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Abstract
There are oil fields, wherein favorable conditions for the formation damage induced by wax deposition are created during 
production. The damage can be expressed by a decrease in porosity and permeability and a reduction in the drainage area. 
There are only a few unconventional fields, and this makes them unique. To prevent this complication, it is necessary to 
control the field production. Assuming the presence of such problem, the conventional reserves may turn into difficult oil 
reserves whose production is problematic, which will compromise the project profitability. The key to the problem is associ-
ated with the experimental procedure and research conditions for investigation wax crystallization in oil, being the subject 
of this paper. The authors showed that the use of WAT measurement technique in an open measuring system is not enough 
to control wax deposition in the reservoir pore volume. Based on the results of the flooding technique and micro-computed 
tomography, a digital core, that allows to simulate fluid flow in the porous medium of the core before and after formation 
damage, has been created. The calculation of the change in the thermal field around the injection well over time, according 
to the extended Lauwerier’s concept, has been carried out. WAT of a wax-bearing solution was measured by the rheology 
method using an open measuring system (plate-to-plate measuring system under atmospheric pressure), and the depend-
ence of viscosity versus temperature was obtained during experimental studies. The temperature was decreased from 60 
to 10 °C at a cooling rate of 1 °C/min. The experiment was carried out at atmospheric pressure and a shear rate of 5 s−1. 
Also, filtration technique and micro-computed tomography were used. The dependence of the pressure gradient versus tem-
perature and the pore throat diameter distribution functions for the initial core and core with organic scales were obtained. 
The flooding experiment was carried out at a constant flow rate of 0.5 cm3/min and confining pressure of 4.1 MPa. The 
temperature was decreased from 40 to 33 °C at a cooling rate of 1 °C/h. The inflection points on the curves viscosity versus 
temperature and pressure gradient versus temperature confirm the WAT. The results of the laboratory experiments showed 
that WAT, measured by the rheology method is 3–4 °C lower than WAT, measured by the flooding technique. The results of 
the micro-computed tomography showed that initial porosity decreased from 9.0 to 2.1% as a result of wax deposition. The 
pore throats with diameters from 20 to 70 μm are involved in the clogging with wax. The calculation results confirmed the 
possibility of cooling the near-wellbore area of injector to a temperature equal to WAT and the cold front movement to the 
producing wells. The production profiles calculated based on the models of porosity and permeability reduction, showed that 
wax deposition in the near-wellbore area can cause a significant decrease in the productivity index. An effective remediation 
technology for injection wells was proposed.
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Introduction

The production of waxy oil is usually associated with the 
formation of organic scales in downhole equipment and pro-
duction facilities. Rheology, filtration, and light scattering 
methods, as well as nuclear magnetic resonance, are widely 
used to study this issue (Elsharkawy et al. 2000; Karan et al. 
2000; Jiang et al. 2001; Paso et al. 2009; Jiang et al. 2014; 
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Chen et al. 2014; Huang et al. 2016). However, processes 
that occur in the reservoir and the least understood are the 
matters of outstanding interest. Pressure and temperature 
are the key parameters, affecting the formation of organic 
scales in the pore volume of the reservoir. The use of the 
reservoir pressure maintenance system during the field pro-
duction makes it possible to maintain the reservoir energy 
at a target level. However, in most cases, the temperature of 
the injected water is not controlled. Therefore, resulting from 
the injection of large volume of cold water, a decrease in res-
ervoir temperature is observed (Muslimov et al. 1968; Min-
gareev et al. 1968; Mezzomo and Rabinovitz 2001; Rocha 
et al. 2003). The problem of clogging the pore volume of 
the near-wellbore area with wax resulting from a decrease in 
temperature is described by Borisov et al. (2018), Yusupova 
et al. (2016). The flooding experiments are carried out by the 
authors, proved that a decrease in temperature leads to core 
permeability decrease due to the formation of wax crystals. 
Moreover, according to some scientists, the formation of 
organic scales in the porous medium can already begin at 
the well completion, resulting from lost circulation of cold 
process fluids (Newberry and Barker 1985; Orodu and Tang 
2014).

One of the main properties of reservoir oil, taken into 
account when selecting techniques for preventing the wax 
formation in the near-wellbore area (Khalil et al. 1997), is 
the wax appearance temperature (WAT). Oil is the complex 
multicomponent dispersed system, and the change in its 
composition during field production significantly affects 
the WAT and other properties of oil. Even using all the 
existing research techniques and laboratory equipment, the 
researcher is unable to fully describe all possible combina-
tions of compositions, as well as to evaluate the contribu-
tion of each component, taken separately, to the change in 
its properties. Due to the complexity of a comprehensive 
analysis of the impact of various oil components on the wax 
formation, this paper presents research techniques and the 
results of modeling the simplified systems—wax-bearing 
solutions.

Scope of WAT investigation techniques

American society for testing and materials (ASTM) visual 
methods

The ASTM visual methods are based on the visual obser-
vation of the first wax crystals in the test fluid. The fluid is 
stirred and cooled under prescribed conditions. The tem-
perature at which the first wax crystals are visible is taken 
as WAT. The main disadvantages of this method include the 
low resolution, as well as the impossibility of visual obser-
vation of the wax crystals formation in dark solutions (Ijeo-
mah et al. 2008; Uba et al. 2004). Therefore, this method can 

only be used for model solutions and transparent petroleum 
products.

Cold finger

Cold finger is a method for studying the freezing point of 
organic scales. The organic scales deposition is simulated 
on the metal walls of downhole and surface equipment by 
this method. The cooled metal rod (finger) imitates the inner 
wall of the pipe. A heated and stirred oil sample flushes it. 
When the rod temperature drops below WAT, wax deposi-
tion begins on its surface. The wax formation depends on 
many factors, such as the temperature of oil and the finger, 
the ratio of the finger surface to the volume of oil sample, 
temperature gradients and stirring rate (Dos Santos et al. 
2004). This method is often used to estimate the efficiency 
of wax inhibitors and solvents.

