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Abstract. The problem of selecting a method for ensuring the reliability of the unprepared fluid transport facilities of  
an unprepared fluid in the presence of carbon dioxide is considered. Carbon dioxide corrosion is one of the dangerous types 
of damage to field and main pipelines. It has been shown that dynamic autoclave tests should be carried out during staged 
laboratory tests in order to determine the intensity of carbon dioxide corrosion and to select the optimal method of protection.  
A hypothesis about the imperfection of the existing generally accepted approaches to dynamic corrosion testing has been put 
forward and confirmed. A test procedure based on the use of an autoclave with an overhead stirrer, developed using elements 
of mathematical modeling, is proposed. The flows created in the autoclave provide corrosive wear of the sample surface 
similar to the internal surfaces elements wear of the pipelines piping of gas condensate wells. The autoclave makes it possible 
to simulate the effect of the organic phase on the flow rate and the nature of corrosion damage to the metal surface, as well  
as the effect of the stirrer rotation speed and, accordingly, the shear stress of the cross section on the corrosion rate in  
the presence/absence of a corrosion inhibitor. The given results of staged tests make it possible to judge the high efficiency  
of the developed test procedure. 
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Introduction. At present, the gas industry is of strategic importance for the development of the 
Russian economy [1]. The largest source of state budget replenishment (about 50 %) – natural gas – 
plays a huge role in the life support of the population [2], acting as the most important structural 
component of the development productive forces of the country [3] and its regions [4, 5].  

The Unified Gas Supply System (UGSS) is a key infrastructure of the Russian economy, an 
extensive network of main pipelines that unites 66 constituent regions of the Russian Federation, 
providing over 60 % of the energy resources demand. The share of Russian gas in European con-
sumption reaches 35-40 %, according to Gazprom. 

Russian Federation UGSS operation effectiveness largely depends on the reliable operation 
of field pipelines, as well as their integrated safety and reduction of possible damage as a result 
of emergency situations. According to the analysis of statistical data on the accident rate of field 
and main pipelines for the transport of raw gas, one of the main causes of failures is damage 
caused by carbon dioxide corrosion [6]. 
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Carbon dioxide (CO2, carbon dioxide, carbonic anhydride) as a corrosive component of the en-
vironment in the gas production process was previously assigned a small role compared to hydrogen 
sulfide (H2S) [7-9]. The problem of carbon dioxide corrosion has become increasingly important  
with the start of development of deep gas condensate fields with reservoir temperatures over 80 С, 
pressures over 30 MPa and CO2 content in gas over 1 vol. % [10-12]. 

The carbon dioxide corrosion mechanism has been sufficiently studied and generally consists of the 
following stages: active dissolution of the metal with the formation of a discontinuous corrosion products 
layer; local, caused by physical (abrasive action of particles contained in the flow, hydraulic action of the 
flow) or chemical factors, removal of a corrosion products film from the metal surface of the defective 
areas [13, 14]; transformation of these areas into active anodes, which contribute to the local corrosion 
occurrence with the initiation of pitting, ulcers and, as a result, mesa corrosion [15-17]. 

Various researchers [18-20] indicate the main factors affecting the intensity of CO2 corrosion: 
temperature; the presence of an aqueous phase in which CO2 will dissolve; flow rate; water mineral-
ization; pH [7]. 

To ensure the field pipelines reliability for the untreated gas transport, to reduce the CO2 corrosion 
rate to an acceptable level in accordance with the Gazprom RD (0.1 mm/year), various protection methods 
are used based on the use of new materials for the construction of gas transmission infrastructure, inhibitor 
protection, optimal modes of equipment operation, etc. [22-24]. To select the most effective method,  
calculation and (or) laboratory methods, according to approved methods, are used [25, 26]. 

