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Abstract

Corrosion is defined as the gradual degradation of materials as a result of reaction with their environment. In
gas and oil sector and during the well life, equipment can corrode at any stage causing enormous losses in time
and money. Inhibiting corrosion while drilling is considered to be one of the best solutions for corrosion, as chemical
inhibition can be acquainted with the drilling fluid itself. The purpose of this paper is to study the effects of corrosion
of steel pipes of different sizes (3.5’, 4.5’ and 5.5’) and discuss the possible inhibition treatments.

In the lab, the change in thickness as well as weight was recorded. Then, the material properties were compared
under the effect of diverse corrosion media conditions (temperature, base fluid, inhibitive fluid). Each sample was
exposed to about 100 hours of corrosion. The final results showed that corrosion rate is the highest when only water
based mud is present in the medium. However, corrosion rate is less severe under ambient temperature conditions
contrary to High Pressure High Temperature (HPHT) medium were corrosion rate was severe (around 4.1 Ibs/ft"2-
year). It was also noted that the corrosion rate is inversely proportional to pipe thickness: as the diameter increases,
the corrosion rate decreases accordingly.

When inhibitor (Conqor 404) is presented, it was observed that the rate of corrosion decreased drastically in the
HPHT medium. Here, another relation can be established: as more inhibitor is injected into the mud, the corrosion
rate reaches an economic margin where high concentration of the inhibitor is not feasible anymore.

Introducing inhibitor (OSL 1) to the mud instead of (Concor 404) will cause the corrosion rate to decrease to a low
state, but higher than the rate achieved while using Concor 404 in same concentration. Mixing both inhibitors (OSL 1
+ Concor 404) together will yield inhibition results better than using OSL 1 alone. Although Concor 404 was proven
to be the best inhibitor when presented in considerably high concertation, it is recommended to use a combination
of Concor 404 and OSL 1 as it has desirable results under HPHT conditions with feasible cost. The final decision

depends merely on the metal type and limiting corrosion rate for that specific metal.
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Introduction

Corrosion is defined as gradual degradation of metal caused by a
chemical or electrochemical reaction with its environment. In oil and
gas sector, components can corrode at any stage in the life of a field
starting from drilling through to abandonment. Recent estimations
showed that corrosion costs the oil industry in US yearly around $170
billion. In general, 50% of the operating expenditures in the drilling
sector worldwide are for taming corrosion in drill pipe and down-hole
equipment. On the other hand, “a corrosion inhibitor is a substance
when added in a small concentration to an environment reduces the
corrosion rate of a metal exposed to that environment. Inhibitors
often play an important role in the oil extraction and processing
industries where they have always been considered to be the first line
of defence against corrosion” (SLB Glossary). Since the corrosion
process is mostly due to the chemical reactions on the surface of the
metal under HPHT condition, water-based mud properties used are
hence of great effect. Mitigating corrosion is a very serious challenge
for the oil and gas industry as it can’t be totally eliminated. Because it is
almost impossible to prevent corrosion, it is becoming more apparent
that controlling the corrosion rate may be the most economical
solution. Thus, the first step to tackle this problem is by determining
the cause of the corrosion itself. This is vital as it helps understand
the mechanism and the process behind corrosion to suggest more
practical and helpful solutions. Nowadays, the urge to drill deeper to
recover larger amounts of hydrocarbons exposes the drillers to High
pressure/High Temperature (HPHT) zones. Wells with temperatures
greater than 300F and pressures of 1000 psig are classified as HPHT

wells [1]. Moreover, using water based muds (WBM’s) will increase the
likelihood of a severe corrosion to happen under HPHT conditions.

Significance

This research is vital to the oil industry as it discusses a problem
that has been ongoing for a long time. Corrosion is causing the oil
companies a tremendous economic loss. In some cases, and in order to
continue the drilling process, the tubing should be changed completely.
There have been a lot of experiments on how to mitigate corrosion;
however, the success rates are still low. Corrosion cannot be inhibited
completely; however, the aim is to control it. Adding special additives
to the drilling fluid or coating the tube with certain chemical are
some ways to stop corrosion [2]. The aim of this research is to subject
various metal samples of different grades to stress and strain similar to
those caused by severe HPHT condition downhole, and compare the
results of two main categories: treated samples and untreated samples.
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The metals are expected to handle more stress when treatment is
applied, proving the efficiency of the corrosion inhibitors compared
to untreated samples. The challenge is to be able to manufacture an
inhibitive chemical that can provide long term resistance as well as
durable adherence on the steel [3].