Viscometry methods

Viscometry method is one of the most available, easy-to-use 
and cheap measuring techniques. In the oil industry, widely 
used are rotational viscometers, the measurement principle 
of which is based on the law of fluid flow in the system of 
concentric-cylinder (between coaxial cylinders), plate-to-
plate, and cone-plate (in the gap of the measuring system) 
type. One of the bodies remains stationary (stator, plate, 
etc.), the other, called the rotor of the rotational viscometer, 
rotates at a constant rotary speed. The rotational motion of 
the rotor is transmitted to the stator through the motion of 
a viscous medium. During the experiment, the measuring 
system measures the rotating torque of the rotor, which is a 
measure for the fluid viscosity. Using this research method, 
it is possible to measure with high accuracy the fluid viscos-
ity fluctuation on change in temperature (Kok et al. 1996). 
WAT is determined by the inflection point of curve (the 
dependence of fluid viscosity on temperature). This is an 
indirect method of determining WAT, but it allows measur-
ing WAT at high pressure (using closed measuring system 
of concentric-cylinder type).

Differential‑scanning calorimetry

Differential-scanning calorimetry is a group of methods of 
physicochemical analysis that makes it possible to estimate 
WAT by measuring the heat of phase transition. The prin-
ciple of experimental procedure for differential-scanning 
colorimetry is based on measuring temperature difference 
(heat flux) depending on the time between the studied sam-
ple and the calibration one. The studied sample is placed 
at the bottom of the measurement cell, and good thermal 
contact between the sample and the sensor must be provided. 
Then, the cell is tightly closed and measurement begins. 
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Wax crystallization is accompanied by heat release, which 
is detected by the measuring system. Using this method, it 
is possible to measure with high accuracy the temperature 
of the phase transition in the studied fluid (Sherman et al. 
2019; Vicky Kett et al. 2016). The method makes it possi-
ble to directly measure the enthalpy of wax crystallization. 
However, the drawback of this method is the impossibility 
of measuring WAT at high pressure and in the pore volume 
of rock (Drzeżdżon et al. 2018).

Cross‑polarized microscopy

Cross-polarized microscopy is used to study fluids in polar-
ized light (transmitted and reflected). In the oil industry, 
this kind of research is used to check for the presence of 
high molecular weight components (wax, asphaltenes) in 
oil and to measure the size of particles, formed by these 
components. In addition, this method is widely used to select 
the composition of organic scale inhibitors. The advantage 
of this method resides in the fact that it is a direct (optical) 
research method with a high resolution (capable of detect-
ing particles up to 0.5 μm in size) (Bacon et al. 2009). The 
drawbacks include the small volume of sample used for the 
study and inability to carry out the study at high pressure.

Light transmittance

The Light transmittance method makes it possible to deter-
mine the amount of precipitated wax in solution by measur-
ing the light transmittance. Moreover, the accuracy of this 
method is higher for solutions with dark precipitates. In the 
oil industry, this method is used to determine the amount of 
wax crystals or asphaltenes and resins, precipitated in oil 
or model solutions (Uba et al. 2004). This method allows 
detecting wax crystals at the nucleation stage (1 μm in size). 
This method also allows measuring WAT at high pressure.

Ultrasonics

Ultrasonic method is widely used for high wax oils with a 
high freezing point. The method is based on measuring the 
speed of ultrasonic waves passing through a studied fluid, 
which depends on its density. Wax crystals in oil dissipate 
acoustic energy, which allows detecting WAT. This method 
is sensitive to the size and amount of solids in oil (Jiang 
et al. 2014).

A near‑infrared (NIR) scattering

A near-infrared (NIR) scattering method is widely used to 
measure WAT in oil and model solutions in dynamic condi-
tions. The method is based on measuring the coefficient of 
infrared radiation absorption by the wax crystals, formed 

with a decrease in temperature. This method has a higher 
resolution than cross-polarized microscopy. NIR at a wave-
length of 1100 nm can detect wax crystals smaller than 
55 nm in size (Paso et al. 2009).

None of the above-mentioned methods allows measuring 
WAT in the pore volume of rock. The methods differ from 
each other in the sensitivity of measuring systems and the 
principle of operation.

Different methods for measuring WAT have different sen-
sitivity. Each method should be used for specific conditions 
(stages of the organic scales deposition in the field). For 
example, if reservoir cooling is not observed or this process 
takes too long (meanwhile, the initial reservoir temperature 
is much higher than WAT), then only the rheology method 
can be used to control the wax formation, since wax crystal-
lization in the pore volume of the reservoir should not occur. 
In this case, organic scales can form in tubing and flow lines. 
However, if the reservoir temperature drops below WAT, 
then both measuring systems should be used. When measur-
ing WAT, an error of more than 3–4 °C can lead to losses in 
well productivity. Methods for well productivity remedia-
tion (bottom hole treatment) are more expensive and time-
consuming than methods for cleaning tubing and flow lines.

The objective of this paper is to show that the use of WAT 
measurement technique in an open measuring system is not 
enough to predict and control the formation of organic scales 
in the pore volume of rock. The data obtained will facilitate 
the efficiency of well operation in the fields with high wax 
content due to WAT control in the reservoir. The novelty of 
the paper is that the authors showed a significant difference 
between WAT in an open measuring system and WAT in the 
pore volume of rock. This fact is confirmed by the results 
of rheology, filtration, as well as tomography studies. The 
authors substantiated the necessity of applying a complex of 
laboratory methods, field survey and modeling to predict and 
control the formation damage induced by wax deposition. In 
addition, an uncertainty analysis of the simulation results on 
the input parameters obtained during laboratory experiments 
was carried out.