One of the methods for predicting carbon dioxide corrosion and evaluating the effectiveness of 
methods of protection against it, is static laboratory tests in Drexel cells in an aqueous medium in the 
presence of CO2. Tests are carried out according to the recommendations of GOST R 9.905-2007, 
GOST R 9.908-85 using the gravimetric method for assessing the corrosion rate [27-29]. A significant 
disadvantage of this approach is that it does not take into account the influence of the hydrodynamics 
of the gas-liquid flow on the corrosion process [30]. The predicted corrosion rates obtained with its 
help correspond to the observed ones only if the metal is in constant contact with the aqueous phase, 
and the flow velocity is low. Obviously, this condition is not always satisfied for wells and pipelines [31]. 
Due to the fact that the flow regime of the gas-liquid mixture significantly affects the rate of carbon 
dioxide corrosion, which is confirmed by numerous studies [32-34], this must be taken into account 
when conducting laboratory tests to predict carbon dioxide corrosion. 

There are well-known approaches for assessing the rate of carbon dioxide corrosion under dy-
namic conditions when exposed to a two-phase liquid medium in the presence of CO2 [35]. The tests 
are carried out on a plant with constant mixing of a water-hydrocarbon working medium, simulating 
watered gas condensate at atmospheric pressure and varying temperature. The main disadvantage of 
this approach is that it does not take into account the partial pressure of carbon dioxide, which signifi-
cantly affects the intensity of the corrosion process. 

The most accurately reproducing the conditions of corrosion processes in the pipeline that occur 
during the transport of a multiphase medium with carbon dioxide is the method of modeling field 
conditions in an autoclave complex (RCA) [36, 37]. OS (organization standard) Gazprom 9.3-007-
2010 “Method of laboratory testing of corrosion inhibitors for equipment for production, transporta-
tion and processing of corrosive gas” is based on the determination of tangential stresses (TNnS) on 
the surface of the sample from the action of the flow, leading under certain hydrodynamic conditions to 
the intensification of corrosion processes. It has been established that high values of TNnS on the pipe 
inner surface lead to the continuous removal of corrosion products (carbonate deposits), thereby exposing 
the “fresh” metal surface to the environment, which leads to an increase in the local corrosion rate. 

RCA-type devices are a type of apparatus with a stirrer, where samples of the test material  
are fixed on a rotating holder (cage). There is currently no standard, universally accepted RCA  
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design. [38]. However, a fairly large number of modifications are known [39-41], which create certain 
difficulties in comparing and interpreting data obtained in different laboratories. 

Carried out in work [26] studies of the operation efficiency of several most common types of 
RCA using numerical simulation methods with subsequent validation of the results on a bench auto-
clave complex showed an asymmetry of the flow distribution inside the autoclave, leading to uneven 
wear of the sample surface. 

An analysis of the obtained results leads to the conclusion that the corrosion rate tests using 
rotary cage autoclaves (RCA) are very sensitive to the design. Since the uneven surface wear of the 
samples does not correspond to the pipelines material actual degradation picture, gas transmission 
infrastructure facilities, it is incorrect to carry out a quantitative interpretation of the results of such 
tests when predicting the corrosion rate. The purpose of this work is to develop an autoclave design 
that provides a uniform distribution of TNnS over the sample surface during research and to conduct 
a series of tests to confirm the hypothesis about the imperfection of the existing generally accepted 
approaches to dynamic testing. 

Methodology and research methods. Stirred autoclave design. Since classical design, taking 
into account the whole variety of embedded parameters, is very laborious and expensive, and the need 
to create a methodology for setting up experiments that ensures the convergence of the results ob-
tained with real field conditions requires a large number of calculations, numerical simulation meth-
ods (CFD) modeling in the ANSYS software package were used. 

The first stage of autoclave modeling was the development of options for the technical imple-
mentation of its design. Since the main disadvantage of the known device with a rotating cage is the 
uneven distribution of the flow over the surface of the sample, it was decided in the new design to fix 
the samples motionlessly against the walls of the autoclave, and the flow to be created by an impeller 
rotating in the center. 

Mathematical modeling was carried out on a simplified (parametric) model of an autoclave with 
samples and a stirrer with a constant rotation speed (2000 rpm) in a given computational region. The 
parametric model consists of an outer cylinder that mimics the body of an autoclave; witness samples 
(plates) located along the generatrix along the walls of the autoclave body; internal cylinder 
simulating the blades of the stirrer.  