Methodology

Corrosion needs 4 main elements to happen: anode, cathode,
electrolyte (fluid) and external connection. In case any of these
elements is absent, corrosion will not take place [4]. In our research,
water based mud is the electrolyte of interest. In general, water helps
in speeding the corrosion of metal where the steel itself serves as the
external connection. The rate of corrosion depends purely on the grade
of the metal and the generated potential due the dry cell effect. Oxygen
(O,) which plays an important role in corrosion is only present at the
drilling stage and not in the producing formations. Water and Carbon
dioxide (CO,) injected at recovery operation can cause severe corrosion
of completion string. Also, the presence of hydrogen sulfide (H,S) gases
at HPHT has a major role in the dynamics of corrosion. Thus, finding
the effect of those elements (O,, CO,and H.S) in the corrosion process
is very important to understand corrosion process.

First, the most common element that interfere in the corrosion
process is the dissolved oxygen. The reaction of the iron to the oxygen
contained in water will form iron rust (Figure 1). The equation below
shows the reaction governing the process:

2Fe" +% 0, +H0=2Fe" +20H" (1)

The formed rust is called ferric hydroxide which is characterized
as insoluble.

Fe(OH),
(Precipitate)

Figure 1: Formation of rust due to corrosion of steel.

WATER WITH DISSPLVED CO,

Fe +CO, +H,0 — FeCO,+H,

v

ANODE SITE

2 H,CO,+2e— H,+2HCO
2H2e—H,
2 HCO,+2e— H,+2HCO,>
CATHODE SITE

/j/ﬁ
IRON

Figure 2: Formation of bicarbonate due to iron corrosion.

Fe(s)—> Fe*+2e

While drilling, we will have infinite oxygen as it is an open system
operation, thus the corrosion will not cease. The corrosion rate is
usually higher when the concentration of oxygen is low thus leading
to rust that is impermeable to O, diffusion compared to that at high O,
concentrations.

Second, the presence of dissolved CO, in water causes the steel to
corrode where the rate of corrosion depends mainly on the quantity
of CO, and O, present as well as temperature and composition of the
material. This reaction is weaker than that induced by the presence of
O, for equal quantities. In CO, based corrosion, carbon dioxide reacts
with water to form bicarbonate (Figure 2). The following equation
governs the reaction:

2CO, +2H,0 + 2e- =2HCO” + H, 2)

This equation indicates that the CO,, upon dissolving in water, acts
like an acid. Thus, if we have dissolved CO, and O, combined in water,
stronger corrosion rates will be observed.

Third, dissolved H,S can be corrosive if dampness is present. The
fact that H_S is highly soluble in water creates a weak dibasic acid, which
causes the degradation of iron because of the presence of oxygen. The
reaction will be as follows:

H,S +% 0,=H,0 +2S 3)

The rate of corrosion is controlled by the concentration of the
dissolved gas. If the dissolved H,S is present in low quantities the
corrosion will be severe. However, if the concentration of the dissolved
H.S is very, it might have reverse effect where it will act to inhibit the
corrosion reaction.

When both CO, and H.S are present, while having direct contact
with O,, there will create severe localized corrosion damage causing the
material to crack and fail [5].

To go further with the influence of external factors on corrosion
rate, we should consider the temperature of the medium. We should not
only consider the fact that the reaction rate will increase simultaneously
with temperature, but we should account for solubility and viscosity.
The solubility of gases in water will decrease with temperature increase
as well as the viscosity. However, this is scenario is not true in all cases.
For example, when dissolved oxygen is present, the corrosion rate will
increase with temperature till a critical point then it will start decreasing
with oxygen solubility. If the system is open, the oxygen will escape.
Otherwise, the oxygen will be trapped causing the rate of corrosion to
increase at high temperatures.

As a result of corrosion, weight is expected to decrease and the
weight loss is estimated according to the following equation:

Wﬁnial (4)
Where W, .and W are the weight of each sample before and

after corrosion in grams respectively

Am=W

initial

This allows for the estimation of a parameter: the corrosion rate
according to equation (5) presented below:

am
CR = 37 (grams/day) (5)
Where At is the time of the corrosion process in days.

