкости и
плотности от давления и температуры) воды, углекислого газа, азота, 15%-ного водного раствора соляной кислоты, 
растворов солей хлорида кальция и магния в диапазоне возможных при СКО давлений и температур. 
Из-за разнообразия используемых для растворов кислот добавок показана необходимость проведения
лабораторных экспериментов для оценки их свойств в ожидаемых при кислотной стимуляции условиях. 
На основе лабораторных исследований выполнена оценка времени реакции 15%-ного раствора соляной кислоты с 
карбонатом кальция. Определено влияние химического потокоотклонителя, применяемого при первичных
обработках на месторождении Бадра (Ирак), на свойства кислотного раствора и времени реакции. Определены 
изменения вязкости раствора в зависимости от температуры и концентрации кислоты.  
Приведенные в работе результаты использованы при проектировании и оценке эффективности СКО скважин
месторождения Бадра. 
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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 
(CaCO3), dolomite (CaMg(CO3)2), and the 
combinations thereof. 

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

3 2 2 22HCl CaCO H O CO C l ,aC+ = + +  

( )3 2

2 2 2 2

4HCl CaMg CO

2H O 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:  
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( )

3

3

3 2
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CaMg CO
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M

М

M
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⋅ ⋅

⋅ ⋅β = = =
⋅ ⋅

 

 
where M is the molar mass of the substance, g/mole. 

For the treatment of carbonate reservoirs, 15% 
solution of acid (HCl) 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: 

HCl ,С rock
rock

X C
ρ= β ⋅
ρ

 

where  are the density of the rock and 
acid, kg/m3;  is the ratio of rock solubility in 
100 % acid solution; and С is the weight 
concentration of acid, %. 

HCl,  rockρ ρ

rockβ
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In the complete reaction between the rock and 
the acid, assuming the density of limestone to be 
2710 kg/m3, the density of dolomite to be to 
2870 kg/m3, and that of the 15% HCl solution at 
20°С to be 1073 kg/m3, the solubility will amount 
to as follows: 

• limestone X15% = 0.082 m3/m3; 
• dolomite X15% = 0.071 m3/m3. 
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  
 

Table 1 
 

Mineral solubility under different 
concentrations of acid 

 

Mineral 
Acid concentration, % 

100  5  10  15  30  
CaCO3 1.370 0.026 0.053 0.082 0.175 
CaMg(CO3)2 1.270 0.023 0.046 0.071 0.152 

 
Table 2 

 

Volumes of the reacting substances and reaction 
products, m3, under standard conditions  

(t = 20 °С, P = 0.1 MPa) 
 

Mineral 
Mineral 
volume 

15% 
HCl 

H2O
* CO2 CaCl2 MgCl2

CaCO3 0.082 1 0.952 52.822 0.114 – 
CaMg(CO3)2 0.071 1 0.952 52.822 0.057 0.045
 

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

uses nitrogen injection (N2) 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. 

CaCO3 and CaMg(CO3)2 are solid substances at 
any temperature and pressure and have the densities of 
2710 and 2870 kg/m3 respectively. As their proportions 
in the rock may vary, the average density remains 
within the said range. 

H2O 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/m3 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 

 

Substance Conditions 
Temperature, °С Pressure, MPa 
mini-
mum 

maxi-
mum 

mini-
mum 

maxi-
mum 

CaCO3 

and CaMg(CO3)2 
Formation 30 250 3 100 

15% aqueous 
solution of HCl 

Well + 
formation 

20 250 0.1 100 

H2O 
Well + 

formation 
20 250 0.1 100 

CO2 Formation 30 250 3 100 
Aqueous solution 
of HCl  

Formation 30 250 3 100 

Aqueous solution 
of CaCl2 + MgCl2 

Formation 30 250 3 100 

N2 
Well + 

formation 
20 250 0.1 100 

 

 
Fig. 1. Diagram of Phase State of the Water 
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Fig. 2. Dependence of water density and viscosity 
on temperature for the TC saturation line 

and 15 % aqueous solution of HCl  
 

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 ТС curve characterizes the pressure 
and temperature of the water transition into the 
gaseous state. Point С is called the critical point (for 
water Тcr = 374.2 °С and for Рcr = 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 ТС 
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] 
 

( ) ( ) ( )0 0 0, , 1 ,wP T P T c P Pρ = ρ  + −    

where  is the density at pressure P and 

temperature T;  is the density at known 
pressure Р0 and temperature Т; cw is the compression 
ratio. This formula can be used for the fluid 
compression within the range of 10–5–10–6 atm–1 [22]. 
For pure water, compressibility at 20°С equals to 
0.5·10–5 atm–1 [23].  

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

 

 
where ρ0 (P0, T0) is the fluid density at the standard 
terms of P0 = 1 atm, T0 = 20 °С; ρ(P, T) is the fluid 
density at the given conditions of P and T. 

As a rule, 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/m3 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°С 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 HCl concentration increases the 
viscosity and density of the solution [25, 27].  

The change of viscosity of 15% HCl solution 
depending on the temperature for the interval from 
20 to 200 °С 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 

( ),P Тρ
( )0 0 ,P Tρ

( ) ( )
( )

( )
( )

0 0 0

0 0

, ,
, ,

, ,

V P T P T
B P T

V P T P T

ρ
= =

ρ
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due regard to the dependence of water viscosity on 
the temperature. 