The shape of the autoclave is such that a periodicity condition can be included in its parametric 
model, which makes it possible to divide the model into several sectors and perform the calculation 
for only one of them. Such a simplification can significantly reduce the computational complexity of 
the model. 

Since the number of samples determines the autoclave structure geometry and the nature of the 
flow distribution over the surface of the samples, the task of mathematical modeling was to establish 
the relationship between these factors. 

During the simulation, we varied the geometric dimen-
sions of the samples, their number, as well as the distance 
between the samples surface and the stirrer blades. At the 
same time, the values of shear stresses (characterizing the 
uniformity of the flow distribution over the sample) on the 
four faces of the witness sample (side, front, top) were mon-
itored – both maximum and average values (Fig.1). 

Corrosion test procedure. The described autoclave was 
used to evaluate the influence of the hydrodynamics of the 
flow of a corrosive medium and its phase composition on 
the rate and nature of CO2 corrosion. A number of experi-
ments have been carried out: 

Fig.1. Witness sample: front plane highlighted  
in red, rear plane in yellow, side faces in green,  

top face in blue 
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• Process temperature – 105 С, overpressure 6 MPa. As a model medium, a gas-liquid hydro-
carbon mixture was used: the gas phase N2 + CO2 in a ratio that provides a partial pressure of carbon 
dioxide of 0.2 MPa; kerosene was used as the organic phase; water phase – water with a mineraliza-
tion of 4.75 g/l. The ratio of the liquid phase to the gaseous 90:10 vol. %. The rotation frequency  
of the impeller was 750 rpm, the duration of the tests was 15 days. In this experiment, the corrosion 
of liners of gas-condensate wells was modeled in the case of the appearance of a free aqueous phase 
at the bottomhole. 

• Process temperature 42-46 С, overpressure 6 MPa. As a model medium, a gas-liquid mixture 
was used: the gas phase N2 + CO2 in a ratio that provides a partial pressure of carbon dioxide of 0.2 MPa; 
water phase – water with a mineralization of 4.75 g/l. The ratio of the liquid phase to the gaseous 
90:10 vol. %. The used concentration of the corrosion inhibitor “Soncor 9020” was 100 mg/l. The 
rotation frequency of the impeller is 150-670 rpm, the test duration is 24-360 h. In this case, the 
influence of the degree of closing of the angular throttle of the gas condensate well X-mas tree, and 
hence the speed and direction of the flow of the transported medium, on the rate of CO2 corrosion of 
the inner surface of pipelines was simulated strapping in the presence/absence of a corrosion inhibitor. 

To assess the corrosion rates, witness samples – plates 30  50  5 mm made of steel 09G2S – after 
being removed from the autoclave were cleaned, degreased and weighed on a balance with an accuracy 
class of 0.0001 g. Cleaning was carried out according to GOST 9.907-2007. Corrosion rate was deter-
mined by weight loss and recalculated in mm/year. 

Results discussion. Autoclave numerical simulation results. The results (Table 1) showed that 
the more samples are used in its design, the smaller the ratio between the maximum and average 
values of shear stresses, which indicates a less uneven flow distribution. Thus, in order to create a 
uniform picture of the distribution of TNnS (Fig.2) over the surface of the sample and, accordingly, 
to obtain uniform corrosion wear, it is necessary to position the samples in such a way that the differ-
ence in distances between the witness sample and the autoclave body is minimal. Table 1 shows the 
ratios of the maximum value of TNnS to the average, which show that the higher this value, the 
greater the inhomogeneity of the flow distribution over the surface of the sample and, accordingly, 
the higher the likelihood of uneven wetting of its surface and corrosive wear. 