The inhibitor efficiency is then estimated using the equation
presented in the following:

CR winhibited— CRinkibited
(6)

Inhibitor Efficiency = RunAied 100
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Equ1pm.ent and mat'erlals used . Medium Inhibitor Type COLZZ':::;:M" Temperature
The equipment used in the experiments are: 1 None — base fluid i Ambient
a. (20x) 500 mL plastic bottles 2 None — base fluid - Ambient

3 None — base fluid - Ambient
b.  Weight balance (1/1000g accuracy) 4 None — base fluid B HPHT - 230°F
C. Plastic Trays 5 None — base fluid - HPHT - 230°F

6 None — base fluid - HPHT - 230°F

d.  OFITE HTHP fluid loss double end- cap
e.  Conducting wires

f. Steel modified-stem

g.  Heating jacket

The materials used in the experiment are:

a. (1x) Corrosion rings of size 3.5”

b.  0.5%, 1%, 1.5% HCL solution

c. (1x) Corrosion rings of size 4.5

d. 0.5%, 1%, 1.5% Concor 404 solution

e. (3x) Corrosion rings of size 5.5

f. 0.5%, 1%, 1.5% OS1-L solution

g.  Laboratory formulated Water Based Mud
Preliminary Procedure (Pre-experimentation)
Safety measurements

This experiment requires direct contact with synthetic chemicals
which can hurt whoever is utilizing it. Inspecting the material safety
data sheet (MSDS) of the chemicals utilized in this research is required.
The MSDSs proved all the vital information on how to deal with the
chemicals and how to act upon being exposed to those solutions. The
MSDSs for the chemicals that will be used in this research will be
provided in the Appendix [6].

Phase 1

Solution preparation: In the laboratory, a drilling water based
fluid was prepared using mainly Drill water, Barite and Bentonite.
Other additives such as NaCl, Flowzan, Soda Ash and Fine CaCO, were
used as well. The properties of the formulated mud are summarized in
Table 1 below. Different corroding solutions with varying composition
were prepared and stored in plastic vessels as shown in Table 2.

Material preparation: The samples were prepared specific for each
medium. The 3 corrosion rings were cut into 4 pieces in Texas A&M
University - Qatar machine shop. The initial weight of each sample was

Rheology Temperature 120°F
Gel at 10 seconds 14 1bs/100 sq ft
Plastic Viscosity (PV) 24 cP
Yield Point (YP) 30 Ibs/100 sq ft
YP/PV Ratio 1.25
Funnel Viscosity 59sec/qt
HTHP 230°F/500 psi Differential Pressure
API Fluid Loss 100 psi/30 minutes
Low gravity solids 8%
Mud Weight 12.00 ppg
pH 9.8
Chlorides 200 mg/L

Table 1: Initial test results for the water base mud properties.

Table 2: Different medium used in the reserach set-up for phase 1.

Medium Inhibitor Type Co::::I:tl::{ion Temperature
1 Concor 404 0.5 HPHT - 230°F
2 Concor 404 1 HPHT - 230°F
3 Concor 404 1.5 HPHT - 230°F
4 0S1-L 0.5 HPHT - 230°F
5 OS1-L 1 HPHT - 230°F
6 Os1-L 1.5 HPHT - 230°F
6 Conqor 404+ OS1L 0.5 HPHT - 230°F
8 Congor 404+ OS1L 1 HPHT - 230°F
9 Conqor 404+ OS1L 1.5 HPHT - 230°F

Table 3: Different medium used in the research set-up for phase 2.

measured using a high accuracy electronic balance. The purpose of the
Initial weights is to determine the loss after all exposure and treatment
operation. This will also help us understand how the condition of each
set-up affects the corrosion rate. One sample (1/4 of a corrosion ring)
was immersed in each of the mediums described in Table 2 [7].

Phase 2

Solution preparation: Table 3 below shows the solutions prepared
for Phase 2 experimentation.

Material preparation: Only the corrosion ring of size 5.5” is used
in this phase. Two corrosion rings were into 4 identical pieces in Texas
A&M University — Qatar machine shop. Reasons for only using this
size will be presented in the analysis.

Experiment conduction: Each sample of mud will contain each size
of corrosion ring to determine corrosion accumulation and inhibition
based on the size and type of corrosion ring. After approximately 100
hours of exposure, all corrosion rings will undergo the same procedures
of inspection for the evaluation of the results.

Results and Discussion
Experiment 1

The weight of each sample was recorded before being immersed in
the corrosion mediums and after their removal and cleaning. Tables
4-6 shows the data collected corresponding to corrosion rings of sizes
3.57,4.5” and 5.5” respectively.

Experiment 2

Similarly, the weight of each sample was recorded before and after
immersion and removal of each sample from the corrosion media.
Tables 4-6 show the data collected corresponding to corrosion rings of
sizes 3.5”,4.5” and 5.5” respectively (Tables 7-9).

