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ABSTRACT

Elevated temperature, whether it is introduced to formation as a part of opera

tional requirements (e.g. steam injection, in situ combustion, etc) or it exists because 

of the internal heat of the earth (geothermal fields, deep gas wells, etc.) brings unique 

problems to casing design. Recently increased interest in elevated temperature envi

ronments creates the necessity to revisit the design parameters of casing.

Traditionally three scenarios are considered when the selection of casing is being 

made: failure due to external pressure (collapse), internal pressure (burst) and axial 

stress. Burst and axial stress cases are better understood than collapse. Cross sec

tional collapse of a tubular is a complex phenomena because of all the different modes 

of failure associated with it. This creates the motivation to investigate collapse loads 

in elevated temperature environments for this study.

The investigation of the effects of high temperature on design parameters was 

done in two stages. Elevated temperature material properties were examined and 

changes in stress distribution were determined with varying external pressure and 

temperature. Different loading scenarios were simulated using a FEM which proved 

to be a versatile and accurate tool for simulating wellbore loads in previous efforts.

The examination showed that steel properties at elevated temperatures are af

fected greatly by the elemental composition and metallurgical treatments. The yield 

strength of steel seems to show resistance to deterioration when there is enough free 

nitrogen in steel (e.g. J-55). It was also shown that steels without free nitrogen (e.g. 

P-110) show less resistance to the reduction in yield strength.

The results obtained from the simulations revealed that when the external pressure 

is above 8000psi, the temperature difference does not contribute to effective stress 

as long as it is below 200° F. When the temperature difference exceeds 400° F, von 

Mises stress is dominated by axial stress from the temperature.
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INTRODUCTION

The cost of a casing program can constitute up to 30% of all expenses of an oilfield 

well (Brand et al, 1995). A poorly planned casing possesses the risk of failure which 

might increase non-productive time (NPT) spent and create situations that might 

endanger personnel, the environment and equipment. Hence, the selection of casing 

should receive the utmost attention from a well planner.

Generally, the selection of a casing is done by using the design relation below:

Casing Strength  ^  (Safety  Factor) x (Load — Backup)

The definition of items in this relation are handled differently by each design 

system, but the general purpose of the equation is to find a casing that has the 

strength to handle net force applied on it without failing. W ith that being said, 

determining an accurate value for the strength of a casing or the expected net load 

is usually not an easy task.

Various investigators, including American Petroleum Institute (API), have ex

amined the property and the strength of oilfield casing. Current literature holds 

numerous publications including papers, specifications and technical reports on de

termining the strength of an oilfield casing. Examining these publications reveals 

that the strength of a pipe depends on many variables including the strength of steel, 

geometry (wall thickness, outer diameter), manufacturing flaws (eccentricity, ovality, 

notches, etc.) and so on. Most of these properties can be measured and included into 

strength calculations. Thus, a solid representation of strength can be obtained using 

some of the available methods.

On the other hand, calculating the load side of the equation is not as easy as the 

strength side. When determining the expected load many factors should be considered 

such as pressure regimes, geomechanic forces, type of formations, properties of fluids
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inside these formations, temperature profiles and so forth. Unfortunately, most of 

this information about a well does not exist while the casing is being planned, so 

there is always some uncertainty associated with the design.

This thesis will focus on the collapse aspect of casing design with weight given to 

high temperature environments. The collapse of a casing is one of the most common 

failure types which might be caused due to excessive external pressure, horizontal 

stresses in formations, or plastic formations (salts, soft shales, etc.). Previous thesis 

work done at Colorado School of Mines by Berger (2003), Fleckenstein (2000), Ro

driguez (2002) disregarded the effects of elevated temperature on stress distributions. 

This might not be a valid assumption when formation temperature is expected to be 

higher than 200° F and further investigation should be performed.

The objective of this study is to reveal changes in stress distribution of a casing 

when temperature increase is combined with external pressure. This will be done 

via construction of an axisymmetric finite element model of a casing with an outer 

diameter of 5.5 inches and weight of 23 pounds per foot (#  or ppf). ANSYS software 

will be used to create and solve the model.

The secondary objective is to examine the material properties of steel at elevated 

temperatures. It is known that most steel properties (strength, coefficient of ther

mal expansion, modulus of elasticity, etc.) are functions of temperature. Generally 

changes in these properties are ignored during the design of conventional oil and gas 

wells which might create significant errors in calculations when dealing with high 

temperature environments.
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CHAPTER 1 

BASICS OF CASING DESIGN

Casing can be defined as a relatively large tubular that is lowered into a well and 

cemented in place. There are many reasons to use a casing but these two functions 

that stand out:

1. Casing provides a hydraulic isolation between formation and the wellbore.

2. Casing keeps the structural integrity of the well by supporting stresses induced 

by various operations and formation throughout the life of the well

As soon as a hole is drilled, the stress state of the formation around the wellbore 

is altered. This may cause formation to cave in if there is not enough support pro

vided by the drilling fluid. W ith increasing depth, generally formation pore pressure 

increases as well. This requires using a higher weight drilling fluid to balance the for

mation pressure which increases the hydrostatic pressure exerted on formation face. 

While a heavier mud helps keep the structural integrity of deeper formations, it may 

damage shallower and weaker formations by fracturing them. Therefore to be able to 

maintain a safe operation, placement of a casing is necessary in conventional drilling.

Placing and cementing a casing is the most common way of handling wellbore 

problems. A proper selection of casing is necessary for keeping the wellbore intact 

and allow drilling to continue. Also casing must be able to hold the forces created 

due to operations such as completion, production etc. A planning system that inputs 

all aspects of loading scenarios should be used to minimize the cost of casing string 

while providing a trustworthy design

There are many design procedures proposed in the past. Some of them are still 

valid and are being used while some of them are relatively new and promising. The 

next section provides descriptions of variables in casing design and a summary of 

different design techniques.
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1.1 D esign P rocess

Although different methods follow different paths to reach a final design, their 

starting point is the same. First, the nature of the loads is identified. Then, a 

tubular string is chosen that would be able to withstand defined loads which can be 

quantified by its resistance or strength. A discussion will be given regarding loads 

and capacities in the next two sections.

1.1.1 Loads

During the life of a well, casing is exposed to various conditions tha t create loads 

acting on it. Generally these loads are classified in three groups:

A xial Load: Caused by any force applied along the axial direction. Most commonly 

known example of this type of load is the stress caused by the weight of a casing. 

Also, uncemented sections of a casing that are subjected to temperature increase 

commonly produce axial stress when they are not allowed to expand.

In te rn a l Load: It is induced by the fluid pressure inside a tubular and generally re

ferred to as “burst” pressure. Cementing, fracture treatments that are pumped 

down a casing or extensive pressure caused by a kick are common situations 

that produce internal loads.

E x te rn a l Load: Interchangeably used with collapse load. A common cause for this 

type of loading is a fluid column that exists outside of a tubular with little if any 

internal pressure. External loading is also seen in a pinching formation such as 

creeping salt layers. Any condition that creates a load on the outside of casing 

is considered as an external loading case.

Generally more than one type of load is received by a casing because of the nature of 

oil well operations. A good example would be cementing of a casing string. While the
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cement is injected down the casing, it creates an internal load. Meanwhile the weight 

of the casing creates tension in the axial direction. In this situation both loading 

conditions co-exist and are highest at the top.

1.1.2 Strength of Casing

The strength of a casing is considered as the load that could be supported without 

causing failure. It is defined for each casing by the inner and outer diameter, wall 

thickness, material grade.

In casing design, unlike material sciences, plastic deformation is also considered a 

failure. A plastically deformed casing might not permit some operations where casing 

geometry is an important factor.

The American Petroleum Institute (API) defined casing property calculations 

within a technical report called the API 5C3. The latest version was published in 

2008 and contains calculations and equations for oilfield tubular goods. Performance 

of a casing is examined in four categories in API 5C3:

1. Pipe body yield strength: Yielding of pipe body is a special case of triaxial 

pipe body yielding where all stresses are ignored except the axial stress. Axial 

stress caused by the axial force acting on the tubular which is generally weight 

of the pipe. API (2008) stated that triaxial yield of pipe body follows von Mises 

failure criteria. I t ’s a combination of radial and circumferential stresses defined 

by Lame’s equations, uniform axial stress without bending, Timoshenko’s beam 

axial bending stress and torsional shear stress due to rotation.

2. Internal yield of the pipe body: A PI’s historical formula employs Barlow’s equa

tion for pipe yield which does not apply to conditions where axial loads exist, 

it doesn’t account for capped end effects or non linear material hardening also 

known as Bauschinger effect. In order to account for all the conditions ignored 

in the former versions API made an effort to include these effects by using a
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ductile rupture model. Ductile rupture gives a better and more accurate de

scription of failure resistance since it can model plastic behavior of the pipe and 

takes imperfections into account.

3. External pressure resistance: API (2008) stated that there is no equation that 

defines the cross sectional collapse phenomena in a theoretical way in the whole 

range of oilfield tubular goods. Instead of using an analytical approach, API 

has taken a hybrid approach for defining the external pressure resistance of a 

pipe. This approach consists of equations that combine theoretical equations 

and empirical equations derived from experimental results. Equations presented 

in the specification assume that axial stress does not exist in the samples that 

were used to determine the data points. If axial load effects are to be included, 

it is recommended by API (2008) to use a formula derived from Hencky-von 

Mises maximum strain energy of distortion.

4. Joint strength: Resistance of a threaded coupling against structural failure is 

defined as joint strength. There are two types of failure mechanisms generally 

for joints; yielding or fracture/jump-out. There are three types of threads ac

cepted by API; round thread, buttress tread and extreme line. Strength equa

tions presented in API (2008) are combinations of theoretical and statistical 

approaches.

