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ABSTARCT 

This paper presents some investigations on the effect of temperature gradient in API N80 pipe 
corrosion. It was possible to highlight the existence of temperature gradient on the walls of pipe, variable
along the depth of producing water Albian wells and reaches 16°C. The chemical analyses of the water 
samples of several drillings show that these last are of petrifying nature, charged with sulfates, low 
content of dissolved carbon dioxide and no oxygen. The XRD analyses of the scale show that it is 
heterogeneous and primarily consists of siderite (FeCO3), geothite (FeOOH), hematite (Fe2O3), 
magnetite (Fe3O4) and of calcite (CaCO3). The perforation of the pipes was mainly due to the detached 
matter with the variations in temperatures along the wells. 

Key words: API N80 pipe, Albian water, Corrosion, Termometry, Temperature gradient. 

INTRODUCTION 

The area of Haoud-Berkaoui, subject of this study, includes three producing crude 
oil fields, Haoud-Berkaoui, Benkahla and Guellala. It is located about 100 km west of 
Hassi-Messaoud (Algeria). The oil extraction from this heterogeneous layer of average size 
is assisted by the pressure injection of Albian water in the geological formations. The 
Albian is a fossil and deep aquifer (2000 meters in depth) extending on a surface of 600000 
Km² and covers all Algerian south-east. Its capacity is estimated to be 50000 billion m3; it 
contains no oxygen. Owing to the development of the drilling techniques, the exploitation 
of this aquifer extended to the oil field, in particular in the operations of keeping well 
pressure by water injection. Water is extracted from 15 well (producing wells) feeding an 
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injection unit made up of high pressure several electropumps provided with sand filters 
with a smoothness of 2µ. 

Filtered water is then sent to the injecting wells (32 wells) to maintain the pressure 
of the layer. The fixture of pressure holding by water injection involves wells sources 
(producing water wells), a pumping unit and a chemical treatment unit designed in such a 
way that it allows the injection of the corrosion inhibitors in the steel pipes. These 
concentric pipes have an internal diameter of 4.216 cm and are laid out co-axially and end 
to end by threading along the tubes of production (Fig.1). 

 

Fig. 1: Synoptic schema of a producing water well 

 The wells sources are drilled to a depth of 1000 to 1300 m with a completion 
composed of production tubes (casing) having a diameter of 17.78 cm, an overall length of 
1123 m, and of a treatment trimming. The surface equipment and basic parts of the 
injection system must be protected from the corrosion, which can cause the boring of the 
casings. The lifetime of the pipes, planned initially for five years, was strongly reduced to 
only two years. The concentric pipes were in a very advanced state of corrosion with 
apparent borings. The waste in time and money due to the replacement operations was 
considerable, the estimated is approximately 300 000 US dollars per year.  
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The corrosion of the pipes is due to several factors such as the quality of water, its 
composition, the flow conditions and the inhibitors.  

Corrosion is an electrochemical process. It is a time dependent mechanism and 
depends on the local environment within or adjacent to the pipeline. Corrosion usually 
appears as either general corrosion or localised (pitting) corrosion. It can occur on the 
internal or external surfaces of the pipe, and in the base material.  

Corrosion of the iron pipe is influenced by many different factors including water 
quality, composition, and flow conditions. According to AWWARF and DVGW1, the 
indices of Langelier and Ryznard do not reflect the real state of corrosion. McNeill  and 
Edwards2 found that changes in water quality parameters, pH and alkalinity, could not fully 
account for observed changes in corrosion of iron pipes under stagnant conditions and thus,
water quality cannot always explain variation in corrosion behaviour. 

 The temperature is an important factor in the corrosion process. It affects the rate 
of corrosion and the solubility of solids. It is necessary to consider two aspects in 
connection with this parameter. The first is due to the fact that corrosion can be 
significantly different from a constant temperature to another and this is for the same 
quality of water, while the second is related to the fact that the pipes subjected to a 
variation in temperature (increasing, decreasing or cyclic) over shorter periods corrode 
differently from those, which remain at constant temperatures.  