The history and scope of the field production

One field on which the wax formation in the near-wellbore 
area was noted is the Romashkinskoye field, a giant Rus-
sian oil field, located in the Republic of Tatarstan. The field, 
discovered in 1948, is the largest field in the Volga-Ural 
oil province. The average producing depth is 1750 meters, 
wherein the initial reservoir temperature fluctuates around 
37 °C. The oil of the Romashkinskoye field is waxy (about 
5% by weight), resin (16.5% by weight) with a density of 
820 kg/m3. The field was brought into production in 1952. 
Due to the large size of the field, peripheral and marginal 
water flooding was ineffective and it was impossible to 
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maintain the reservoir pressure at a target level. In the 
field for the first time in Russia, it was proposed a contour 
water flooding system. So, the field was cut into more than 
20 blocks by rows of injection wells. However, the water 
intake capacity of some formations decreased over time. The 
organic scales formation is deemed to be one of the most 
challenging issues during oil production in the field. In the 
50–60 s of the last century, during the period of maximum 
oil production, the workover period of some wells was equal 
about 3–4 h (Tronov and Guskova 1999). This field is one of 
the few in Russia, where the issue of wax deposition in the 
pore volume was subjected to consideration, and a long-term 
survey of changes in the reservoir temperature associated 
with the injection of large volume of cold water was carried 
out. The use of observation wells made it possible to study 
the impact of cold water injection on the change in the tem-
perature field in the reservoir during 6–7 years of production 
(Muslimov et al. 1968; Mingareev et al. 1968).

The first significant decrease in reservoir temperature to 
23 °C was recorded in 1966 in a well, located at a distance 
of 250 m from the injection well. The well was operated 
with a production rate of 70–110 t/day. Water injection was 
begun in 1960. The water intake capacity of the injector 
varied in the range of 700–1800 m3/day at a formation thick-
ness of about 10 m. The temperature of water opposite the 
formation varied in winter from 7 to 12 °C, and in summer 
from 18 to 25 °C. In 5 months after the start of water injec-
tion, a four-time flushing of the pore volume with water was 
implemented, and a producing well with water cut of 50% 
was converted into the observation category. As an example, 
two more producing wells, drilled at a distance of 390 and 
600 m from the injection row of wells can be specified. Dur-
ing 6 years, the temperature in the first well decreased from 
37 to 26–27 °C. In the area of the second well, the reservoir 
was flushed with 1–2 pore volumes of water, wherein the 
downhole temperature decreased by only 1–2 °C. The first 
well production rate was 3 times lower than the second well 
production rate (23 t/day vs. 60–80 t/day). According to the 
authors, a decrease in the productivity of wells in cooled 
formation could be caused both by a decrease in oil mobility 
and by wax deposition. Moreover, undeveloped formations, 
located above and below the formations being in production, 
can be cooled, which can also cause difficulties during their 
development (Muslimov et al. 1968; Mingareev et al. 1968).

Materials and methods

Measurement of the wax appearance temperature 
in wax‑in‑kerosene solution by rheology method

Test samples

In all laboratory investigations a wax-in-kerosene solution 
was examined. Materials, wax concentration as well as a 
method for preparing solutions are described below.

To measure WAT, a wax-bearing solution was prepared 
with wax concentration of 20% wt. The estimated volume 
of kerosene was poured into a quartz glass cuvette. Then, 
the desired amount of solid wax was added. After that, 
the cuvette was covered with a sealed cap and heated in 
a water bath to a temperature of 52–58 °C (until the wax 
was completely dissolved). In order to accelerate wax dis-
solution, the sealed cap was periodically removed and the 
solution was stirred with a glass rod, then the cap was 
returned in place. This solution was prepared immediately 
before the performance of the experiment.

There was used kerosene, which is recognized by the 
ASTM International standard specification D-3699-78 
as grade 1-K (less than 0.04% sulfur by weight) in this 
study. Kerosene is produced from the fractional distilla-
tion of petroleum between 150 and 290 °C at atmospheric 
pressure, resulting in a mixture of hydrocarbons with 
carbon number from C9 to C16. Density of kerosene is 
0.78–0.81 g/cm3, the pour point standardized at − 47 °C 
and gel point is around − 40 °C (Shepherd et al. 2000). 
Wax is derived from petroleum and presented by the mix-
ture of hydrocarbons with carbon number from 20 to 40. 
The melting point of wax is approximately about 52 °C, so 
it is solid at ambient temperature. Density of wax is around 
900 kg/m3 (Ferris et al. 1931).

The laboratory apparatus

WAT in a wax-bearing solution was measured by rheology 
method using an automated viscosity analyzer—a rheom-
eter at atmospheric pressure in a plate-to-plate measuring 
system (open measuring system). The resolution of this 
system is up to 0.1 μPa*s. Tests with solution were carried 
out under the following conditions: no slippage, steady-
state laminar flow, no chemical reactions in the sample 
during tests. During the experiment cooling and heating 
of the solution were carried out using the Peltier element.
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The experimental procedure

After preparing, the solution was placed in a measur-
ing system and kept at a temperature of 60 °C for a few 
minutes. Then an experiment was carried out at a shear 
rate of 5 s−1 and a cooling rate of 1 °C/min. The solution 
was cooled from 60 to 10 °C, while the measuring system 
recorded the solution temperature and viscosity. WAT in 
the solution was defined by shape of the viscosity curve 
(dependence of the solution viscosity on temperature).

Measurement of the wax appearance temperature 
in porous medium

The laboratory apparatus To measure WAT in the solution 
in the pore volume of rock, a flooding experiment was car-
ried out. This method allows obtaining the dependence of 
the pressure gradient on temperature, wherein WAT in the 
solution was defined by shape of the curve.

The unit consists of two two-cylinder pumps, two pis-
ton-type accumulators (for the studied fluids) and a core 
holder. Fluid pressure is measured and controlled via pres-
sure gauges, located inlet and outlet of the core holder. All 
equipment of the unit is located in an air oven. The filtration 
unit allows to create confining pressure and pore pressure up 
to 70 MPa (10,000 psi) with an accuracy of 0.01 psi, as well 
as a temperature up to 150 °C with an accuracy of ± 0.5 °C.

The experimental procedure Firstly, a sand core sample 
with a diameter of 3 cm and a length of 5 cm was extracted 
with an alcohol-benzene mixture at the ratio of 1:2. Then 
the core was placed in an air oven and dried until reaching a 
constant weight at a temperature of 105 °C.

To carried out the flooding experiment, two fluids were 
prepared: a wax-bearing solution with wax concentration of 
20%wt and model of the reservoir water.