 
Table 1 

 

Autoclave numerical simulation results 
 

Number  
of samples 

TNnS ratio 

Left side edge Right side edge Upper end Front plane 

12 4.064 8.379 1.533 9.212 
9 11.428 9.659 1.796 15.083 
6 9.963 23.041 1.785 30.492 

 
Based on the calculation results, the following additional conclusions can be drawn: 
1. Since the structure of the flow formed in the autoclave, in addition to the rotation speed, is sig-

nificantly affected by the geometric parameters of the witness sample (size, distances between the cou-
pons and the stirrer), they must be controlled, having previously indicated the correlations between the 
specified conditions and the predicted results of corrosion wear; 

2. In the design of the autoclave, the witness samples must be positioned in such a way that the 
gap between them is minimal and isolated from the effects of the flow. Since mathematical modeling 
predicts the occurrence of high values of TNnS at the ends of individual samples, this can lead to 
increased wear of surfaces that are not important from the point of view of assessing the intensity of 
corrosion wear.  
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In addition to the geometric parameters of the autoclave, when 
designing, it is necessary to set the boundary technical conditions: 
operating temperature ≤ 150 C, operating pressure 10 MPa, flow 
velocity 1-10 m/s.  

In addition to the autoclave 1, the test setup (Fig.3) includes a 
magnetic clutch 2, a V-belt drive 3 and an electric motor 4. The main 
advantage of this design is simplicity and versatility. The use of a 
V-belt transmission allows you to select the desired rotation speed 
by changing the gear ratio, for which it is enough to replace the pul-
ley. The electric motor with a frequency regulator provides the  
necessary rotation speed throughout the test. The use of an electro-
magnetic clutch solves the problem of sealing moving parts with  
a large pressure drop. 

The design of the autoclave is shown in Fig.4. The rotational 
moment from the electric motor is transmitted through the magnetic 
coupling 4 inside the autoclave, to the shaft 5. The flow movement 
in the autoclave is created by communicating the rotational movement 
of the liquid with the impeller 6. Nine samples 1 are fixed in the drum 7, they are on the same level 
with the impeller. To reduce losses and increase the service life, the shaft is fixed in plain bearings 3, 
8. Three fittings 2 are provided for the inlet and outlet of gases. 

To obtain various shear stresses created by the medium on the surface of the sample, it  
is possible to change the distance between the samples and the impeller, which allows you to get 
as close as possible to real conditions. The designed autoclave for dynamic corrosion testing  
is shown in Fig.5. 

Results of corrosion tests and their analysis. The appearance of the samples after testing is shown 
in Fig.6. The average corrosion rate according to the test results was 0.011 mm/year. The corrosion 

Fig.2. Distribution of shear stresses  
over the surface sample 
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Fig.3. General view of the test setup 
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Fig.5. Autoclave for dynamic corrosion testing 

Fig.6. Samples after autoclave testing 
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products formed on the surface of the samples are unevenly distributed, mainly in the form of strips 
elongated in the direction of flow. The phase composition of the surface, determined on an X-ray 
diffractometer, showed the presence of FeCO3, the main product of carbon dioxide corrosion.  
Figure 7, a shows a photograph of the surface with corrosion products, made on a scanning electron 
microscope. Deposits have a crystal structure characteristic of CO2 corrosion. X-ray microanalysis 
confirmed the presence of Fe, C and O in a stoichiometric ratio comparable to the found phase.  
Figure 7, b shows the cross section of the sample after autoclave testing. It can be seen that corrosion 
products are formed not only on the surface in the form of crystals, but also penetrate into the base 
metal of the sample, forming small pits.  

The profile of corrosion damage on the samples surface can be compared with the graph of the 
distribution of TNnS (see Fig.2). Corrosion damaged samples show a symmetrical damage profile 
similar to the shear stress profile predicted by CFD modeling. 

According to the results of hydrodynamic calculations, the maximum (at the point) value of 
TNnS is observed at a distance of 200 mm from the corner throttle (CT), which is open by 7.4 % and 
amounts to 16.69 Pa. The flow equalization and stabilization of the TNnS at the level of 8 Pa occur 
at a distance from the CT greater than 600 mm. In the case of a fully open throttle, the TNnS is 2 Pa. 