A recent review suggests that serious mechanical stresses could arise within pipes 
due to temperature changes, mainly because the protective scale on pipes has a different
coefficient of thermal expansion than the metal itself3. Rezania and Anderi4 consider that
such changes in temperature might be responsible for the high release of copper to water
observed in some cases during winter months. Rushing and Edwards5 confirmed and
explored this effect further and reported that these problems might also be caused by 
sustained temperature gradients applied to residential copper pipes. Temperature changes 
had been suspected to increase copper pitting frequency and copper release to drinking 
water. Experiments examined the effect of temperature gradients on copper pipe corrosion 
during stagnant conditions. The pipe orientation in relation to the temperature gradient 
determined whether convective mixing would occur, which influenced temperature 
gradients within the pipe. This work showed that temperature gradients of 20°C lead to 
thermogalvanic currents, which influences copper leaching and scale type. 

The present study aims to determine profile of temperature along the pipe using the 
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digital simulation of the flow by thermometry and to examine the effect of this factor on 
rapid degradation of concentric pipes in Albian water. 

EXPERIMENTAL 

Numerical Simulations of the Flow and Experimental Methods 

Thermometry  

The knowledge of the temperature profiles under the static and dynamic conditions 
of the producing water wells and the evolution of this profile according to the produced 
water flow is necessary to evaluate the working procedure of the well. We wish to 
determine in counter-current flow mode, the evolution of the variation in temperature ∆T 
on the walls of treatment concentric pipes along a producing water well (∆T = Text – Tint). 
We are interested in the modeling of the incompressible and viscous flows in axisymmetric 
and annular pipes. These flows can be laminar or turbulent with important longitudinal 
variations in temperature in various geometrical configurations involving many 
phenomena. Among these phenomena, the important variation of the temperature can 
affect the nature of the flow in the study field6. The selected model thus requires the 
writing of an equation governing the temperature rising from the principle of energy 
conservation of convection diffusion type7.  

The modeling of the flows is described by mathematical relations between the rates 
of flow (U, V), the pressure P and the temperature T in a cylindrical coordinates (O, r, z). 
This was possible because of the use of the balance equations deduced from the principles 
of conservation of the mass, the momentum and the energy, which are – 
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Momentum equation on Or axis: 
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In these equations, Fr, Re, Pr, EC are Froude, Reynolds, Prandtl and Eckert
numbers. µ and ρ are dynamic viscosity and fluid density, respectively. µ is expressed in 

Kg.m-1.s-1 by the relationship:
2

0

1 bTaT ++
=

µ
µ , where 0µ  = 1.161 10-3 Kg.m-1.s-1

a = 0.033368°C-1, b = 0.00022°C-2 (Joulie, 1998)8 and ρ = 998.8 Kg.m-3. The model chosen 
for turbulence is the model of mixture length (model zero equation). It presents a good 
approach for the taking into account of the turbulent effects in cylindrical pipes9. These 
equations are discredited by the finite-volume method (FVM) using two types of grids; a 
grid shifted to evaluate the field speed, and a principal grid centered to evaluate the 
pressure and the temperature. The SIMPLE algorithm (Semi-Implicit Method for Presses-
Linked Equation) was used for the resolution of discrete equations10. 

The linear system is then solved by the algorithm TDMA (TriDiagonal-Matrix 
Algorithm) which consists of carrying out a screening of the field of calculation line by 
line or column by column; this algorithm is translated into a data-processing program 
written in FORTRAN. 

Water analysis 

The water samples were taken at the head of producing water wells. Eight drillings 
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of the area of Haoud Berkaoui were selected for this purpose. The samples were done in 

polyethylene bottles after a few hours of well discharging. All the taking away operations 

were carried out according to the methods of Rodier11 and standards AFNOR12. The 

principal analyzed chemical factors were the pH, calcium, magnesium, potassium, sodium, 

chlorides, bicarbonates, sulfates, nitrates and dissolved carbon dioxide. 