1.1.3 A ssum ptions and Lim itations

Calculations and formulas defined by API (2008) are obtained by imposing as

sumptions and limitations to make them simple and meaningful. These assumptions 

presented below as they are listed in the specification.

1. Equations used to calculate radial, circumferential, bending and torsional stresses 

presume that pipe structure consist of inner and outer surfaces that are con-

6



centric and circular.

2. Yield strength of the material that the pipe is made out of has the same value 

for all the direction of the reference system. Material properties such as Young’s 

modulus and Poisson’s ratio are identical in all directions regardless of the stress 

state.

3. Residual stresses caused by the manufacturing processes are assumed to be 

negligible and are ignored.

4. Instances where the outer pressure is greater than the inside pressure the pipe 

cross section might collapse before yielding. Similarly, when axial stress is 

negative, the pipe might buckle as a column prior to yield.

5. In the ductile rupture calculations, the pipe material is assumed to have enough 

toughness such that the deformation of pipe is through ductile rupture, not 

brittle in situ conditions. Also, ductile rupture calculations do not include 

bending stresses so they are not valid when a pipe is bent.

6. For external pressure resistance calculations, the effect of bending stresses are 

not included and the decision to include them is left to the user.

7. Joint strength calculations ignore the possible existence of external or internal 

pressure. The effect of casing curvature on joint strength is also ignored.

1.2 D esign Techniques

A design process should confirm that a designed structure is able to support 

the predicted loads and forces throughout its service life. Before starting the actual 

design, as much data as possible should be gathered that is associated with the design, 

such that loads can be predicted accurately. Some of these are:
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1 . Pore pressure and fracture gradient: Abnormally pressured zones, mud weights 

used

2. Casing size, type and setting depths: Purpose of the casing, method of setting 

the casing

3. Directional well trajectory: Dogleg severities, any sudden changes in curvature

4. Temperature profiles: Geothermal gradient, abrupt temperature changes, max

imum temperature

5 . Cement programs: Cement properties, densities, cement tops

6 . Completion method: Completion plans, injection pressures, packer fluid prop

erties

7. Reservoir characteristics: Pressure, depth, formation fluid properties

8 . Corrosive materials: Existence of H2S  and/or CO2 , concentrations

While some of these input parameters mentioned above may readily be at hand or 

can be acquired easily, some of them must be estimated. The accuracy of these 

estimations is very important since calculations of design loads are based upon them. 

Any large uncertainty may lead to an over or under design.

Under designing a casing string can lead to the failure of the casing and can 

compromise the safety of crew and equipment. On the other hand, over designed 

casing is not likely to fail but can cause an inflated design cost or occasionally increase 

the risk of damaging rig equipment (e.g. elevators, slips) due to the excessive weight 

of the string.

1.2.1 W orking Stress Design

Working stress design (WSD) is one of the oldest and the most commonly used 

approach in casing design. To accompany the unpredictable nature of the loads and



flaws introduced during the manufacturing processes, a safety factor is used.

The maximum stress that a designed structure can handle is determined by divid

ing design strength of the material by a predetermined safety factor. This concept is 

usually referred to as working stress. Another common practice mentioned by Aad- 

noy et al. (2009) is to multiply the load by the safety factor which is usually referred 

as factored load.

In WSD, design strength is always the minimum strength of the material. In 

addition, a design is always maintained in the elastic region of material which means 

that when the actual load exceeds the design strength, the tubular will start to yield. 

The designed structure, even though it’s in the plastic region, will not necessarily fail 

catastrophically.

Although WSD is relatively easy to use and widely accepted, it introduces major 

limitations. Perhaps the most important drawback of WSD is that there is no risk 

assessment. Every possible load has the same probability of happening which is rarely 

the case. Some loads occur more frequently than others. This leads to overdesign of 

the casing string which inflates the costs.

Not being able to quantify the risk is another issue with WSD. Aadnoy et al. 

(2009) mentioned tha t due to the “masking nature” of the design factors, the risk- 

consequence relationship is lost. The same design factors are used for a well close to 

a populated area and a well in a remote area. The consequence of a failure in a well 

close to a populated area is higher that a well in a remote location but WSD is not 

capable of integrating this risk into the design accurately.

1.2.2 Limit States Design

In limit states design, structure is designed to a limit rather than expected stress. 

Two types of limits are usually considered; ultimate strength of the material and 

serviceability limit.
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In limit stress design, the strength side of WSD is replaced by a limit state func

tion. Safety factors are still used on the load side because of the uncertainties in 

magnitude of the load, frequency of occurrence and so on.

Unlike WSD where the strength of a tubular is calculated using its geometrical 

features and minimum properties, the limit state function inputs imperfections based 

on the inspections and minimum wall thickness. A model introduced by Klever & 

Stewart (1998) can be used for burst design calculation which uses imperfections and 

strain hardening behavior that happens in plastic region of material.

In practice, it is sensible to use limit states design in conjunction with working 

stress design. Frequent loads can be represented with WSD where infrequent loads 

such as loads caused by a kick, can be included in limit state part of the design.

1.2.3 R eliability-Based D esign

Reliability-based design approach is a system where variables used in designing 

process are considered a random variable with a probability distribution. All of the 

uncertainties and frequencies of occurrences are defined in a fashion that probability 

distributions assigned to them reflects a realistic pattern.

Some variables are easier to predict. For example, the part of the design tha t 

determines tubular resistance relies on the strength calculations that inputs physical 

properties of tubular such as the geometric shape of the tubular and material prop

erties. These physical properties can be easily measured for a sample group that is 

large enough to represent these properties for the rest of the population. Examples 

of this quantification are wall thickness, yield strength, diameter, etc.

On the other hand, it can be harder to determine a probabilistic distribution for 

loads encountered during the life time of the well. These loads depend on many 

unknown variables such as pore pressure values of drilled formations, stresses tha t 

exist in the formation, frequency of occurrence of kicks and so on. Payne & Swanson
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Figure 1 .1 : A General Representation of Load and Capacity Distribution and Defini
tion of Risk, after Payne & Swanson (1990).

(1990) mentioned that the data acquired from previous wells and prediction methods 

should be used to obtain maximum loads and their occurencefrequency.

After distributions are constructed, they are compared to each other. Intersection 

of tails is defined as the risk of tubular failure where the load overwhelms the strength 

of the casing (See Figure 1.1). A shortcoming of this method was brought to attention 

by Aadnoy et al. (2009). They stated that Monte Carlo type of simulators should 

not be used if the probability of failure sought is less than i/iooo since a reliability of 

1 0 ~æ requires 1 0 æ +2 trials to achieve representative results.
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CHAPTER 2 

LITERATURE REVIEW

This section is for the review of the literature related to casing design with weight 

given to the tubular collapse under mechanical and thermal loads. After a brief 

summary of current state of the standards, selected papers and dissertations are 

examined for their content on collapse phenomena in tubular s. Finally the effects of 

thermal loads on casing design will be examined.

2.1 Standards on Casing Design

First standards on determination of casing strength and physical limitations were 

released by American Petroleum Institute (API) in 1960’s. Emphasis was given on 

the technical report API TR 5C3 which is a follow up of the bulletin that goes by the 

same number.

API TR 5C3 contains the formulas and calculations of the strength values of 

oilfield tubular goods. Formulas used to determine collapse strength of a tubular are 

derived from Lame’s stress equation for thick walled cylinders and a series of data 

obtained from numerous tests where an API grade casing was subjected to an external 

load until failure occured. Formulas derived this way remain the same in the latest 

version of the report which was published in 2008.

An attem pt was made to bring the standards up to date in a report published 

by a technical committee formed by Drilling Engineers Association (DEA). The re

port called DEA-130 was prepared to improve the current standard’s short comings. 

The report prepared by DEA (2002) explains that API’s equations are based on ex

periments that were done over a half a century ago and were flawed because of the 

limitations of the samples and experimental equipment. Also tubular manufacturing 

methods have improved over the last 2 0  years significantly which is another deficiency
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of API’s data set.

Despite the fact that DEA’s report was published before the last revision of A PI’s 

standard, API’s historical calculations remain unchanged.

Another limitation with A PI’s formulas is that the temperature effects are ne

glected. The API (2008) recommends that users should include temperature related 

stresses to calculations in the form of an axial load into triaxial calculation. But no 

consideration is given to yield strength reduction at elevated temperatures

2.2 Collapse Phenom ena

After the review of standards, a research effort was conducted to understand the 

current position of petroleum industry regarding the design of casing with collapse 

emphasis.

As mentioned before, formulations provided by the API do not apply to the in

stances with temperature changes, point loads or tubular surrounded by a cement 

sheath and formation.

A coupled cement sheath and formation significantly reduces stresses created by 

internal pressure applied on the casing. Fleckenstein (2000) reported that a casing 

is subjected to reduced effective stress due to radial stress that is transferred to the 

cement. Collapse resistance of the casing is also increased by the cement sheath tha t 

surrounds it. Rodriguez (2002) reported that a significant reduction in the effective 

stress within casing body is observed when a cement sheath provides support to 

casing.

Berger (2003) conducted a study similar to Rodriguez’s research. He examined the 

effects of different scenarios on stresses caused by external pressure. These scenarios 

include effects of pore pressure decline, eccentric casing inside cement sheath, voids 

formed by sand production or imperfect cement job. He came to the conclusion tha t 

even severely eccentric casing (90% eccentricity) increases effective stress only by 9%.
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But a  void in formation or cement sheath can reduce collapse resistance up to 60% 

depending on the difference between horizontal formation stresses and pore pressure.