The experimental technique consists of 4 stages:

1. the core was saturated with model of the reservoir water 
under vacuum;

2. residual water saturation in the core was created by the 
centrifugation technique;

3. a core sample was placed in a filtration unit. The initial 
temperature in the air oven was set equal to 40 °C (this 
is 10 °C higher than WAT in the solution), the confin-
ing pressure was set equal to 4.1 MPa. Filtration of a 
wax-bearing solution was performed at a constant flow 
rate (0.5 cm3/min), with a cooling rate of 1 °C/h. The 
temperature was decreased from 40 to 33 °C. The pres-
sure gradient, temperature and volume of the injected 
solution were measured;

4. filtration of model of reservoir water was performed at 
a constant flow rate (0.5 cm3/min), at a temperature of 

33 °C, until the kerosene recovery terminated, to remove 
kerosene with wax that was not involved in the deposi-
tion in the porous medium.

Micro‑computed tomography

The laboratory apparatus Micro-computed tomography is 
a nondestructive method for studying the absorbing capac-
ity of rocks. The method is based on different absorbing 
capacities of X-radiation by various minerals that compose 
the rock. The sample was fixed in a holder inside the tomo-
graph cabin. After the start of scanning, the holder with 
the sample was rotated around the vertical axis by 360° at 
a specified rotary speed, ensuring a series of X-ray images 
to be recorded. X-radiation passes through the sample, 
with loss in power proportionally to the rock density, and 
is recorded by the receiver. From the data obtained, two-
dimensional images of the sample in gray scale are created. 
In such images, brightness characterizes the attenuation of 
X-radiation (Hounsfield scale) by the rock due to the photo-
electric effect and Compton scattering. Then, the images are 
reconstructed into a three-dimensional sample.

To perform the studies, an X-ray computer micro-tomo-
graph was used. This device has a radiation source with a 
power of 40–130 kV, with a resolution of up to 7–8 μm.

The experimental procedure The micro-computed tomog-
raphy technique consists of three stages:

At the first stage, the tomograph was calibrated to wax. A 
piece of solid wax was scanned and the Hounsfield unit (HU) 
was measured to be − 600. The possibility of detecting wax 
in the pore volume of the rock was then evaluated. Toward 
this core sample was prepared and hole with a diameter of 
3.5 mm was drilled throughout the length of the core. The 
core was scanned and the volume of the hole was measured, 
after that the hole was filled with melted wax, allowed time 
to solidify, and scanned again. The discrepancy between the 
drilled hole volume obtained by the primary scanning and 
the wax volume obtained by the second scanning was 3–4%. 
The results are shown in Fig. 1 (a—core with hole, b—core 
with hole filled with wax).

In processing the core images with wax in porous 
medium, data obtained during scanning of the solid wax 
piece were taken into account. After calibration of the tomo-
graph, the main two stages of the experiment were started 
as follows:

1. scanning of the extracted and dried core sample to deter-
mine the initial pore volume and open porosity;

2. scanning the core after filtration of a wax-bearing solu-
tion with a decrease in temperature to determine the 
volume of pores clogged with wax. The Hounsfield unit 
for wax was taken into account during the reconstruction 



2546 Journal of Petroleum Exploration and Production Technology (2020) 10:2541–2558

1 3

of images. The great difference between HU for wax 
(− 600 HU), water (0 HU) and rock (≈ 600 HU) allows 
to separate each phase in the images and determine the 
damage area.

The following flowchart was made to visualize the experi-
mental procedure for measuring WAT (Fig. 2). 

Results and discussion

The results of rheological studies are presented in Fig. 3. 
WAT, which was equal to 30 °C, was defined based on the 
dependence of the viscosity of a wax-bearing solution on 
temperature. It is worth noting that WAT in an open measur-
ing system can differ from WAT of the same solution in the 
porous medium (Zlobin 2012; Zlobin and Yushkov 2013).

Figure 4 presents the results of the flooding experiment.
Figure 4 shows that the pressure gradient increases with 

a decrease in temperature. A slight increase in the pressure 
gradient, in the temperature range of 40–35 °C, is due to 
an increase in the solution viscosity. A sharp increase in 
the pressure gradient, in the temperature range of 35–33 °C, 
indicates a decrease in core permeability, which can be 
caused by the formation of wax crystals in the pore volume.

The comparison of the above results of rheological and 
flooding experiments showed that for a wax-bearing solu-
tion, the formation of wax crystals in the pore volume of 
the rock is registered at a temperature of 3–4 °C higher than 
in an open measuring system. We suppose that this phe-
nomenon is due to the fact that the filtration method has a 
significantly greater sensitivity compared to the viscometry. 

The deflection point in the viscosity curve appears at a tem-
perature, at which a lattice of wax begins to form in the 
studied solution. The wax crystallization since nucleation 
till the formation of a lattice can take a long time, depending 
on the shear stress and the temperature gradient. The pore 
volume of the core is represented by pore throats of various 
diameter, comparable to the size of wax nucleus. Therefore, 
stable wax crystal nuclei can already create blocks for fluid 
flow in the porous medium. Accordingly, wax crystallization 
by the filtration method is observed at a higher temperature.

Figure 5 shows two images (a—core segment with size 
of 0.6 × 0.6 × 1.2 mm, light gray is rock, dark gray is pore 
space, b—light gray is rock, dark gray is pore space, red is 
wax).

To assess change in the pore volume of the core resulting 
from wax crystallization, a computed tomography was car-
ried out. 3D models of the core were constructed before and 
after filtration of a wax-bearing solution, and open porosity 
of the sample was determined. The results of the study are 
presented in Fig. 5 and in Table 1.

From the data, presented in Table 1 and Fig. 5, it can 
be seen that after filtration a wax-bearing solution, with a 
decrease in temperature, open porosity of the core sample 
decreased from 9.0 to 2.1%, that demonstrate a significant 
clogging the pore volume with wax.

For a more detailed analysis of the change in the pore vol-
ume of the core sample resulting from clogging with solids, 
distribution of pore throats by diameter before and after fil-
tration was implemented. The results are presented in Fig. 6.

Figure 6 shows that 76.7% of the pore volume (in the 
range of pore diameters from 20 to 70 μm) is involved in the 
clogging with wax. Pores with a diameter comparable (or 

Fig. 1  Images of core with drilled hole (a empty hole, b hole filled with wax)
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less) to the size of wax particles formed in kerosene are pre-
sumably clogged. In pores with a diameter slightly exceed-
ing the size of wax particles, wax adsorption is observed. 