Laboratory data about the density of 15% HCl 
solution up to the temperature of 100°С [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 MgCl2 and CaCl2 
 

Considering the density of calcium chloride as 
equal to 2150 kg/m3 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°С 
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/m3) 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°С 
amounts to 74ю5 and 52ю8 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°С [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 ТС 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 ρ, kg/m3, and dynamic viscosity μ, 
Pa·sec, of the water solution of CaCl2 and MgCl2 
with the weight content of the dissolved component 
w, kg/kg, at the temperature t, °С, can be taken from 

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

( )4 6 2
в 1 2 3exp 10 10 ,w a a t a t− − ρ = ρ + −   

( )2 7 2
в 1 2 3exp 10 10 ,w b b t b t− − μ = μ + −   

 

where ρw is water density at the given temperature, 
kg/m3; μw is water viscosity at the given 
temperature, Pa·sec; w is mass concentration of 
salt in the water, fraction of a unit; ai and bi are the 
ratios set out in Table 4. 
 

Table 4  
 

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

 

Substance a1 a2 a3 b1 b2 b3 
CaCl2 0.8101 10.673 6.224 3.4143 –0.3062 84.004
MgCl2 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 
CaCl2 and MgCl2, the equation looks as follows: 
 

( )
( )

2 2 2 2

2 2 2 2

4 6 2
в CaCl 1CaCl 2CaCl 3CaCl

4 6 2
MgCl 1MgCl 2MgCl 3MgCl

exp 10 10

10 10 ,

w a a t a t

w a a t a t

− −

− −

ρ =ρ + − +
+ + − 

 

( )
( )

2 2 2 2

2 2 2 2

4 6 2
CaCl 1CaCl 2CaCl 3CaCl

4 6 2
MgCl 1MgCl 2MgCl 3MgCl

exp 10 10

10 10 .

в w b b t b t

w b b t b t

− −

− −

μ =μ + − +
+ + − 

 

 

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 
(СО2) is a gas with the density of 1.839 kg/m3 and 
the viscosity of 0.0147 mPa·sec. The phase state of 
СО2 depending on the pressure and temperature is 
illustrated in Fig. 4. 
 

 
 

Fig. 3. Dependence of viscosity and density on the 
temperature for CaCl2, CaCl2 + MgCl2 and NaCl solution 

 

 
 

Fig. 4. СО2 phase state diagram 

Carbon dioxide has critical parameters (point С): 
Тcr = 31°С and Рcr = 72.9 atm [19].  

The diagram shows that for the majority of cases of 
the considered range of pressure and temperature 
values, СО2 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. 

СО2 solubility  

Carbon dioxide is a gas rapidly soluble in water. 
The results of the laboratory measurements in cm3 °С 
and 1 atm per 1 g of water (corresponding to m3/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°С and above 200°С) 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 m3/ton; at 
maximum values, it reaches about 160 m3/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: 

• water density depends on the concentration of the 
dissolved СО2 to a small extent, it can be therefore 
deemed independent of the СО2 concentration. 

• water viscosity increases insignificantly with 
the growth of the dissolved СО2 concentration. 

Whereas the volume of carbon dioxide involved 
in the reactions reaches about 55 m3/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. 5. Dependence of СО2 solubility 
on pressure and temperature 

 

 
а 

 
 

           
b 

Fig. 6. Dependence of density (а) and viscosity (b) of СО2 
on pressure and temperature 

СО2 density  
 

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

The results of СО2 density calculations for the 
considered range of pressures and temperatures are 
provided in Fig. 6, а. 

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 m3 of 15% acid 
ranges from 1.5 to 0.13 m3. Considering that from 30 
to 100% of gas is dissolved in water, the volume 
occupied by the remaining СО2 will not exceed 1.05 
m3. It is also necessary to keep in mind the good 
solubility of СО2 in oil, as that means that the free 
volume will be even less. 
 

СО2 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°С) 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 (Pmin = 3 MPa, Тmin = 30 °С, 
Pmax = 100 MPa, Тmin = 250 °С), 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. 7. Nitrogen phase state diagram 
 

 
 

 
 

Fig. 8. Dependence of N solubility 
on pressure and temperature 

 
The nitrogen has the following critical parameters: 

Тcr = –146.94°С and Рcr = 33.9 atm [29]. It is a 
colourless gas with the density of 1.25 kg/m3 in normal 
conditions, 1.16 kg/m3 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 m3/ton, and the 
minimum solubility value is 0.5 m3/ton. 

 
а 

 
 

 
b 

 

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

 
N2 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, а, b. 

The nitrogen density for the extreme values 
amounts to 1.16 and 399 kg/m3, 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 used 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% HCl + 1% iron stabilizer + 
2.5 % corrosion inhibitor + 2% demulsifier + 0.5% clay 
stabilizer; 

– solution with diverter agent of chemical type: 
15 % HCl + 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/m3, 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. 

 
 

 
 

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°С with an interval of 20 °С. 

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 °С 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 °С 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. 11. Dependence of viscosity on HCl 
concentration in the acid solution neutralization 

process with a diverter at 120 and 80 °С 
 

 
а 

 
b 

Fig. 12. The results of the experiment on the evaluation of 
reaction time of acid solutions without mixing (a) 

and with constant mixing (b) 
 

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 CaCO3 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 °С 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, а, 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 °С 
(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 (Т = 80–120 °С, Р = 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: 

• MgCl2 and CaCl2 salts produced in the reaction 
of 15 % HCl with carbonates are in the dissolved 
state; 

• 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; 

• carbon dioxide is highly soluble in water and 
oil. If the СО2volume 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. 

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

• 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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