Issa & Crawford (1993) introduced a new equation for collapse strength calcula

tion. They used a non-linear finite element model to simulate the collapse of tubulars 

under uniform loading. Their model can handle variations in diameter and wall thick

ness ratio, material yield strength, ovality and eccentricity. Their results show th a t a 

slight increase in ovality or eccentricity decreases, the collapse resistance of a tubular 

significantly. They also compared collapse test data and results obtained from finite 

element analysis and stated th a t excellent agreement was obtained.

Deng & Shyu (2010) argued th a t formulations provided by API standards for 

tubular resistance calculations are derived from outdated data. According to them 

the API formulas under predict collapse strength. They also stated th a t von Mises 

failure criteria based on mechanical elasticity theory which ignores imperfections, 

over-predicts the collapse resistance up to  8 8 % above test value. They proposed a 

model tha t combines finite element analysis (FEA) and stochastic analysis. In their 

study, they found out tha t material properties like Young’s modulus and Poisson’s 

ratio has little or no effect on the maximum calculated stress (MCS). However ovality, 

eccentricity, wall thickness has a large influence on MCS (See Figure 2 .1 ).

Klever & Tamano (2006) claimed th a t they developed a set of formulas for collapse 

strength calculations th a t are better a t handling combined loads as compared to the 

API formulations. They claimed th a t their model predicts collapse strength better 

than  other publicly available tubular collapse models when a collapse test data  set 

was used for comparison. Their model can also accounts for imperfections caused by 

manufacturing processes.
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Figure 2 .1 : Sensitivity of Stochastic Finite Element Analysis to Various Inputs, After 
Deng & Shyu (2010).

2.3 T herm al Effects

Temperature increases, whether caused by in-situ conditions or injected hot fluids, 

cause expansion of the casing. When hanging free, this expansion causes casing to 

elongate. Heating a restricted casing, on the other hand, will develop compressive 

stress.

Willhite & Dietrich (1967) were one of the first ones to investigate effects of 

increasing tem perature downhole by steam injection. They stated th a t most of the 

failures in California injection wells occurred in joints. They claimed tha t the failures 

were caused by a condition called “hot yielding” which is basically straining of casing 

in plastic region due to thermal stresses. The problem with hot yielding is the reversal 

of stresses in production phase. When casing cools down, yielded casing is stressed 

in tension and joints part when the stress is great enough (see Figure 2 .2 ).

They also mentioned tha t long sections of unsupported casing become buckled 

under thermal loads whereas shorter intervals fail uniformly under compression. They 

proposed using tubing with calcium silicate insulation inside the casing annulus to
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reduce the transfer of heat therefore by reducing the temperature rise within the 

casing.

Maharaj (1996) examined a set of wells where steam injection is used to increase 

the recovery. He reported that older wells with K-55 grade casing strings as well 

as newer wells with N-80 grade casing strings failed due to the stresses induced due 

to temperature differences during steam injection and production. Maharaj also 

mentioned that kill fluids used during workovers cause rapid cool down of the casing 

thus leading to premature failures. He suggested pre-stressing casing in tension to 

cancel compressive stresses and centralizing casing in cement as much as possible to 

avoid casing failures.

Wu et al. (2005) discussed the same key points in steam injection casing design. 

They suggested using high strength casing grades such as P-110 and Q-125 when 

the expected temperature difference between initial condition and injected steam 

temperature is above 400° F. They also proposed using a thermal wellhead to reduce 

the well head loads by letting it move with thermal expansion. Also they mentioned 

pre-tensioned casing would reduce thermal loads while centralizing the casing would 

reduce failures due to buckling in uncemented sections.

Wu Sz Knauss (2006) developed an analytical model that can predict the contact 

pressure generated by thermal expansion between casing and cement boundaries. 

Examining their results reveals that forces generated during thermal operations due to 

temperature increase may crack the cement sheath and formation. As a consequence, 

the cement loses its ability to seal the annulus and support the casing.

Wu et al. (2008) presented their study of steam injection wells from a point of 

view of casing failures. A series of data from Bakersfield, California thermal recovery 

wells were included in their paper. During the span of the data which starts from 

1992 and continued into 2002, 69 out of 370 wells were reported to be failed. Out of 

these 69 wells, almost half of them are reported to have buckled or collapsed sections.
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Figure 2.2: Stress Path of an Axially Constrained Casing Subjected to Steam Injec
tion, after Willhite & Dietrich (1967).
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When the casing is cooled down during production, tensional stress is introduced. If 

casing does not fail under this tensile load, its collapse strength is reduced greatly 

because of the tensional stress.

Shahri et al. (2005) conducted a study that examined stresses in cement sheath 

in cemented casings. A F EM was constructed to observe the changes in stress with 

changing temperature and pressure. They observed a possible failure of bond between 

casing and cement when Young’s modulus of the casing and cement are dissimilar. 

According to the authors, failure in the cement is strongly affected by wellbore tem

perature, cement thickness, casing eccentricity and casing diameter.

Maruyama et al. (1990) conducted tests on casing body and connections. In their 

experiments, casing strings were heated to temperatures between 2 0 0 ° C and 354° C 

and checked for their stress cycles. They also conducted bi-axial tests on casing to 

study the effects of axial stress on collapse resistances. These authors found that the 

compressive thermal loads at 300° C and 354° C were essentially the same. They also 

observed an increased stress relaxation with increased temperature. Another outcome 

of their experiment was that for lower grade tubular, the elastic limit is higher in 

higher temperatures. The authors believed that this behavior can be explained by 

the work hardening properties of pipe.

In bi-axial experiments, they observed that the data gathered in collapse tests of 

quenched and tempered type of pipes had a very good fit with API bi-axial collapse 

formula. On the other hand, hot rolled pipes grades such as K-55 exhibited work 

hardening behavior and deviated from API bi-axial collapse formula. In fact, they 

performed better than what API bi-axial collapse model would predict.

Bour (2005) investigated the cement sheath failures in cyclic steam injection wells. 

He stated that cement integrity holds a critical importance in steam injection oper

ations where cement should seal the annulus and prevent steam from escaping into 

other zones. The author pointed out that the success of cement is dependent upon
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the mechanical properties of the formation across from the cement. If a formation 

is very soft or has a low modulus of elasticity, the cement is left unsupported when 

the casing and cement expands thermally. He argued tha t using high-compressive 

strength cement is not useful in heated wellbores. The author stated tha t cement 

failures occur in steam injection wells are dominated by radial or tensile failure. In 

this case, increasing compressive strength will increase the brittleness of cement and 

make it more susceptible to tensile failure. Bour also proposed a new methodology in 

cementing steam injection wells where casing is pressured and kept pressured while 

cement is placed. According to the author, this will reduce the radial stress and 

probability of failure.

Heathman & Beck (2006) presented their approach to the problems encountered 

during the development of the Hilltop Field in east Texas. The target formation, 

Bossier, is at 20,000 ft with pressures over 15,000 psi and temperatures around 400° F. 

They reported that first attempts to bring the formation into production ended in 

failure because of casing collapses and possible cement failures. In order to get a 

better grasp of the situation, they constructed a 3-D finite element model of the 

well with the proposed casing design. The model accommodated the effects of near 

wellbore stresses, wellbore operations as well as reservoir changes caused by pressure 

drawdown and formation subsidence.

After the simulation of loads at multiple depths results suggested cement failure 

in the form of cement debonding and tensile failures. This showed the need for flex

ible cement to prevent failure. The authors discussed that cement with low Young’s 

modulus and friction angle and higher values for cohesion angle, tensile strength and 

Poisson’s ratio would be able to handle loading condition. According to the authors, 

these cement properties could be met by foamed cement but high temperatures limits 

the usage of this cement. Instead they chose a co-polymer elastomer bead to achieve 

the desired cement properties. Later investigation tests were carried out with con
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ventional cements and the proposed cement. These tests revealed that the proposed 

cement did not fail under high temperature and high pressure conditions as opposed 

to the conventional cement. These authors reported that the revised casing design 

with the new cement design outperformed the previous wellbore designs. No failures 

were reported.
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CHAPTER 3 

STEEL METALLURGY

Understanding material properties is crucial in the success of any engineering 

design. Products made out of steel, especially casing, are a largve portion of the 

tubulars used in oil fields. A brief introduction to steel metallurgy will be given in 

this section to promote a smooth passage to understanding the effects of temperature 

on the properties of steel which will be discussed later.

3.1 Introduction

Most steels contain more than 95% iron by weight in their composition so it is 

very beneficial to take a look at the properties of solid iron to understand the nature 

of steel.

A common method used to examine the microstructures in metals is magnification 

with optical microscopes. To be able to appreciate the details of microstructures, 

polished metal samples are dipped into a mixture of methyl alcohol and nitric acid 

called “nital” . This process is called “etching” and it causes polished metal surface 

to become rougher. Dull appearance is a result of increased number of scattered light 

rays that bounce away from the rough surface of the etched metal. This is illustrated 

in Figure 3.1.

If an etched surface of an iron plate is placed under an optical microscope, a shape 

similar to Figure 3.2 can be observed. In this figure, crystals and the boundaries that 

separate them can be seen clearly. Crystals separated by borders are called grains 

and borders that surround grains are called grain boundaries.

In pure metals these grains consist of a mass of a single element. In each crystal, 

atoms are arranged uniformly within layers. If imaginary lines are drawn between the 

centers of each iron atom, a network of little cubes is obtained. At room temperature
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Figure 3.1: Etched Surface of Iron, After Verhoeven (2007).

iron (Fe) atoms are arranged in a way that each corner of the cube has an atom 

and there is an atom at the center of cube. This type of placement form is called 

body centered cubic (BCC) structure and a geometric arrangement of atoms in this 

manner is called a BCC  lattice (Figure 3.3). Iron that contains BCC  structure is 

called ferrite or alpha iron (cK-iron).