The results of the study showed that large pores are less 
involved in the clogging, which is coherent with a number of 
studies (Shedid and Zekri 2006; Papadimitriou et al. 2007).

Fig. 2  The experimental procedure flowchart

Fig. 3  The dependence of the 
viscosity of a wax-bearing solu-
tion on temperature (viscosity 
curve)
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Simulation of wax deposition in porous medium

The generalized Navier–Stokes equations and Darcy’s law 
were used to describe the flow of an incompressible fluid 
in the porous medium. At the external boundaries and rock 
surface, the normal and tangential velocity components were 

Fig. 4  The dependence of the 
pressure gradient on tempera-
ture

Fig. 5  3D models of the core segment (a the extracted and dried sample; b the sample after filtration of a wax-bearing solution with a decrease 
in temperature)

Table 1  The porosity of the core sample according to micro-com-
puted tomography data

Parameter Extracted core sample Core sample after fil-
tration with a decrease 
in temperature

Open porosity, % 9.0 2.1
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taken equal to zero. In the dynamic model, a porous medium 
is represented by two continuously permeable and imper-
meable pathways. Fluid flow in a porous medium can be 
described by specifying a full porosity model. In those areas 
of the model where geometry of pore throats is too compli-
cated, it is possible to set the resistance to flow coefficients. 
In this case, the model contains a diffusion term.

Generalized Darcy’s law was used in the model:

where �p
�xi

 is the pressure gradient along the linear coordinate 
x, Pa/m; μ is fluid viscosity, mPa s; k is core permeability, 
μm2; Ui is fluid velocity components, m/s; ρ is fluid density, 
kg/m3; kIRF is the inertial resistance factor.

The first term on the right-hand side of equation repre-
sents a viscous loss term and the second term on the right-
hand side of equation represents an inertial loss term. The 
inertial resistance factor can be represented by the following 
expression:

(1)−
�p

�xi
=

�

k
Ui + kIRF

�

2
U2

i
,

where ΔP is the pressure drop along the sample with a 
length of L, Pa; A is filtration area,  m2; Q is the fluid volu-
metric flow rate, m/s.

In laminar flow through porous media, the pressure drop 
is typically proportional to velocity and the inertial resist-
ance factor can be considered to be zero. So that, the porous 
media model then reduces to Darcy’s law.

Two dynamic models (pore domains with reservoir prop-
erties) were built in a simulator using computed tomography 
data and tuned to the results of flooding experiments before 
and after wax deposition in the pore volume. Figures 7 and 
8 show the flow velocity profiles in three sections of a core 
sample for two dynamic models, as well as streamlines. The 
direction of fluid flow coincides with the Y-axis.

Wax deposition causes reduction in hydraulic diameter 
of pores, correspondingly, porosity and permeability. Wax 
particles, adsorbed onto the surface of the pore throats, occu-
pied part of the pore volume necessary for filtration, there-
fore, regions with high flow velocities decreased in size, and 
regions with minimum flow velocities increased compared 
to the initial sample (Fig. 8).

3D dynamic simulation using digital core makes it pos-
sible to quickly estimate the reservoir properties of the 
sample without conducting costly and time-consuming 
flooding experiments. Often there is not enough core mate-
rial for proper justification of the well simulation tech-
nique, and standard laboratory techniques do not allow re-
simulation of filtration process after chemical or physical 
reactions in the core (for example, after acidizing), since 
the initial core structure is disturbed. The creation of a 
digital core allows reproducing the results of actual labora-
tory filtration experiments and generating new cases with 
new operating conditions, including conditions of irrevers-
ible change in the pore space of the core. In this case, a 

(2)kIRF = −
2ΔPA2

�LQ2
,

Fig. 6  Distribution of pore throats by diameter before and after filtra-
tion

Fig. 7  Flow velocity profile across core sample before wax deposition
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digital core, which can also be used when it is impossible 
to study the core by the filtration method (for example, 
unconsolidated rocks), is advantageously used.

Calculation of temperature field during cold water 
injection

The field operation with cold water injection can be 
accompanied by the change in the temperature field and 
cause phase transitions of wax in oil during production. 
To assess the possibility of wax crystallization in the 
pore volume of the reservoir, the authors calculated the 
change in the temperature field in the near-wellbore area 
of the injection well resulting from cold water injection 
by the example of the Romashkinskoye field. The calcu-
lations were based on the extended Lauwerier’s concept 
(Lauwerier 1955, Saeid and Barends 2009). The concept 
resides in calculating heat transport in a reservoir with 
constant thickness, porosity and permeability. Lauwerier 
assumes that the vertical reservoir temperature gradient is 
neglected; the lower boundary of the reservoir is water and 
heat sealed, and the upper boundary is only water sealed. 
So, heat transfers in the reservoir just by convection and 
into the upper boundary by vertical conduction. The equa-
tions were proposed by Lauwerier for the calculation of 
the temperature distribution in the reservoir as a function 
of time and position during hot water injection into the 
injection well. Later, based on the Lauwerier’s concept, 
Barends (2010) proposed to calculate the temperature 
field in hot reservoir during cold water injection into the 
injection well. The extended Lauwerier’s concept for con-
vective-conductive heat transfer with bleeding to adjacent 
layers was proposed by Saeid and Barends (2009). The 
extended Lauwerier solution is presented below (Saeid and 
Barends 2009):

where T is the reservoir temperature at distance x (m) from 
injection well, °C; T1 is injected temperature, °C; Erfc(x) 
is complementary error function; U(x) is the unit function.

where h is the heat capacity ratio; D, D’ is the reservoir and 
the adjacent layer thermal diffusivity, respectively,  m2/s; v 
is heat convective velocity, m/s; t is time, s; H is reservoir 
height, m.

The calculation results are presented in Fig. 9. The curves 
were plotted with reservoir properties of rocks, as well as 
field data accounted for.