Experiment 1: From the weight data collected, the weight was
estimated using equation (4) and the corrosion rates and inhibitor
efficiency were also estimated using equations (5) and (6) of the theory
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section respectively. The results for corrosion ring sizes 3.57, 4.5” and
5.5” are shown respectively in Tables 10-12.

Two samples of 3.5” corrosion rings were tested under ambient and
HPHT conditions. Only water based mud was presented without any
type of inhibition. The corrosion rate was severe in HPHT medium
(4.1 Ibs/ft 2-year) compared to ambient temperature conditions (2.2
lbs/ft 2-year). However, the corrosion rate was determined to be less

Corrosion Ring of Size 3.5”

Medium W, ... (grams) W, ., (grams)
1 16.962 16.320
4 16.050 14.832
Table 4: Weight data for corrosion ring 3.5".
Corrosion Ring of Size 4.5”
Medium W, i (Qrams) W, . (grams)
2 20.099 19.325
5 19.482 18.211
Table 5: Weight data for corrosion ring 4.5".
Corrosion Ring of Size 5.5”
Medium W, i (Grams) W,...(grams)
3 57.840 56.520
6 61.193 59.011
Table 6: Weight data for corrosion ring 5.5".
Corrosion Ring of Size 5.5” with Concor 404
Medium W, .. (grams) W, .. (grams)
1 59.090 58.001
2 62.295 61.416
3 60.283 59.928

Table 7: Weight data for corrosion ring 5.5" with concor 404.

Corrosion Ring of Size 5.5” with 0S1-L

Medium W, i (grams) W, . (grams)
4 60.790 59.389
5 58.708 57.354
6 60.855 59.884

Table 8: Weight data for corrosion ring 5.5" with OS1-L.

Corrosion Ring of Size 5.5” with Concor 404 + OS1-L

Medium W, i (Grams) W, . (grams)
7 59.735 58.382
8 59.151 57.98
9 59.819 59

Table 9: Weight data for corrosion ring 5.5" with concor 404 + OS1-L.

Corrosion Ring of Size 3.5”

Medium Weight loss Exposure Time Corrosion rate
(grams) (hours) (Ibs/ft’-year)
1 0.642 99.08 2.2
4 1.218 99.87 41
Table 10: Corrosion rates for corrosion ring 3.5".
Corrosion Ring of Size 4.5”
Medium Weight loss Exposure Time Corrosion rate
(grams) (hours) (Ibs/ft’-year)
2 0.774 99.08 2
5 1.271 99.87 3.2

Table 11: Corrosion rates for corrosion ring 4.5".

Corrosion Ring of Size 5.5”

Medium Weight loss Exposure Time Corrosion rate
(grams) (hours) (Ibs/ft?-year)
3 1.32 99.08 1.8
6 2.182 99.87 29
Table 12: Corrosion rates for corrosion ring 5.5".
Corrosion Ring of Size 5.5” with Concor 404
Medium Weight loss | Exposure Time Corrosion rate I.n'hibitor
(grams) (hours) (Ibs/ft-year) Efficiency (%)
1 1.089 99.9 1.5 48.2
2 0.879 99.78 1.2 58.6
3 0.355 100.67 0.5 82.7

Table 13: Corrosion rates for corrosion ring of size 5.5” with concor 404.

Corrosion Ring of Size 5.5” with 0S1-L

Medium Weight loss = Exposure Time Corrosion rate I_n!1ibitor
(grams) (hours) (Ibs/ft’-year) Efficiency (%)
4 1.401 100.57 1.9 34.4
5 1.354 100.43 1.8 37.9
6 0.971 100.22 1.3 55.1

Table 14: Corrosion rates for corrosion ring of size 5.5” with OS1-L.

Corrosion Ring of Size 5.5” Concor 404 + OS1-L

Medium Weight loss | Exposure Time Corrosion rate I_n!'libitor
(grams) (hours) (Ibs/ft>-year) Efficiency (%)
7 1.353 100.97 1.8 37.9
8 1.171 100.73 1.6 44.8
9 0.819 100.5 11 62

Table 15: Corrosion rates for corrosion ring of size 5.5” with concor 404+0OS1-L.

for larger corrosion ring sizes for both mediums with higher rate in the
HPHT medium.

The bargraph below allows us to draw a general conclusion relating
corrosion rate with corrosion ring size. It is noticeable that the corrosion
rate decreases with bigger size as it gets hard to corrode all the metal
for same exposure time. Increasing the temperature will accelerate the
corrosion process especially for small ring size (3.5”) leading to a high
and severe corrosion rate [8].