X-ray diffraction 

The X-ray experiments were carried out on corrosion scales taken at various depths 

of concentric pipes after two years of well exploitation. Samples were identified and 

characterized by X-ray diffraction analysis using Philips model PW1700, the tension, 

intensity and the scanning rate are 34 kV, 22 mA and 2 °/mn, respectively. 

RESULTS AND DISCUSSION 

The profile of temperature was given after evaluation of the flow conditions 

characterized by Reynolds and Prandtl numbers for the two fluids taking into account that 

the inhibitor injection was done continuously, with the inlet temperature of 25 °C and with 

a concentration of 20 ppm equivalent to a flow of 0.1 m3/h. The hot fluid (Albian water), 

flows in the annular space from the bottom up to the surface with a flow of 23.5 m3/h 

(corresponding to the real value of the flow of producing wells which varies from 23.5 

m3/h to 57 m3/h) and an inlet temperature of 60 °C (corresponding to the real wellbottom 

temperature). The results of calculations are shown in Fig. 2, which indicates that the 

variation in temperature gradient is relatively low at the wellhead, and then increases 

considerably when the depth reached 584 m. For a depth ranging between 584 m and 984 

m, ∆T somewhat increases and remains however high. It is in this zone, where the API 

N80 pipe is most affected by corrosion (∆T can reach 16°C). 

Visual examination of concentric taken from well GLAHA2 after two years 

exploitation revealed corrosion on the external surface. The pipe was covered with 

brownish deposit of 2 mm thick; its distribution is heterogeneous and with apparent 

pinholes of diameter varies from 5 to 10 mm (Fig.3). 
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Fig. 2: Temperature gradient as a function of well depth GLAHA2 

  

(a) 200 m (b) 740 m 

Fig. 3: General aspect of pipes after two years exploitation period 

The results of the chemical analyses and those of the marble tests are presented in 
Table 1.  From a drilling to another, the ions contents vary from 107 to 258 mg.L-1 for 
calcium, from 73 to 139 mg L-1 for magnesium, from 24 to 36 mg L-1 for potassium, from 
282 to 304 mgL-1 for sodium, from 459 to 648 mg L-1 for chlorides and from 116 to 176 
mg L-1 for bicarbonates. The obtained values show that the chemical compositions of the 
various drillings are relatively identical and the observed disparities are not very 
significant. In general it is earthy water, chlorinated and rich in sulfates, but almost 
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deprived of dissolved gas. The quantities of dissolved CO2 are relatively low and mostly in 
the form of HCO3

–. The alkalinity of this water is entirely due to bicarbonates. The pH is 
neutral or slightly basic and hence, favors the formation of tartar (CaCO3). All the 
saturation indices are positive thus, the water is of petrifying nature. Moreover, water 
quality can not always explain variation in corrosion behavior2. 

Table 1. Chemical analyses and marble tests for the waters of Haoud-Berkaoui area 

W
e
ll
s 

G
L
A
H
A
1
 

G
L
A
H
A
2
 

O
K
J
H
A
3
 

G
L
A
H
A
4
 

O
K
J
H
A
4
 

O
K
J
2
1
 

O
K
M
8
8
 

Ca2+      (mg.L-1) 194 181 258 171 154 139 132 

Mg2+   (mg.L-1) 78 75 86 121 139 114 33 

K+         (mg.L-1) 32 32 32 31 35 36 33 

Na+       (mg.L-1) 282 298 304 294 285 282 245 

Cl-          (mg.L-1) 470 459 472 481 648 562 596 

HCO3
–(mg.L-1) 176 170 161 131 137 137 139 

SO4
2–   (mg.L-1) 546 618 762 564 523 450 465 

NO3
–   (mg.L-1) 13 10 13 14 10 12 11 

CO2     (mg.L
-1) 18 18 22 28 35 37 16 

pH 7.47 7.02 7.58 7.14 7.20 7.20 7.26 

pHs 6.87 6.88 6.83 6.86 6.72 6.58 6.70 

Is 0.60 0.14 0.75 0.28 0.48 0.62 0.56 

The X-ray diffraction patterns shown in the Fig. 4a, 4b, 4c and 4d indicate that the 
scale is made up of siderite (FeCO3), goethite (FeOOH), hematite (Fe2O3), magnetite 
(Fe3O4), calcite (CaCO3), barite (BaSO4) and silica (SiO2). The presence of silica is 
inevitable and it comes primarily from the sand involved with water throughout the period 
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of exploitation while barite is resulting from the mud used in the operation of snubbing.  