The figure shows that in 1 year after the start of cold water 
injection, a decrease in reservoir temperature is observed at a 
distance of 280 m from the injection well. Upon 7 years of the 
injection well operation, the cold front will move to 600 m. 
Calculation of the change in the thermal field in the near-
wellbore area of the injection well over time has shown that it 
is possible to cool the reservoir with the considered reservoir 
properties to a temperature equal to WAT, and the cold front 
can reach, within 5–7 years, the producing wells, located at a 
distance of 600 m from the injection well and, accordingly, 
clogging of the porous medium with wax may take place. It 
is worth noting that the accuracy of the calculations is limited 
by the reservoir heterogeneity along the cross section, which 

(3)T = T1 erfc
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Fig. 8  Flow velocity profile across core sample after wax deposition
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causes flushing the reservoir highly permeable areas with large 
volume of water and, accordingly, high cooling rates.

Estimation of wax deposition in the reservoir

At temperature below WAT, wax can be partially dissolved, 
suspended in oil, and partially adsorbed onto the surface of the 
pore throats. Wax solubility and precipitation can be described 
by the ideal-solution theory (Weingarten and Euchner 1988):

where xws is the molar fraction of wax precipitates in oil, unit 
fraction; xwl is the molar fraction of wax dissolved in oil, unit 

(7)xws = xwl exp
[

ΔH

RT

(

1 −
T

WAT

)]

,

fraction; ΔH is enthalpy of wax crystallization, kJ/mol; R is 
universal gas constant, kJ/mol K; T is absolute temperature, 
K; WAT is wax appearance temperature, K.

During temperature decrease, the equilibrium in Eq. 7 
moves toward wax crystallization. Equation 7 allows to 
assess the amount of wax that precipitates in oil, depend-
ing on temperature. To find the ratio of suspended wax to 
wax dissolved in oil at different temperatures, it is required 
to determine the enthalpy of wax crystallization. Struchkov 
and Rogachev (2017) obtained the dependence of WAT on 
the pressure and wax concentration in kerosene by a visual 
method. The results are presented in Fig. 10.

According to the authors, the dependence of WAT on 
pressure for wide range of wax concentrations in kerosene 

Fig. 9  The calculated tempera-
ture field in the near-wellbore 
area of the injection well

Fig. 10  Pressure versus WAT 
for different wax concentration 
in kerosene (Struchkov and 
Rogachev 2017)
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has a logarithmic trend and can be expressed by the follow-
ing equation:

where P* is ambient pressure, MPa; WAT* is the wax 
appearance temperature in the solution under ambient pres-
sure, °C; WAT is the wax appearance temperature in the 
solution under pressure P, °C; k is a constant of the phase 
transition in the Clausius–Clapeyron equation.

Obtained data are completely confirmed by the thermo-
dynamic Clausius–Clapeyron equation, describing the phase 
changes of matters during change in the pressure–tempera-
ture conditions (Sharma 2001). Such phase changes, named 
as first order transitions, are characterized by constant tem-
perature and changes in entropy and volume. During wax 
crystallization, the heat is spent on creating a spatial lattice, 
formed by solid wax. As a result, the system acquires a more 
ordered state, which, according to the second law of thermo-
dynamics, is accompanied by a decrease in the entropy. The 
packing density of wax molecules increases with increase 
pressure, distance of molecules in the solution decreases, 
free path of molecules reduces. The diffusion mechanism of 
wax crystallization comes into effect (more intense supply 
of wax molecules to the wax crystal nucleus takes place).

Based on the obtained results (Fig. 10), Struchkov and 
Rogachev (2018) constructed Van`t Hoff plots for pressure 
ranging from 0.1 to 35 MPa and wax concentration in kero-
sene ranging from 10 to 60% (Fig. 11).

Transforming the Van`t Goff Eq. (1886) and Gibbs equa-
tion, the following equation was obtained (Ashbaugh et al. 
2002):

where x is molar fraction of wax in kerosene, unit fraction; 
ΔS is entropy of wax crystallization, kJ/mol K.

(8)P = P∗ + k ln
(

WAT

WAT∗

)

,

(9)ln
(

1

x

)

=
ΔH

RT
−

ΔS

R

The thermodynamic parameters of wax crystallization in 
kerosene can be obtained by processing the data of Fig. 11 
using Eq. 9. Thus, the enthalpy of wax crystallization in 
kerosene at atmospheric pressure is 81.7 kJ/mol, which is 
consistent with the results obtained according to Paso et al. 
(2005). The deviation of calculated parameters may be due 
to inaccuracy when estimating the molecular weight of wax 
and kerosene, as well as to a high molar concentration of 
wax in kerosene, because Van`t Goff equation describes 
highly diluted solutions. In calculations, the molar weights 
of wax (with hydrocarbon number of  C36) and kerosene 
equal to 506 g/mol and 163 g/mol, accordingly, were used.

The wax mass balance can be described by the following 
equation (Wang et al. 1999):

where subscripts w and o represents wax and oil, respec-
tively, So is the oil saturation, unit fraction, Cw is volume 
fraction of wax suspended in oil, unit fraction, ρo and ρw 
is density of oil and wax, respectively, kg/m3, wws and wwl 
are mass fraction of the suspended and dissolved wax in 
oil, respectively, unit fraction, Ew is volume fraction of wax 
adsorbed onto the surface of the pore volume, unit fraction, 
uo is the superficial velocity of oil, m/s.

The superficial velocity can be derived from Darcy’s law:

where k is the absolute permeability of the porous medium, 
µm2, kro is relative oil permeability, unit fraction, μo is oil 
viscosity, mPa s, P is pressure, Pa, x is linear coordinate, m.

The solid wax deposition rate in the pore volume can be 
estimated using the model of wax deposition. In calcula-
tions, we used the deposition model developed by Gruesbeck 
and Collins (1982) for deposition of fine particles in porous 
medium:

(10)

�

�t

(

�SoCw�w + �So�owwl

)

+
�

�x

(

�ouowws + �ouowwl

)

= −�w
�Ew

�t
,

(11)uo = −
kkro

�o

�P

�x
,

Fig. 11  Van`t Hoff plots for dif-
ferent pressure (Struchkov and 
Rogachev 2018)
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where �Ew

�t
 is the solid wax deposition rate, αw is the adsorp-

tion coefficient, βw is the desorption coefficient, vo is the 
interstitial velocity, m/s, vcro is the critical interstitial veloc-
ity, m/s, γw is the clogging rate coefficient.