Based on the obtained values of TNnS, a number of experiments were carried out, the generalized 
results are shown in Table 2. 

The patterns revealed in the course of autoclave tests are consistent with the generally recognized 
laws for describing the mechanism of carbon dioxide corrosion: at the beginning of the process, active 
dissolution of the metal occurs – the corrosion rate is maximum (usually the process takes several 
days). Then a non-continuous layer of corrosion products (iron carbonates) is formed, which acts as 

Wt, % 8.78 21.87 2.31 1.38 0.24 0.31 0.79 1.01 0.40 0.45 0.58 0.64 0.63 

а 

60.62 

Fig.7. Surface (a) and section (b) of a sample with corrosion products after autoclave tests  
(electron microscopy) 

1 
2 

Wt,  % 

Wt,  % 

9,24 32,02 – 

11,19 30,24 1,70 – – – – 1,23 55,64 

29,64 20,96 0,45 1,15 0,54 6,00 

b Surface corrosion 
products 

Corrosion products  
in the pit 

 

Corrosion products  
in the pit 

Metal Metal 

1 
2 

Wt, % 
Wt, % 

9.24 32.02 – 
11.19 30.24 1.70 – – – – 1.23 55.64 

29.64 20.96 0.45 1.15 0.54 6.00 
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a protective film – the corrosion rate slows down. With an increase in the flow rate, the layer of 
corrosion products is washed away – the corrosion rate increases. 

High values of shear stresses lead to the breakdown of the protective film of iron carbonates, 
increasing the corrosion process rate, which was confirmed experimentally (see Table 1).  
At TNnS = 2 Pa (throttle is fully open) in the absence of an inhibitor, the corrosion rate is  
0.30 mm/year. At TNnS = 16 Pa (throttle open by 7.4 %) under similar conditions, the corrosion 
rate is already 0.54 mm/year. Approximately two times increase in speed is observed. 

 
Table 2 

 

Generalized test results 
 

Number  
of test TNnS, Pa Duration, h Inhibitor presence Corrosion speed,  

mm/year 

1 16 360 – 0.14 
2 16 360 + 0.04 
3 26 360 + 0.02 
4 16 24 – 0.54 
5 16 24 + 0.54 
6 2 24 + 0.07 
7 8 24 + 0.10 
8 2 24 – 0.30 

 
An increase in TNnS affects the effectiveness of the corrosion inhibitor, which was confirmed 

experimentally. At TNnS = 2 Pa (throttle is fully open) in the presence of an inhibitor (100 mg/l), the 
corrosion rate is 0.07 mm/year, and the efficiency of the reagent is 73 %. At TNnS = 16 Pa (throttle 
open by 7.4 %), the corrosion rate is 0.54 mm/year, i.e. equal to the corrosion rate of the uninhibited 
process. At an intermediate value of TNnS = 8 Pa in the presence of an inhibitor, the corrosion rate 
is 0.10 mm/year, which means that the reagent is still effective. Thus, the washout of the protective 
film of the corrosion inhibitor occurs at TNnS in the range of 8-16 Pa. 

Conclusion. The developed design of a dynamic autoclave with an overhead stirrer provides 
simulation of the specified operating conditions for the studied samples of materials. The flows cre-
ated in the autoclave provide corrosive wear of the sample surface, similar to what is observed on the 
inner surface of the elements of pipelines piping gas condensate wells.  

The uniform wear of the sample surface obtained during the tests confirms the results of mathe-
matical modeling used in the course of designing the design of the apparatus. The hypothesis about 
the imperfection of the existing approaches to dynamic testing has been confirmed. The factors taken 
into account during the design and subsequent tests really have a significant impact on the uniformity 
of sample wear. 

The autoclave makes it possible to simulate the effect of the presence of an organic phase on the 
flow rate and the nature of corrosion damage on the metal surface, as well as the effect of the stirrer 
rotation speed and, accordingly, TNnS, on the corrosion rate in the presence/absence of a corrosion 
inhibitor. 
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