Experiment 2: Based on experiment 1 results, we assume that the
corrosion rate decreases with size but increase with temperature. Thus,
in this experiment we focused on the large ring size only under HPHT
conditions to test different inhibition treatments while expecting to
project the results onto the other sizes. Similar to the calculations done
to obtain the results of experiment 1, weight loss, corrosion rate, and
inhibition efficiency were obtained for the studied samples. Tables 13-
15 show the impact of using different inhibitors combinations with
different concentration on the corrosion rate (Figure 3).

In this experiment two different inhibitors were used. Inhibiting
with concor 404 was the most efficient with increasing efficiency
of inhibition up to 82 % for high concentrations. The corrosion rate
without inhibition was around 2.9 lbs/ft 2-year; almost 6 times higher
than when maximum inhibition is applied. On the other hand, using
OS1-L, another type of inhibitor, reduced the corrosion rate to 1.3 Ibs/
ft 2-year for 1.5 ppb inhibitor concentration. This rate is almost three
times higher than the rate when Concor 404 is applied. On the other
hand, combining both inhibitor will yield and efficiency of 62% at
maximum inhibitor concentration; a value that lies between Concor
404 and OSI-L efficiencies. A plot of corrosion rate versus different
types of inhibitors and concentrations can be found below [9] (Figure 4).
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Corrosion Rate vs. Corrosion ring size for different mediums

M Ambeint Temperature ¥ Room Temperature

Corrosion Rate (Ibs/ft"2-year)

0 [ S
35 45 55
Corrosion Ring Size (inch)

Figure 3: Corrosion rate for different ring sizes in varying temperature.

Corrosion Rate Vs. Inhibitor Concentration

3 —@&— Concor 404
0S1-L
Concor 404 + 0S1-L

Corrosion Rate (lbs/ft*2-year)

0 0.2 0.4 0.6 0.8 1 1.2 14 16
lhibitor Concentration (ppb)

Figure 4: Corrosion rate versus inhibitor concentration.

In order to recommend an inhibition treatment, a balance between
cost and efficiency should be achieved. While one of the treatments
is the most cost-effective, others could be enhanced to be more cost-
effective. The goal is to achieve the desired level of service at the least
cost. In our case, the price of Concor 404 is estimated to be almost 10
time more than that of OS1-L. The acceptable rate of corrosion can
range from 1 to 2 lbs/ftA2-year while Concor 404 achieves 0.5 bs/ftA2-
year at 1.5 ppb concentration. Having a recommended concentrations
of ppb, and combing Concor 404 and OS1-L will yield 1.6 2 Ibs/ftA2-
year corrosion rate which is tolerable. This combination saves money
while maintaining integrity of the corroded metal.

Conclusions

This research focuses on corrosion inhibition treatments for
various pressure and temperature conditions. Steel pipes are the most
commonly used for oil and gas wells due to their low cost and high
performance. During drilling, these steel materials are under very
corrosive conditions due to elevated temperatures and pressures
as well as exposure to CO, and O,. Thus, an appropriate inhibitor
should be used to prevent corrosion from affecting the integrity of the
pipes. Various inhibitors were presented which are used as inhibitive
chemicals for steel materials under HPHT conditions.

The following conclusions were made:
a. Efficiency is not the sole factor in treatment selection.

b. Detailed economic analysis including the cost effectiveness is
required to successfully manage corrosion.

c. The most efficient and economic treatments amongst the
different tested inhibitors was the chemical inhibition through using a
mixture of Concor 404 and OSI1-L.

Some of the limitations faced throughout this experiment are listed
and particularized below:

a. Monitoring the values of thickness and weight periodically while
performing the experiment was not possible due to time constraints.
Cleaning each sample multiple times and measuring data in consistent
time steps is a tedious process. However, if this was done, it would have
allowed as to predict a correlation that can relate the corrosion rate
with time under certain pressure and temperature conditions.

b. Introducing H,S to the experiment was not allowed in Texas
A&M Labs due to safety concerns. This would have allowed us to
simulate downhole conditions of a reservoir in credible criteria.

On other note, some errors were also observed in the experiment
mainly due to the interaction with the studied samples which might
have altered the results a little bit. These errors, however, won’t change
the general trend of the observed results.

Recommendations

The following is recommended: The research should be further
developed to study the effects of H,S and CO, on corrosion rates along
with temperature and pressure. A study for the composition of Concor
404 and OS1-L should be done to see why OS1-L is hindering the
efficiency of Concor 404 compared to its presence alone.

Different treatment methods other than chemical inhibition should
be evaluated and compared for efficiency and cost effectiveness.
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