If iron is heated to 1670° F, the increase in the internal energy causes atoms to 

be rearranged into a more stable form. In this new structure atoms are positioned at 

the corners and the center of the faces of the crystal cube. This new form is called 

face a centered cubic (FCC) structure (Figure 3.3). Like low-temperature iron, this 

structure of iron has also two names, austenite and gamma iron (7 -iron).

The shift between ferrite and austenite occurs at the grain boundaries of ferrite 

as soon as iron reaches 1670° F. At the boundaries of old ferrite grains, new austenite 

grains start to form. These grains grow into the old ferrite grains. As one might 

guess in this phase change, just as a phase change in other materials (e.g. ice to 

water) temperature of iron stays constant at 1670° F. But instead of transformation 

from solid to liquid, phase change in iron happens from solid to solid. This is usually
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Figure 3.2: Optical Microscope Image of a Polished and Etched Iron Plate, After 
Verhoeven (2007).

Figure 3.3: Body Centered Cubic Structure (Left) and Face Centered Cubic Structure 
(Right), After Craig (1984).
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referred to as a phase transformation.

3.2 Phase Diagrams and Solutions

To understand the mechanisms that control physical properties of steels such as 

strength, toughness and hardness, it is very useful to have an elementary knowledge 

of solutions and phase diagrams. In this section, a brief description will be given to 

iron-carbon phase diagrams which constitutes the core of steel metallurgy

3.2.1 Solutions

A solution can be defined as a homogeneous mixture of two or more substances. 

A common example to a solution is table salt dissolved in water. When a spoon of 

salt is poured into a glass of water, salt can be seen on the bottom of glass. If enough 

time is given, salt disappears from the bottom. This is a result of salt going into a 

solution phase.The ionic bond between the sodium and chloride is broken and these 

atoms are pulled into water and trapped between water molecules. Electrochemical 

bonds created between water and sodium and chloride atoms keep salt molecules from 

re-forming thus making salt dissolve.

Another property of solutions that raises interest is freezing point depression. 

Adding a solute to a solvent causes a decrease in freezing point temperature of solvent. 

In the salt-water mixture example, water, which is the solvent in this case, has a lower 

freezing point than pure water. This is the reason behind using salts for de-icing 

applications.

This effect can be represented graphically as shown in Figure 3.4. On the vertical 

axis, temperature is plotted and the composition of salt and water is plotted on the 

horizontal axis. After a certain salt concentration, the freezing temperature reverses 

direction and starts to increase. This composition is called “eutectic” composition. 

Every solution has a specific eutectic point and a temperature associated with that
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point. For instance, sodium chloride has an eutectic point of -21.2° C and 23.3 wt% 

while on the other hand, calcium chloride (CaC^)  has an eutectic point of -50° C and 

31 wt%. This is one reason why calcium chloride is preferred in deicing applications 

over sodium chloride.

3.2.2 Phase Diagrams

When examined at room temperature, molecules in a body of water exhibit same 

kind of geometric arrangement on average. This arrangement does not change from 

point to point inside the water body. The same could be said for a cube of ice with 

the exception being the phase, which is solid .

As soon as a solute is added to water, for example salt, water and salt forms a 

solution. The molecular structure of water does not change with the addition of salt. 

Atoms that constitute salt simply fit in the empty spaces between water molecules. 

For this reason, the molecular structure of the solution is essentially the same as pure 

water.

A phase diagram is a tool used to map different phases tha t exist in solutions. 

Figure 3.5 is a phase diagram for calcium chloride/water solution. Temperature is 

represented on the vertical axis and composition which is weight percent of salt is 

represented in horizontal axis. The region labeled “liquid” above the freezing line 

maps all the composition-temperature possibilities that are in liquid phase.

There is a region in Figure 3.5, right next to the vertical axis below freezing line, 

labeled “solid ice” . This portion of the phase diagram includes water with very small 

concentrations of salt in it. The molecular structure of water molecules is basically 

the same as pure ice. In other words, this region represents the amount of salt that 

ice can tolerate before it loses its pure ice phase.

If a sample solution of salt and water containing 5 % salt by weight is cooled 

down to -40° F, the white circle on the lateral line between A and B will be the exact
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Figure 3.5: Phase Diagram for Calcium Chloride, After Verhoeven (2007).

position of the sample on the phase diagram. Notice that in this state, the sample is 

neither solid ice nor a liquid solution. The sample, in fact, is a mixture of composition 

A, solid ice with 0.7 wt% salt (the actual value is much less than 0.7 wt%. The line 

is exaggerated for visibility) and composition B, a solution with 28.3 wt% salt. In 

other words it can be thought as a mixture of solid ice and a liquid solution, called 

“slush” .

Figure 3.6 presents a larger scale phase diagram for w ater/CnC ^. This phase 

diagram has a better explanation on what happens on the right side of the eutectic 

point. A point taken on the right side of the freeze line and eutectic point will have a 

mixture of salt solution and hydrates of calcium chloride. For a set temperature, the 

same approach taken above can be used to determine the phases in a composition.

temperature
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Figure 3.7: Face Centered Cubic Structure of Austenite, After Verhoeven (2007).

3.3 Steel and Iron-Carbon Phase Diagrams

Pure iron melts at 2800° F. At this temperature, carbon can be easily dissolved in 

liquid iron, generating a liquid solution. Liquid iron can dissolve more carbon than 

solid iron. If a liquid iron has more than 2.1 wt% carbon during solidifying, which 

is more than what solid iron can dissolve, excess carbon forms graphite bodies. This 

type of mixture is called Cast Iron which is outside the scope of this study and will 

not be discussed further.

If the liquid iron-carbon (Fe-C) solution contains less than 2.1 wt.% carbon during 

solidification, the result is steel. In the previous section, it was mentioned that in 

a salt-water solution, salt ions go in the spaces between water molecules. Fe-C 

solution has a similar system with the placement of iron atoms. When iron solidifies, 

iron atoms are placed in the empty spaces of cubical iron atom lattice.

As mentioned before, at high temperatures, solid iron exists in a phase called

31



austenite and its FCC structure is displayed in Figure 3.7. If the white spheres are 

allowed to expand until they touch the iron atoms, their diameter would equal to 

41.4% of iron atoms. On the other hand, the diameter of carbon atoms are approxi

mately equal to 56% of the iron atoms. This means that carbon atoms need to push 

iron atoms apart to be able to fit into empty spaces between iron atoms. Hence the 

amount of carbon that could be dissolved in iron is limited.

Similar to the case in the salt-water solution example, dissolving carbon in austen

ite or ferrite does not affect the geometric form of FCC or BCC structure. Thus 

austenite in pure iron and austenite in iron-carbon solution are the same phase.

Returning back to water-salt phase diagram, the effect of salt concentration on 

freezing point was discussed in previous section. At some point, namely the eutectic 

point, the decrease in freezing temperature with increasing salt concentration was 

reversed. Looking at a portion of Fe-C  phase diagram, one can see the resemblance 

of Figure 3.8 to the water-salt phase diagram.

Pure iron upon cooling changes phase at 1670° F from austenite to ferrite. This 

temperature is named as A3 temperature in literature. Increasing carbon content 

decreases A3 transformation temperature up to 0.77% which is named as eutectoid 

concentration.

Steels are grouped according to their composition and where their composition 

stands in the Fe-C phase diagram.

• Steels with carbon concentration less than 0.77% are called hypoeutectoid (low 

carbon) steels.

• Steels with carbon concentration of 0.77% are called eutectoid steels (pearlite).

• Steels with carbon concentration more than 0.77% are called hypereutectoid 

(high carbon) steels.
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Figure 3.8: A Portion of Iron-Carbon Phase Diagram, After Verhoeven (2007).

Referring to the Iron-Carbon Phase diagram, the austenite region is denoted by 

the dark shaded area and ferrite region is denoted by lightly shaded region. It can 

be seen that the maximum amount of carbon that ferrite can dissolve is 0.02 wt.%. 

This means that ferrite is almost (99.98 wt.%) pure iron.

Also analogous to the “slush” region in salt solution phase diagram, in the Fe-C 

phase diagram the lightly shaded area represents the region where steel is found in a 

mixture of ferrite and austenite.

Similar to the calcium chloride-water solution example, if austenite is cooled down 

below the transformation temperature line, austenite loses its ability to dissolve all the 

carbon inside the solution. Similar to the formation of hydrates in the salt example, 

carbon and iron forms a precipitate called cementite. Cementite has the chemical 

formula of Fe^C  and contains 6.7 wt% carbon.

Austenite with eutectoid composition turns into a unique structure when cooled
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down slowly. Following the line between two white circles shown in Figure 3.9 to a 

microstructure called pearlite. Pearlite is composed of very thin plates of cementite 

captured between ferrite layers.

AiM fnito (1er) r

' ïw r '  l i i t  
Æ jrs' Eutectoid point, 0.77% C

Figure 3.9: Phase Transformation of Eutectoid Steel, After Verhoeven (2007)

3.4 Diffusion of Elem ents in Iron

Diffusion of elements is described as the spontaneous movement particles from a 

higher concentration to a lower concentration. A simple example of particle diffusion 

is the dispersion of a scent from an open perfume bottle in a closed room. Before the 

perfume bottle is opened, the room contains pure air. After some time, a person on 

the other side of the room would be able to smell the perfume. Assuming thermal 

and forced convections do not exist, the movement of perfume particles is due to 

concentration gradient between pure air and perfume vapor above the liquid perfume
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surface.

This example is analogous to the movement of carbon atoms in iron lattice. This 

can be observed with the experimental setup illustrated in Figure 3.10. Pure iron 

is heated to 1700° F (approximately 930° C) and one end of the iron bar is put in 

touch with charcoal which is pure carbon. At this temperature pure iron is found 

in austenite phase according to phase diagram (Figure 3.9) and it can dissolve up to

1.3 wt% carbon. Initially, bar contains only iron atoms and charcoal contains only 

carbon. This in return creates a potential in concentration which causes carbon atoms 

to move into the austenite phase.