We propose the following mechanism to explain the experimental results:  

 2+ +
2 2

1
2 Fe +  O +   3 H O    2 FeOOH  +  4 H

2
⇒  

Oxygen is introduced into the wells during inhibitors injection operation and Fe2+

ions come from iron dissolution, 

The formed goethite acts with Fe2+ ions, in the same way as with oxygen, as an 
oxidizer and give the magnetite, 

 2+

3 4 2
8 FeOOH  +  Fe  +  2 e    3 Fe O  +   4 H O− ⇒  

Magnetite gives hematite by oxidation reaction, 

 +

3 4 2 2 32 Fe O +  H O     3 Fe O  +  2 H  +  2 e−⇒  

A pilot pipe distribution study conducted over one year under various blended 
waters (i.e. blends of ground, surface and saline waters) had shown that iron release from 
aged pipes varied with blended qualities as well as aged pipe materials. Based on XRD and 
RMS results, FeCO3, α-FeOOH, β-FeOOH, γ-Fe2O3 and Fe3O4 were identified as primary 
corrosion products of unlined cast iron pipes, No significant FeCO3 was detected by XPS 
analysis in corrosion scales. This is because FeCO3 is very unstable and would transform in 
Fe2O3 on contact with air

13. 

For API N80 pipes and Albian water quality, the formation of one or the other of 
the various products of corrosion depends strongly on temperature, which affects solution 
properties (such as viscosity) and thermodynamic properties (such as activity coefficient, 
enthalpy of reaction and solubility). 

On one hand, the increase of temperature involves a decrease in the viscosity of 
water. This will allow increased transport of reactants and products (Fe+2 species) to and 
from the metal surface due to increased diffusion, involving an increase of the corrosion 
rate14, 15. 

On the other hand, the activity coefficients of specific ions present in waters 
changes with temperature.  According to McNeill and Edwards2, the activity coefficients 
increases slightly, when the temperature passed from 25°C to 5°C and at the same time, the 
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solubility of a solid phase increase or decrease according to the sign of the enthalpy of 
reaction.  

Stumm and Morgan and Pankow studies showed a 0.32 and 0.77 log change in 
product solubility of FeOOH and FeCO3, respectively.  All these changes lead to the 
formation of a product rather than another leading to a heterogeneous deposit. This 
heterogeneity makes the iron scale susceptible to two physical exchanges as the 
temperature varies i.e. different density and different coefficient of thermal expansion. 

Because the scale is heterogeneous, i.e. different scale components have different 
densities; thus, any PBR ≠ 1 (Pilling-Bedworth Ratio) indicates that compressive or tensile 
stresses may be introduced into the scale, depending on the surface geometry (generally 
greater for concave or convex surfaces). This aspect is important, when a new type of scale 
forms as the temperature is varied. 

Table 2. Pilling-Bedworth ratios (PBR) values 

Compounds PBR Compounds PBR 

Fe2O3 : Fe 2.143 FeOOH : Fe2O3 1.371 

Fe3O4 : Fe 2.103 FeOOH : Fe3O4 1.397 

FeOOH : Fe 2.939 Fe2O3 : Fe3O4 1.018 

By elsewhere, a particular scale component will have a different coefficient of 
thermal expansion (α) compared to the metal or other layers of scale.  
Fe metal (α = 15.30 x 10-6 °C-1) will expand and contract nearly 46% more than Fe3O4
scale (α = 10.50 x 10-6 °C-1) and 40% more than Fe2O3 scale (α =10.96 x 10