The first term of expression 12 describes the rate of 
wax adsorption on the surface of pores. The second term 
describes the rate of wax desorption from the surface 
of pores, when the interstitial velocity is larger than the 
critical interstitial velocity. The third term describes pore 
throats clogging with wax.

The calculation procedure resides in assessing the num-
ber of pore volumes of oil, with suspended wax, pumped 
through the porous medium. The concentration of suspended 
wax in oil from the inlet to the outlet of the core sample is 
described by a power law. The amount of wax, deposited in 
the core, increases with growth in number of injected pore 
volumes. The calculation allows to assess the change in the 
reservoir properties during wax deposition in the pore vol-
ume, as well as to predict well operation conditions.

The adsorption and desorption coefficients can be esti-
mated over the results of flooding experiments. At the first 
stage, the model solution is injected into the core at the 
interstitial velocity below the critical interstitial velocity 
determined empirically. Then concentration of suspended 
wax in solution outlet of the core is measured by available 
methods (nuclear magnetic resonance method Batsberg 
Pedersen et al. 1991, freezing wax from saturated hydro-
carbons, extracted from solution via SARA fractionation 
Yang and Kilpatrick 2005), while the concentration inlet 
of the core remains constant. The concentration of wax in 
solution outlet of the core is lower than the inlet concentra-
tion as long as the wax is adsorbed onto the surface of the 
pore throats. As a result of the experiment, the following 
data are obtained: number of injected pore volumes of 
solution, concentration of suspended wax in solution outlet 
of the core over time, initial porosity of the core and dura-
tion of the experiment. To calculate the amount of wax 
deposited in the core sample, the following equations were 
used. Duration of the solution interaction with the core:

where m is porosity of the core, fraction; D is diameter of 
the core, cm; L is length of the core, cm; Q is flow rate,  cm3/
min; n is the number of injected pore volumes of solution.

(12)�Ew

�t
=
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The weight of wax deposited in the porous medium is a 
function of time and can be calculated in terms of wax mass 
balance by the following equation:

where ρ is density of solution at the inlet of the core, g/cm3.
At the next stage, the interstitial velocity is increased 

above the critical interstitial velocity and the experiment is 
carried out again. The concentration of suspended wax in 
solution outlet of the core becomes higher than the inlet 
concentration. The obtained data from the first and second 
stages are substituted into Eq. 12, making the clogging rate 
coefficient zero. Required adsorption and desorption coeffi-
cients are calculated by solving a set of equations. The more 
stages of the experiment, the more accurately the coefficients 
are estimated.

The instantaneous porosity is calculated as the difference 
between the initial porosity and the volume fraction of wax 
adsorbed onto the surface of the pore throats (Wang et al. 
1999):

where φ and φi are the instantaneous and initial porosity, 
respectively, unit fraction.

Permeability takes the following form (Carman 1937; 
Kozeny 1927):

where k and ki are the instantaneous and initial permeability, 
respectively, µm2.

To assess the relative change in reservoir permeability, 
the permeability damage factor (Kdf) was introduced:

The calculating technique for wax deposition in the pore 
volume of rock is as follows:

According to the Lauwerier’s concept, the thermal front 
distribution in the reservoir for the required forecast period 
is calculated (the calculation results are adjusted for the res-
ervoir temperature monitoring data over time). Then, the 
thermal field around the producing well is compared with 
WAT. Thus, the area, wherein the pore volume is supposed 
to be clogged with wax crystals is estimated (the area around 
the well, where the temperature is below WAT, is estimated). 
Further calculations are made for this area. Based on Eq. 7, 
the amount of suspended wax crystals in oil, within the out-
lined area, is estimated depending on the reservoir tempera-
ture. The circular area around the well of radius r is divided 

(15)mw(t) =
1

4
�mD2L�
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tend

∫
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�(t)dt

)

(16)� = �i − Ew,
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,

(18)Kdf = 1 −
k

ki
.
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into radial sections of width dr (rings), wherein, based on the 
flow continuity rule, firstly the oil volume with suspended 
wax crystals is estimated depending on the initial production 
rate and time of the well operation. Time is also divided into 
dt intervals. Then, based on Eq. 12, taking into account the 
obtained adsorption and desorption coefficients (based on 
laboratory flooding experiments), the volume of wax crys-
tals, deposited in the pore volume over time in each section 
of the reservoir, is calculated. Next, according to Eqs. 16 
and 17, the porosity and permeability changes, respectively, 
are estimated in each dr section around the producing well, 
depending on the operation time (dt). The calculations rep-
resent an iterative process. In the next time interval, the 
calculations are repeated until the required forecast time is 
reached. The shorter time intervals (dt) are associated with 
the higher forecast accuracy.

Taking into account the change in the temperature field 
resulting from cold water injection using wax deposition 
model, we obtained the dependence of the permeability 
damage factor in the near-wellbore of the producer Kdf on 
the well operation time, as well as oil production profile 
without and with wax deposition. The calculation results are 
given in Figs. 12 and 13.

The figure shows that after 1 year of production, an aver-
age permeability of the near-wellbore area will decrease 
by 28%, due to the formation damage, caused by wax 
deposition.

The figure shows that a significant deviation of the pro-
duction profile (with wax deposition) from oil production 
profile without wax deposition is observed after 1 year of 
the well operation.