In the previous section, it was mentioned that carbon atoms can fit in the empty 

spaces between iron atoms in FCC lattice of austenite. Mainly for this reason, carbon 

will mostly be found in these spaces. Carbon atoms can move in the austenite lattice 

by jumping back and forth between empty spaces which are called “sites” . This 

jumping action is caused by the thermal vibration of atoms. Increased temperature 

causes increase vibration motion which increases the chance of carbon atoms to move 

to a different site. It takes approximately a year for a carbon atom to jump to the 

nearest site in austenite at room temperature. Whereas this rate is close to 1.8 billion 

times per second at 1700° F. It is evident that diffusion is extremely sensitive to the 

temperature.

Given enough time, the iron bar will have a 1.3 % carbon concentration, which 

is the limit of carbon that austenite at 1700° F can dissolve. Now assume that after 

the bar is saturated with carbon the source of carbon is removed while keeping the 

temperature steady at 1700° F. If the bar is exposed to air carbon atoms will react 

with the oxygen in the air and leave the iron bar. Concentration at the surface will 

decrease over time and a gradient will occur with higher concentration at the core 

and lower concentration on the surface. This process causes a reduction in overall 

carbon concentration and it is called “decarburization” .
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Figure 3.10: Diffusion of Carbon in Iron at 1700° F, After Verhoeven (2007).

The iron bar in Figure 3.10 can be saturated with carbon without the use of 

charcoal. If surrounding medium has carbon monoxide (CO), the following reaction 

will take place at the surface:

2 C O  ^  COg +  (3.1)

If the concentration of carbon dioxide (CO2 ) increases in the air surrounding the 

steel bar, the reaction is favored towards the left to produce more CO and eventually 

reducing the carbon ([C]soud) concentration in the steel bar. The opposite happens if 

CO concentration is higher and the surface of the steel bar is carburized. Formation 

of cementite or graphite is not uncommon in such instances. This points out the 

importance of the selection of the chemical composition of ambient air in any process 

that requires high temperature.

Elements such as Manganese (Mn),  Molybdenum (Mo), Chromium (Cr) and 

Nickel (NÏ) are usually used as alloying ingredients to improve certain properties of 

steels. Some of these properties are ;

• Hardenability

• Grain size
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• Corrosion and abrasion resistance.

Examining atomic numbers of alloying elements reveals that they are very close 

to the atomic number of iron. The reason why atomic number is used for comparison 

is it gives a rough idea about atomic size. The closer an atomic number of an element 

to iron’s atomic number, the closer the diameter of atom. When alloying elements 

dissolve in austenite, they have to do this by replacing iron atoms on the corners of 

faces of FCC structure because of their larger diameter.

Diffusion of alloying elements is also harder than diffusion of carbon in austenite. 

Due to their larger size, alloying elements can’t fit inside the empty space between 

iron atoms. Instead they have to move to a corner or face position in FCC structure 

that is not occupied. These corner positions are usually filled with iron atoms. But 

increasing temperature, which causes atoms to vibrate more vigorously, increases 

the possibility of locating an empty site close for alloying atom. This difference in 

diffusion mechanism is the main reason why carbon atoms move faster than alloying 

elements.

3.5 Grain Size Growth Control

Most of the material properties of a steel (e.g. yield and tensite strength, tough

ness, creep resistance, etc.) are closely related to grain size of steels (Dieter, 1986).

Therefore it is important to study how grain size changes and how it can be 

controlled to obtain desired steel properties.

Standardization of measurement of grain size was introduced by American Society 

for Testing and Materials (ASTM) International. Measurement method basically 

consists of counting the number of grains, n, per square inch on a micrograph that is 

magnified 100 times (lOOx). ASTM grain size number, (7, is defined by Equation 3.2:
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G ranges from - 1  to 15 where - 1  is used for very coarse grain distribution and 

15 for ultrafine grain size. Very coarse grains usually observed in steels held near 

melting temperatures for a long time and ultrafine grains encountered in steels that 

are treated to slow down grain growth.

Some heat treatment procedures during manufacturing require steel to be brought 

high temperatures. If a steel is held at a high temperature long enough, smaller grains 

will start to disappear and grains would seem to grow larger. This is caused by the 

surface tension on grain boundaries. Smaller grains have higher surface area to volume 

ratio than bigger grains which cause iron atoms to diffuse into larger grains. This in 

return, results in smaller grains disappearing and bigger grains to growing larger.

In many instances, during heat treatment, it is required to keep grain sizes as close 

as possible as before treatment. Usually this is achieved by keeping the treatment 

temperature low and treatment duration short. When this is not applicable, alloying 

elements are used to retard grain growth. There are typically two ways on how 

alloying elements help reducie grain growth; solute drag and particle drag

Solute drag is caused by the dissolved alloying elements. As mentioned before, 

when an atom larger than iron atoms are dissolved in austenite, they tend to go for 

corner or face sites. This results in an increase in local energy because of the distorted 

iron lattice. However if the solute atom is close to a grain boundary, it can reduce 

this local energy increase significantly by jumping onto the grain surface. On grain 

boundaries, the opposite grain surfaces do not match. Consequently there is more 

space for bigger atoms to jump to on the grain boundaries without distorting the 

lattice as much. Because of this mechanism the concentration of solute atoms will be 

higher on the grain surface.

During grain growth, grain boundaries move to compensate for the change in the



grain volume. Steels with alloying elements will have higher concentration of solute 

elements on the grain boundaries. The only way for these elements to move is through 

diffusion. This means that if a grain boundary with solutes on it tries to move, it 

needs to wait for the solute elements to diffuse. This dragging action is mainly limited 

by the diffusion speed of the solute elements. This slows down the grain growth.

Not all alloying elements are able to stay in solution in austenite at high temper

atures. Some alloying elements such as Titanium (Tz), Zirconium (Zr), Vanadium 

(V), Niobium (iVfr), Tantalum (Ta) and Tungsten (W)  have a high affinity for car

bon. They form very stable carbides or even nitrides if nitrogen is present. When 

they form carbides, they are no longer soluble in austenite and will precipitate out 

of solution. These precipitates form small particles that pin down austenite grain 

boundaries and retard grain growth.

The effect of particles on grain growth wasn’t really understood before the use 

of deoxidizing elements such as Aluminum (Al) and Silicon (Si) in steel production. 

Before the utilization of deoxidizers, the majority of steel production was done by 

solidifying molten steel in large ingots. During the cooling, the oxygen dissolved in 

steel combines with carbon to form carbon monoxide which causes molten steel to 

look like it is boiling. These type of ingots are called rimming ingots because of the 

soft ferrite rim formed around the ingot. To avoid oxidization of alloying elements, 

oxygen levels need to be brought down to a level where CO boil does not occur. To 

achieve this, small amounts of deoxidizing elements such as aluminum or silicon are 

added. These type of steels are called killed steels.

After some time, steel producers realized that killed steels were superior to rimmed 

steels in controlling grain size growth. The main reason for this is the drag force ex

erted on grain boundaries by aluminum nitride (AIN) particles formed by aluminum 

reacting with nitrogen in steel. On heating approximately above 1700° F, these ni

trides will coarsen and reach a critical size where they can’t hold austenite boundaries.
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For higher temperatures of up to 2000° F, niobium is used which reacts with carbon 

and nitrogen to form niobium carbonitride which can hold grain boundaries by a 

similar mechanism.

40



CHAPTER 4

ELEVATED TEMPERATURE STEEL PROPERTIES

The increase in thermal energy causes many changes in the properties of metals. 

Even though engineers are interested in mechanical properties, most of these mechan

ical properties are linked to the chemical composition of metals. So, the chemical 

composition of a metal should not be disregarded when considering mechanical prop

erties. At higher temperatures, this relationship becomes more pronounced. In this 

chapter, changes in steel properties at elevated temperatures will be discussed.

4.1 T herm al E xpansion

Expansion of materials under positive tem perature change is one of the first things 

th a t comes to mind when thinking about high temperature engineering applications. 

Thermal expansion can be described as the increase in dimensions of a substance 

when heated under constant pressure (Ho &; Taylor, 1998). Each substance has a 

different thermal expansion characteristic which is designated by the coefficient of 

thermal expansion. For linear change it is denoted by a  or oll and for volumetric 

change it is denoted by j3 or ay-

The coefficient of linear thermal expansion (COE) is defined as;

a  = { { L , - L i) I L i } l ( T f - T i) (4.1)

Where i denotes the initial condition and /  denotes the final condition. The 

coefficient of volumetric expansion (/3) is defined same as a  but instead of length (L), 

volume (V) is used in the formula. For isotropic materials, (3 equals 3a (Bagdade, 

2002).

The coefficient of linear expansion (COE or a) is a function of tem perature and 

for practical purposes, generally an average value is used for most engineering calcu-

41



— •—  C=O.06%/Mn=OAO% 

— ■  -C=0-08%/Mn=0.31% 

— *  -C=0.23% /M n=0.60% 

— *  • C=0-42%/Mn=0.64% 

- 4 K -  C=0.80%/M n=0.32X 

•••#•■ C=1.22X/M n=0.35% 

 h C=0.23%/Mn=1.51%

200 400 600 BOO 1000 1200 1400 1600 1800  2000

Temperature(*F)

Figure 4.1: Temperature Dependence of Coefficient of Thermal Expansion (for Car
bon Steel).

lations.

However when material under investigation is subjected to a great tem perature 

difference, the tem perature dependence of a  should be considered. Figure 4.1, which 

was produced by the data gathered from literature (Gale & Totemeier, 2004), shows 

the dependence of COE of steels with different composition of carbon and manganese. 