-6 °C-1) in 
response to the same temperature change. These differences cause mechanical stresses also
in the scale as the temperature changes and become more important with decreasing 
diameter pipes (the case of the API N80 pipe); the stresses can lead to scale spalling or 
crack formation18. In a study of cast iron studs placed in distribution system pipes, an 
increase in iron concentration in the water was observed when deep cracks appeared in the 
scale on the iron studs19. Such phenomena might expose unprotected metal surface to the 
solution; thus, drastically increasing corrosion rates and, as a consequence, the reduction of 
pipeline lifetime.  
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Echantillon 1,  Glaha-2 prof.=0 m  

05-0586 (*) - Calcite, syn - CaCO3

24-1035 (*) - Barite, syn - BaSO4

05-0628 (*) - Halite, syn - NaCl

46-1045 (*) - Quartz, syn - SiO2

29-0713 (I) - Goethite - FeO(OH)

33-0664 (*) - Hematite, syn - Fe2O3

19-0629 (*) - Magnetite, syn - FeFe2O4
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(a): 0 m 

Echantillon 2,  GLAHA-2  prof.= 200 m

46-1045 (*) - Quartz, syn - SiO2

29-0696 (*) - Siderite - FeCO3

05-0628 (*) - Halite, syn - NaCl

05-0586 (*) - Calcite, syn - CaCO3

29-0713 (I) - Goethite - FeO(OH)

19-0629 (*) - Magnetite, syn - FeFe2O4

33-0664 (*) - Hematite, syn - Fe2O3
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(b) 200 m 
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Echantillon 4,  GLAHA-2   prof. = 570 m
46-1045 (*) - Quartz, syn - SiO2

24-1035 (*) - Barite, syn - BaSO4

29-0696 (*) - Siderite - FeCO3

05-0628 (*) - Halite, syn - NaCl

05-0586 (*) - Calcite, syn - CaCO3

33-0664 (*) - Hematite, syn - Fe2O3

19-0629 (*) - Magnetite, syn - FeFe2O4

29-0713 (I) - Goethite - FeO(OH)

GLAHA2D4                        D5MEAS - Program:LD701H.DQL D5MEAS - Program:LD701H.DQL - File: Glaha2d4.r
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(c) 570 m 

Echantillon 5,  GLAHA-2  prof. = 740 m

24-1035 (*) - Barite, syn - BaSO4

46-1045 (*) - Quartz, syn - SiO2

05-0586 (*) - Calcite, syn - CaCO3

29-0696 (*) - Siderite - FeCO3

33-0664 (*) - Hematite, syn - Fe2O3

19-0629 (*) - Magnetite, syn - FeFe2O4

29-0713 (I) - Goethite - FeO(OH)

GLAHA2D5                        D5MEAS - Program:LD701H.DQL D5MEAS - Program:LD701H.DQL - File: Glaha2d5.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 70.000 ° - Step: 0.020 ° - Step time: 1. s - Temp.: 25 °C (Room) - Time 
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(d) 740 m 

Fig. 4: XRD patterns of corrosion scale formed at different depths 
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CONCLUSION 

The results of the chemical analyses of the water of the various wells and the 
values of the indices of saturation show that the water of the Albian aquifer of Haoud-
Berkaoui is of furring nature. It is not very charged of dissolved gas, its alkalinity is 
entirely due to bicarbonates and the pH of various drillings is neutral or slightly basic.  

The simulation of the flows showed the existence of a temperature gradient, 
variable with depth and reached 16 °C. The concentric pipes taken from the well after two 
years working period were in a very advanced state of degradation presenting perforations 
corresponding to the highest temperature gradient. The analyses of the corrosion scale 
show that they are heterogeneous. The formation of one or another of the products of 
corrosion is closely related to the variation in temperature which affects the physical 
properties of the deposited compounds. This involves detachments of matters and 
appearance of pinholes and consequently, the lifetime of the pipes decreases. 
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