The thermochemical method can be proposed as a reme-
diation technique after wax deposition in the pore volume of 
the reservoir. The use of thermochemical reservoir stimula-
tion methods is widespread in oil fields at a late stage of 
production, as well as in heavy oil fields. This technology 
is based on the use of binary solutions. As the active agent, 

a combined mixture consisting of ammonium nitrate and 
sodium nitrite is often used. To treat the near-wellbore area, 
the reaction activator, flush fluid (water), active agent and 
displacement fluid (water) are injected step by step. As a 
result of interaction between components, a series of chemi-
cal reactions occurs accompanied by the release of large 
amounts of heat. The temperature created in the reservoir 
during the reaction will depend on the concentration of 
active agent, the injection rate, as well as on the residual 
oil saturation of rock (Kravchenko et al. 2018). The first 
two factors are controlled at the wellhead during treatment. 
Residual oil saturation can be controlled by well-logging 
operations in combination with a complex of laboratory 
studies. The availability of information on the reservoir satu-
ration makes it possible to specify the time and place of the 
reaction, as well as to select more precisely the volume of 
the flush fluid separating the activator and the active agent. 
As a result, the rock in the treatment area is heated to a tem-
perature, significantly exceeding the melting point of wax. 
Moreover, this technique is characterized by affordable cost 
compared to other thermal methods. The width of reservoir 
treatment depends on the volume of chemicals used and can 
reach first tens of meters, and the time of chemical reac-
tion can be controlled by inhibitors (Zavolzhski et al. 2014; 
Khalil et al. 1997). When carrying out such treatment pro-
cedures, it is required to carefully control the transportation 
of chemicals and handling. They should not be allowed to 
penetrate into water reservoir or soil near oil fields. During 
heat-generating reaction, there is a sharp increase in both 
temperature and pressure, therefore, it is necessary to care-
fully control the wellbore and the cement sheath integrity, 
also to prevent the disaggregation of the producing forma-
tion top, since this can result to poisoning of groundwater.

In those cases when the radius of the clogged area 
exceeds the radius of the near-wellbore area treatment, 
hydraulic fracturing will contribute to remediate the con-
nection between the well and the uninvaded formation area 
through a system of fractures.

Fig. 12  The permeability damage factor along the radius (r) on the 
well operation time

Fig. 13  Production rate without and with wax deposition
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In the near-wellbore area of injection wells, wax deposi-
tion can be observed to a lowest extent. This is due to the 
fact that the cold front is far behind the flood front. As a 
result, only those areas that have already been flushed with 
several pore volumes of water will cool down to WAT. How-
ever, the pore volume in these areas will be saturated only 
with residual oil and water, therefore possible wax crystal-
lization will not make blockage for water flow (Maloney and 
Osthus 2005).

Based on a post evaluation of the field production and 
calculations, it can be concluded that a decrease in well pro-
ductivity could be associated with wax deposition in the 
pore volume resulting from injection of large volume of cold 
water and the reservoir cooling.

In oil fields with the use of the reservoir pressure main-
tenance systems, a decrease in reservoir temperature, due to 
the injection of cold water during the winter and the autumn-
spring period, is observed. The results of the paper showed 
that WAT in the pore volume of the reservoir is by 3–4 °C 
higher than in the open measuring system. Thus, during the 
field production, it is necessary to constantly control the 
thermal front in the reservoir to prevent the reservoir cool-
ing below WAT (to prevent the clogging of pore volume of 
rock). Control the well operation conditions to minimize the 
risks associated with organic scales deposition in the field 
becomes substantiated if the field development monitoring is 
carried out, well survey and laboratory studies with calcula-
tions are provided simultaneously.

Uncertainty analysis

In the paper, an uncertainty analysis was carried out to esti-
mate the relationship between the input parameters and the 
responses, and to determine heavy-hitters. For estimation, 

the one-level design, which allows one to study the sensitiv-
ity of the output variables based on the selected uncertainty 
parameter (the separated effect of each the input calcula-
tion parameters on the output parameters, which were the 
initial production rate and the cumulative oil production), 
was used. Therefore, a set of experiments was designed in 
accordance with the ranges of the input parameters. In the 
experiments, the minimum, maximum, and basic values of 
the input variables were used to generate response surfaces. 
Each of these cases was calculated using the technique pre-
sented in the paper. Other experimental design techniques 
have been discussed in greater detail by numerous scientists 
(Tartakovsky and Broyda 2011; Santoso et al. 2020; Li et al. 
2011; Santoso et al. 2019). Based on the results of screening, 
tornado diagrams are constructed (Figs. 14 and 16).

Since the clogging rate coefficient is a combined param-
eter, the authors decided to use both the instantaneous clog-
ging rate coefficient and the snowballing deposition constant 
in the uncertainty analysis. The clogging rate coefficient has 
the following expression:

where γwi is the instantaneous clogging rate coefficient, σ is 
the snowballing deposition constant.

As is seen in the Fig. 14, the adsorption coefficient and 
the instantaneous clogging rate coefficient are the most influ-
encing parameters on the initial production rate. The nomen-
clature of all variables is given in the paper.

Then, using Monte Carlo simulations, 10,000 cases were 
generated with different variations of the input parameters 
(the input parameters varied within the specified range). 
Based on the calculation results, a histogram, shown in 
Fig. 15, was plotted. In the figure it can be seen that the 

(19)�w = �wi
(

1 + �Ew

)

,

Fig. 14  Tornado diagram 
showing the effect of the input 
parameters on the initial pro-
duction rate
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production rate range (from 97.5 to 98.5 m3/day) falls within 
the confidence interval. The maximum production rate 
(100 m3/day) corresponds to the case without wax deposi-
tion in the pore volume of rock.

The effect of the input variables on the cumulative oil 
production is presented in Fig. 16. In the figure it can be 
seen that the instantaneous clogging rate coefficient and the 
adsorption coefficient are also the most influencing param-
eters on the cumulative oil production. 

As is seen in Fig. 17, the cumulative production falls 
within the confidence interval (from 29 to 39 Mm3).

Conclusions

The results of rheology and flooding experiments showed 
that wax crystallization in the pore volume occurs at a tem-
perature of 3–4 °C higher than in an open measuring system.

The results of computed tomography studies of a core 
sample, performed before and after filtration of a wax-
bearing solution with a decrease in temperature, showed 
that the open porosity decreased from 9.0 to 2.1%, due to 
clogging the pore volume with wax. The pore throats with 
diameters from 20 to 70 μm are involved in the clogging 
with wax.

The calculation results of production profiles using the 
porosity and permeability reduction models showed that in 
the field, a decrease in the productivity of producing wells 
could be caused by the formation damage, induced by wax 
deposition.

The obtained experimental data must be taken into 
account during the field production in case of the organic 
scales formation in the near-wellbore area of producing 
wells, to ensure more reliable prediction and efficient pre-
vention of the formation damage.

Fig. 15  Results of Monte Carlo 
simulations showing the initial 
production rate

Fig. 16  Tornado diagram 
showing the effect of the input 
parameters on the cumulative 
oil production
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