An im portant property of this graph is the general linear behavior of most steels 

between room tem perature and 1100° F. Between 200° F and 1000° F COE can be 

estimated by a linear function as:

a  =  1.9 x 10~9T  +  6.125 x 10- 6  (4.2)
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4.2 Therm al Stress

When a substance is restrained, expansion can’t take place upon heating. An 

increase in thermal energy within substance manifests itself as increase in stress. 

This stress can be calculated by the use of linear thermal expansion theory.

Assume there exists a bar with length L and cross sectional area A  which is 

clamped at both ends. Hooke’s Law states that in elastic range, isotropic materials 

strain linearly with applied stress. For an axially loaded bar, this relation can be 

shown as;

a = E  x e (4.3)

Where a is defined as applied stress, E  as Young’s modulus and e as linear strain. 

For thermally loaded bar, linear strain is defined as;

etter = ^ L^ i  = a (4.4)

Since the bar can’t move on either end, total strain equals to zero and there exists 

a force and a stress associated with that force that keeps the bar from straining. 

Combining two strains will yield;

e +  tther =  — +  (Tf — Ti) = 0 (4.5)

Rearranging the equation above gives thermal (compressive) stress as;

a = - E a  (Tf  -  T-) (4.6)
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4.3 Creep

In material sciences, creep is defined as the continuous deformation of a material 

under constant loading that is below yield strength of material. Research interests 

in creep of metals started in early 1910’s when first systematic study presented by 

Andrade providing some quantitative information on the nature of creep (Dieter, 

1986). During World War I, it became evident that more research was needed on 

creep. Power plants started to process steam with temperatures as high as 670° K 

by the end of 1920’s (Weronski, 1991). Early researchers were pursuing the idea of 

finding a stress limit which creep would not occur; but later, this was found to be 

unattainable.

Even though creep exists in all temperature ranges for designing purposes, it 

becomes important at temperatures above half of the melting point temperature 

of a material (Dieter, 1986). There are exceptions where this rule is not satisfied. 

For example considering titanium and iron based alloys, the former one starts to 

creep at a lower temperature than the latter even though it has a higher melting 

temperature. When dealing with high temperature systems, care should be taken to 

prevent premature failure.

Behavior of a material under creep motion usually presented with a creep curve 

which is a plot showing the dependence of strain on time under a constant load (or 

stress) and a constant temperature. A common creep curve for constant stress is as 

shown in Figure 4.2.

In general there are three regions in a creep curve; primary creep, secondary creep 

and tertiary creep regions. As soon as a load is applied on a heated sample, a sudden 

increase is observed in the sample length. This elongation, shown as eo distance in 

the Figure 4.2 is not related to the curve measurement but should not be disregarded 

since it might be large enough to create a significant error in the measurement.

The primary creep window happens short after the initial elongation. It is initially
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Figure 4.2: A Typical Creep Curve and Its Stages, After Boresi & Schmidt (2002).

very rapid since barriers to movement of grains caused by work-hardening processes 

being overcome by recovery processes. As time proceeds, excess void spaces inside 

granular structure of metal becomes depleted and strain rate comes to a balance 

between recovery and strain hardening processes. This results in a reduced strain 

rate.

The secondary creep phase starts after equilibrium has reached. In this portion, 

slope of the curve stays constant. This is the reason why this phase is also called 

steady-state creep. As mentioned before, in the secondary stage work hardening pro

cesses of “dislocation pile-up” and “entanglement” are balanced by recovery processes 

of “dislocation climb” and “cross-slip” (Hearn, 1997). The secondary creep phase is 

the most important phase for a designer since it is relatively slow as compared to the 

primary and tertiary creep phases.

The third and final stage of the creep curve is tertiary creep phase. In this stage,
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Figure 4.3: Difference Between Constant Load Creep Curve and Constant Stress 
Creep Curve, After Boresi & Schmidt (2002).

recovery processes outrun the strain hardening processes. As a result, more voids 

and cracks form as time progresses. Increasing voids and cracks weaken the body and 

lead to failure, in other words to the rupture of material.

Creep tests are usually performed with a constant load as opposed to a constant 

stress. Figure 4.3 shows the difference between two cases. This application is based on 

the fact that in real life situations, it is a difficult task to keep stress levels constant. 

Usually a constant load is needed to be supported for the life of the design.

4.4 Strength of Steel at Elevated Tem peratures

Yield strength (YS) is considered one of the most important material property in 

engineering design. The most common casing design methods are built on the idea of 

calculating anticipated loads and choosing a material that has a yield strength higher 

than the calculated stress. To be able to predict the risk of failure, it is essential to
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have a good understanding how YS behaves in different environments.

Tensile or ultimate tensile strength (TS or UTS) is the maximum amount of 

stress that can be absorbed before failure occurs. Tensile strength is sometimes 

used to predict catastrophic failures. At elevated temperatures where creep becomes 

pronounced, it is necessary to know how tensile strength changes with increased 

temperature to avoid the failure of the material.

In oilfield applications, generally there are two cases where casing reaches elevated 

temperatures. The increase in temperature is either introduced by enhanced oil re

covery methods (e.g. steam injection, in situ combustion, etc.) or by the formations 

that are already at high temperature (e.g. geothermal formations, ultra deep forma

tions, etc.). Regardless of the source of heat, the properties of the steel are affected 

including the strength.

During the manufacturing of oilfield tubulars, some processes shape the pipe by 

cold working API (2001) where it is deformed plastically at lower temperatures. Stress 

that causes plastic deformation also breaks the bigger grains to into smaller ones. 

These smaller grains have a higher density of dislocations than original grains. The 

accumulation of dislocations gives rise to an increase of energy stored in the lattice 

which causes steel to gain strength. On the other hand, increased dislocation density 

decreases the thermodynamical stability. Naturally, steel will try to reduce this accu

mulated strain energy to return to a balanced state. However, generally, a reduction 

in stored strain energy cannot be dissipated spontaneously at lower temperatures.

As stated before, as the strain energy is accumulated, the strength of steel in

creases. At elevated temperatures, thermally activated processes such as diffusion, 

cross-slip and climb become dominant and relieve the trapped strain energy thus 

reducing the strength of the steel. Figure 4.4 shows how the properties of a nickel 

bar changes with increasing temperature which is heated at a rate of 6 ° K/min. The 

curve labeled “power difference” shows how the stored strain energy is released with
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Figure 4.4: Temperature Dependence of Rate of Release of Stored Energy, Resistivity 
and Hardness, After Smallman & Bishop (1999).

increasing temperature.

There are other factors that affect the rate of strength reduction. The following 

sections will explain the major components contributing to this phenomenon.

4.4.1 Y ield and Tensile Strength at R oom  Tem perature

• Microstructure: Generally with increasing carbon percentage, strength of steel 

increases as well. Most properties of steel are determined by microstructure 

which is controlled by carbon content, cooling rate and so on. If steel is allowed 

cool slowly to room temperature it will contain pearlite which will increase 

tensile strength. Smith (1972) reported that existence of pearlite does not 

affect yield strength of steel when carbon concentration is below 0.25 wt.%.

Applying a higher cooling rate, also known as quenching, will produce a marten-
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site/bainite microstructure which improves the YS of steel dramatically. Marten- 

sitic steels on the other hand have a lower impact resistance. They receive 

additional heat treatments to increase toughness at the expense of strength.

• Grain Size: Yield strength of a steel is highly dependent on size of grains. When 

stress is applied, defects within crystal body, called dislocations, will try to move 

through the grains to reach a state that is more stable. But when a dislocation 

reaches grain boundary, the lattice orientation difference prevents dislocation 

from migrating to the adjacent grain. When enough dislocations gather at the 

same boundary, a dislocation pile-up occurs. Higher concentration of these 

defects causes them to jump across the boundary and move forward.

Reduction in grain diameter or increased grain size decreases the chance of 

dislocation build-up occurring thus increasing the stress required to move dis

locations through grain boundaries. A lower dislocation concentration enables 

grains to absorb more energy thus increasing yield strength. This is known as 

Hall-Petch effect and is governed by Equation 4.7:

Where;

= <7o + ky d- 1 / 2 (4.7)

cry : Yield strength

(Jo : Initial stress needed for dislocations to start moving

ky : Strengthening coefficient (material specific constant)

d : Average grain diameter

• Deoxidation : When molten steel cools down, its ability to dissolve oxygen de

creases significantly. Oxygen that comes out of the solution reacts with carbon
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inside liquid iron-carbon mixture to form carbon monoxide. Carbon monoxide 

will leave molten steel and create tube like holes. To prevent this, steel man

ufacturers add elements that have higher affinity for oxygen such as aluminum 

and/or silicon to bond with free oxygen to stop carbon monoxide from “boil

ing” . These types of steels are called killed steels and the procedure used to 

achieve this is called deoxidation.

To manufacture killed steels, aluminum and silicon are added to steel to react 

with oxygen chemically and remove most of it from the liquid steel. Killed steels 

are often used in operations and processes that require uniformity within steel. 

Steels intended for “as-cast” condition are almost always killed.

Rimmed steels are produced without the addition of deoxidizers and as a re

sult, as the molten steel cools, gases come out which creates small wormhole 

structures close to the center of the ingot. Also, most of the added elements 

such as C,S  and M n  congregate in the center which leaves a “rim” of steel that 

is relatively close to pure iron. Rimmed steels rarely contain carbon content 

higher that 0.25 wt. % and manganese content higher than 0.6 wt.%.

Semi-Killed steels are in between rimmed and killed steels. They do not contain 

enough deoxidizers to stop CO from evolving so it is common to find pores 

caused by gas bubbles. These pores usually disappear during drawing process. 

Semi-killed steels are usually used in structural steel with 0.15 to 0.25 wt. % 

carbon content.

Generally, the method chosen to deoxidize the steel doesn’t have a lot of con

tribution to the strength of the steel at room temperature. But the elements 

chosen to deoxidize can alter room temperature strength of steel indirectly. Ele

ments such as M n  and Si  have been used for a long time to increase the strength 

of the steel. Figure 4.5 shows the change in yield strength of steel with varying
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Figure 4.5: Solute Strengthening Effects of Elements That Are Used In Steelmaking, 
After Krauss (2005).

concentration of different elements.

• Heat Treatment: Any kind of thermal process that alters the physical (and 

sometimes chemical) state of metal is called a heat treatment. Heat treatment 

techniques include:

— Austenitization: Heating steel to transform steel into all austenite phase. 

The temperature at which austenitization begins depends upon the ele

mental composition of steel. It is mainly used to create a homogeneous 

distribution of elements inside steel. It is also a required step to be taken 

before steel can be quenched.

— Quenching: Quenching is a process of cooling heated metal rapidly to in

crease its hardness through production of martensite and/or bainite. There 

are numerous mediums that can be used for quenching such as air, water, 

oil or brine with each of them having different cooling characteristic and 

different applications.
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— Tempering: It is a process to transform hard and brittle steel into a tougher 

and more ductile form. The martensite produced after quenching is very 

hard and brittle because of excessive distortion in iron lattice. Tempering 

is used to reduce this distortion and increase ductility and toughness of 

the steel. Tempering reduces hardness and strength of steel which is the 

disadvantage of this process.

— Normalizing: Normalizing is a technique used to obtain a uniform grain 

size and composition throughout steel. It consists of heating steel above its 

critical temperature to obtain all austenite and cooling it to room temper

ature slowly without quenching. Resulting steel contains uniform pearlite 

distribution which makes steel stronger.

— Stress-Relieving: As the name implies, this is a technique used to remove 

the internal stresses created due to manufacturing processes such as cold 

drawing, machining, welding, etc. Stress relieving is achieved by heating 

the steel below its critical temperature and cooling it uniformly.

There is no direct relation between the heat treatment a steel receives and its 

strength at room temperature. Heat treatments affect the microstructure, grain 

size etc. which causes changes in steel’s strength indirectly.

4.4.2 Effect of D eoxidation Practice

A study that was presented in 1963 International Creep Conference by Glen, Les- 

sells and Barr (as cited in Smith, 1972) suggested that the method of eliminating 

dissolved oxygen in molten steel actually affects strength of steel at elevated temper

atures. Their study grouped steel plates according to the method used to eliminate 

free oxygen. These four groups are;

• A: Semi-killed
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• B: Deoxidized with silicon

• C: Deoxidized with silicon and aluminum

• D: Deoxidized with silicon but treated with niobium

All of the steel plates were similar in carbon content (0.14 to 0.16 wt. %), man

ganese (1 .1  to 1 .2  wt. %), nitrogen (0.005 to 0.006 wt. %). The tensile strength at 

room temperature had a narrow range of 59 to 6 8  ksi. The authors mention that a 

group of samples received normalizing at 850° C which did not induce grain coarsen

ing while another sample group was normalized at 950° C which created coarse grains 

for steels with no grain refinement additives (namely samples A and B).

Group one received a relatively short (3 hours) stress relief treatment and the 

second one received a longer one for 36 hours at 600° C. Figure 4.6 shows how the 

yield strength behaved with increasing temperature for each group.

Each figure shows a different combination of normalizing temperatures and stress 

relief treatment temperature. Notice that, regardless of the treatment chosen, Al 

added steels show a smooth decline in YS with increasing temperature. The reason 

of steeper drop in yield strength of aluminum killed steels is because there was no 

free nitrogen. After the stress relief treatment, most of the free nitrogen atoms were 

bonded with aluminum which depleted free nitrogen. W ith all the nitrogen bonded 

as nitrates, strain aging can’t take place.

Examining the case of the 36-hour stress relief treatment it is seen that Sz-killed 

steels show the same “smooth” decrease as A/-killed steel. The reaction between 

silicon and nitrogen does not happen as rapid as the aluminum and nitrogen reaction. 

However when given enough time, silicon combines with free nitrogen to precipitate 

as silicon nitrate. This again exhausts all the free nitrogen used in strain aging. Smith 

(1972) argues that the leveling off of thecurves of steels that do not contain aluminum
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Table 4.1: Maximum and Minimum Amounts of Elements Used in API Casing Grades, 
After API (2001).

Group Grade Type C Mn Mo Cr Ni Cu P s Si
min max. min. max. min. max. min. max. max. max. max. max max.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 H40 0.030 0.030 —

J55 0.030 0.030 —
K55 0.030 0.030 —
N80 1 0.030 0.030 —
N80 Q 0.030 0.030 —

2 M65 0.030 0.030 —
L80 1 — 0.43 a — 1.90 — — — — 0.25 0.35 0.030 0.030 0.45
L80 9Cr — 0 15 0.30 0.60 0.90 1.10 8.00 10.0 0.50 0.25 0 020 0.010 1.00
L80 13Cr 0.15 0.22 0.25 1.00 — — 12.0 14.0 0.50 0.25 0.020 0.010 1.00
C90 1 — 0.35 — 1.20 0.25 6 085 — 1 50 0.99 — 0.020 0.010 —
C90 2 — 0.50 — 1.90 — NL — NL 0.99 — 0.030 0.010 —
C95 — — 0.45 c — 1.90 — — — — — — 0.030 0.030 0.45
T95 1 — 0.35 — 1.20 0.25 d 0.85 0.40 1.50 0.99 — 0.020 0.010 —
T95 2 — 0.50 — 1.90 — — — — 0.99 — 0.030 0.010 —

3 P110 e 0.030 e 0.030 e —
4 Q125 1 — 0.35 1.35 — 0.85 — 1.50 0.99 — 0.020 0.010 —

Q125 2 — 0.35 — 1.00 — NL — NL 0.99 — 0.020 0.020 —
0125 3 — 0.50 — 1.90 — NL — NL 0.99 — 0.030 0.010 —
0125 4 — 0.50 — 1.90 — NL — NL 0.99 — 0.030 0.020 —

a  The carbon content tor L80 may be increased up to 0.50 % max. if the product is oil-quenched.
b The molybdenum content for Grade C90 Type 1 has no minimum tolerance if the wall thickness Is less than 0.700 in.
c The carbon content for C95 may be increased up to 0.55 % max. if the product is oil-quenched.
d The molybdenum content for T95 Type 1 maybe decreased to 0.15 % min. if the wall thickness is less than 0 700 in.
e  For EW Grade P i 10. the phosphorus content shall be 0 020 % max. a id  the sulfur content 0 010 % max.
NL = no limit Elements shown shall be reported In product analysis.

(see Figure 4.6(b)) is due to the free nitrogen combining with manganese.

4.4.3 Effect of A lloying E lem ents

Most of the casing grades defined in API specifications contain small amounts of 

alloying elements. Designated amounts of elements are shown in Table 4.1

Although they are considered carbon steel, the addition of these elements have 

many effects including increased resistance against strength reduction at elevated 

temperatures. The effects of different alloying elements are described below in detail.

• Carbon (C): Carbon is the main hardening element in almost all steels. Carbon 

is essential for formation of the steel microstructures such as pearlite, bainite 

and martensite. Generally, increasing carbon content increases the strength of 

steel but decreases ductility and toughness (Gemmill, 1966). Since elevated tem-
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perature strength is proportional to the room temperature strength, generally 

increasing carbon content helps maintain the strength at high temperatures.

• Manganese (Mn): Manganese is used in steels for its ability to increase hard- 

enability, toughness and strength. It is also used to prevent hot shortness. It 

has some deoxidizing capability but not as strong as silicon or aluminum.

Manganese has been used to improve high temperature properties of steel since 

the early times of steel industry. Figure 4.8 shows the incremental effect of 

the increased concentration of manganese required to produce a set strain at 

elevated temperatures. Also Figure 4.7 presents the effect of manganese in iron 

on strength along with other elements such as carbon and nitrogen, There is a 

clear trend of increasing stress required to produce the constant strain shown. 

This trend is attributed to the strain aging and becomes more pronounced 

between 200° C and 400° C (392° F and 752° F).

Another important deduction from Figure 4.7 is that combination of manganese 

and nitrogen seems to perform better than other samples at elevated tempera

tures.

• Molybdenum (Mo): This element is generally used to increase hardenability 

and to form carbides. Commonly used in low-alloy steel, it is also used as an 

agent to prevent temper embrittlement.

The effect of molybdenum on elevated temperature strength was studied by 

Irvine et al. (as cited in Smith, 1972) in two cases. In the first case samples 

(containing 0 . 1 2  wt. % C, 1.3 wt. % Mn, 0.14 wt. % Si and 0.005 wt. % N) 

were killed with 0.02 wt. % Al to eliminate the effect of free nitrogen. 0.25 wt. 

% Mo was added to one of the groups and yield strengths were measured with 

respect to temperature. The results are represented in Figure 4.9 which shows 

that addition of molybdenum increases the resistance of steel to the reduction
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of yield strength.

In the second study, molybdenum was added to silicon killed steel (containing 

0.12 wt. % C, 1.3 wt. % Mn, 0.15 wt. % Si and 0.03 wt. % N). With this 

experiment, it is safe to assume that the samples contain a high amount of 

free N  because Si was used in deoxidizing. Figure 4.10 shows how the strength 

increased with the increasing amount of Mo. High temperature strength of steel 

is increased by addition of Mo even at concentrations as small as 0.08 wt. %. 

Adding more Mo seems not to improve strength considerably below 400° C. If 

a higher operation temperature is required higher than 400° C, which is rarely 

the case for oilfield applications, it might be a good idea to use steel with higher 

Mo content.

• Chromium (Cr): Chromium is a moderate former of carbides. It increases 

hardenability and improves the high temperature strength of steel. At high
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concentrations, Cr increases the corrosion and oxidation resistance of steel. 

Chromium is also the main element used in manufacturing stainless steel along 

with nickel.

Another element that was tested in the study of Irvine et al. (as cited in Smith, 

1972) was chromium. According to the results obtained from their experiments, 

represented in Figure 4.10, 0.29 wt. % chromium increases the YS/TS ratio by 

15% at 300° C. Above 450° C adding chromium does not help YS regardless of 

the concentration.

• Nickel (Ni): Nickel is a poor carbide former and has a high solubility in ferrite 

so it does not segregate to grain boundaries. It is used in strengthening and 

toughening the ferrite phase and in stainless steels along with chromium. It 

also increases hardenability.

• Copper (Cu): Copper in steel is used to improve tensile properties and corrosion 

resistance. It has a tendency to segregate and above 0.30 wt. %, it can cause 

precipitation hardening. On the other hand, excessive amount of copper is 

detrimental to workability of steels that are hot-worked.

• Phosphorus (P): Phosphorus is an impurity introduced during production of 

steel. High levels of phosphorus reduce impact toughness and ductility of steel. 

It is included in free machining steels to increase machineability.

• Sulfur (S): Sulfur is another impurity element found in steel. It combines with 

iron to form iron sulfide which can cause hot shortness during hot working of 

steel. Sulfur also has detrimental effect on transverse ductility, notch impact 

toughness and weldability. However sulfur is sometimes intentionally added to 

steel to increase machineability.

• Silicon (Si): The primary use of silicon is as a deoxidizing agent so it is almost
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always found in steels. It completely dissolves in ferrite when the concentration 

is below 0.30 wt. %. It increases the strength of steel without decreasing the 

ductility below 0.40 wt. %. It is a non carbide former but forms nitrides with 

free nitrogen in steel.

Elements that are not specified in API 5CT:

• Vanadium ( V)\ Vanadium is a very strong carbide former. It is used in grain 

refining and increasing strength and toughness.

The same study by Irvine et al  (as cited in Smith, 1972) that was conducted 

to examine the effects of chromium and molybdenum, also they inspected vana

dium as a high-temperature steel additive. It was noticed that adding vanadium 

decreases the strength at elevated temperature. Figure 4.10 shows the decrease 

which becomes more severe with increasing vanadium concentration. This prob

ably is due to vanadium’s strong ability form nitrides with free nitrogen thus 

decreasing the possibility of nitrogen helped strain aging.

• Niobium (Nb): Like vanadium, niobium is also a strong carbide and nitride 

former. Even small amounts can help grain refinement through the carbides 

and nitrides it forms. It is widely used in HSLA steels for increased strength 

and toughness.

• Aluminum (Al): The main purpose of Al  addition is to remove dissolved oxygen 

and to control grain size in steels. When present together, aluminum combines 

with nitrogen to form very hard nitrides. These nitrides play an important role 

in pinning grain boundaries and refining grain size.

• Nitrogen (N): Nitrogen is usually introduced to steel during the manufacturing 

processes, though it can be added through nitriding too. Nitrogen is essential 

in forming nitrides which help grain refining and strengthening. Another im-
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Proof Stress to Room Temperature Tensile Strength, After Irvine et ai, as cited in 
Smith (1972).

portant feature of nitrogen is its ability to reduce strength loss through strain 

hardening at elevated temperatures.

Nitrogen is one of the key elements in increasing elevated temperature strength; 

therefore, it inspired many to determine an accurate relationship between ni

trogen concentration and strength. A study conducted by Irvine, Murray and 

Stone (as cited in Smith, 1972) examined the effects of free nitrogen by adjust

ing the amount of aluminum in a steel containing 0.12 wt. % (7, 1.5 wt. % Mn 

and 0.018 wt. % N. The results are presented in Figure 4.11.

Even though the plot is does not provide a quantitative relationship between N  

amount and elevated temperature strength, it can be seen that having a higher 

concentration of N  provides higher strength, particularly above 200° C

A second experiment conducted by Irvine et al. (as cited in Smith, 1972) used

63



0 8 “ (ü) NORMALISED

0 0 3 2  N 
0 0 2 3  N 
0 01 3 N

0-7

0  6

0-008N0-5

0-4
K
<

0  8  F  (b)  NORMALISED 4- S T R E S S  REL IE V ED

0-7

0 6 0*032 N 
0 023N
0 -0 0 8 -  
0-01 3N0 5

BS 1501:2130-4

500300 4 0 0
T E M P E R A T U R E  ° C

Figure 4.12: Effect of Nitrogen on Ratio of Elevated Temperature Proof Stress 
to Room Temperature Tensile Strength for Normalized or Normalized and Stress- 
Relieved, Silicon Killed, Carbon-Manganese-0.25 wt.% Molybdenum Steel, After 
Irvine et al, as cited in Smith (1972).

a silicon killed steel with an elemental composition of 0 . 1  wt. % C, 1 . 2  wt. % 

Mn, 0.2 wt. % Si and 0.25 wt. % Mo to study the effects of amount of free 

nitrogen on high temperature strength. Samples were tested in normalized and 

normalized and stress relieved conditions. The results are shown in Figure 4.12.

In normalized condition after 0.013 wt. %, adding more N  does not increase 

strength significantly. Another group exhibited considerable strength loss after 

stress relieving at 600° C for 3 hours. This difference is caused by the immobi

lization of nitrogen by silicon during heating operation.
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In a third experiment, the authors used the same steel except the steel was semi

killed with addition on niobium. Figure 4.13 shows that even at stress relieved 

condition, the steel tended to strain age whenever free nitrogen is present.

4.4.4 Effect of Grain Size

Figure 4.14 and Figure 4.15 which are from a study done by Smith (1972), shows 

how grain size affects strength of carbon steels at elevated temperatures. Three main 

things can be denoted (Smith, 1972);

• Steel samples that have a fine grain exhibit a tendency to show strain aging as 

high as coarse-grain steels when they are tested at an untempered condition. 

In untempered condition, free N  in steel is not captured by Al.

• Tempered fine grain steels show a considerably lessened tendency to strain age. 

Tempered coarse grain steels lose a small portion of the strength gained through 

strain aging when compared to untempered case. This is possibly happening 

due to the difference in the material chosen in the killing process. Coarse grain 

steels are manufactured with the addition of Si whereas Al is added to fine 

grain steels because of is grain refinement capabilities. Since Al has a higher 

affinity for N  than coarse grain steels tend to have a higher concentration 

of free N  which would participate in the strain aging process.

• Outside the range of 250° F to 750° F, differences between four groups are neg

ligible where most of the strain aging takes place.

In previous section, it was mentioned that the yield strength of low carbon steels can 

be determined with respect to their grain size by using Hall-Petch relationship. At 

room temperature, finer grains resist plastic deformation better than coarser grains. 

It would not be unreasonable to expect same behavior at elevated temperatures. 

Figure 4.15 shows a smooth drop of yield strength with increasing temperature.
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However, Smith (1972) mentioned that these curves are produced from a data that 

is largely scattered and suggests that more detailed analysis should be conducted to 

get a more refined relation between grain size and elevated temperature yield strength

4.4.5 Strength o f A PI Casings at Elevated Tem peratures

Materials used in manufacturing API grade pipes are defined by specifications 

published by API. The latest specification on casing is API Specification 5CT: eighth 

edition which was published on July 1, 2005. API 5CT specifies completion tubulars 

(casing and tubing) in four groups (API, 2001);

• Group 1: Grades H, J, K and N

• Group 2: Grades G, L, M, T

• Group 3: Grade P

• Group 4: Grade Q (just casing)

The heat treatment section of the specification mentions that it is required for 

grade N-80 to be normalized, and that grade N-80Q to be quenched and tempered for 

group 1 and 2. Heat treatment of other grades is left to the manufacturer’s judgment. 

For groups 3 and 4, all grades are required to be quenched and tempered.

The specification also requires steels to be made according to fine-grain practice 

which involves addition of grain refinement elements like aluminum, niobium, vana

dium or titanium to achieve a fine austenitic grain size.

Holmes & Gates (1967) analyzed tensile properties of API casings at elevated 

temperatures. Data presented in their publication can be found in Table 4.2. Even 

though Table 4.2 provides valuable information, it is based on limited data (each 

point is average of two tests) and there is a high possibility tha t it might be outdated
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Table 4.2: Tensile Properties of API Tubulars at Elevated Temperatures, After 
Holmes & Gates (1967).

Tensile Modulus Room
Outside Test Yield Tensile Elastic of Per Cent Per Cent Temp.

Diameter Wall Temp. Strength Strength Limit Elasticity Elongation Reduction Brinelf
Grade Condition Inches Inches eF psi psi psi 1000 psi o f Area Hardness

m Hot 13-5/8 0.313 RT 59,320 107,950 52,350 25,750 ~ "207
Rolled 300 55,820 100,040 50,750 24,650 14.0 38.4 212

500 57,870 122,125 42,050 23,800 18.75 19.1 229
700 53,130 98,490 37,925 21,550 26.25 57.5 201
900 44,445 68,030 28,800 24,000 24.0 55.1 201

N80 f 1 0.500 RT 83,750 124,050 69,550 27,900 19.0 44.8 248
ized 300 80,150 120.675 65,950 25,400 14.0 40.6 248

500 83,970 133,500 59,850 21,600 22.75 36.7 255
700 74,415 116,775 51,900 16,300 24.0 61.0 248
900 62,715 85,000 40,650 15,700 25.75 67.2 248

PJCH Normal- 3 0.375 RT 106,800 136,275 78,050 27,600 13.0 42.1 277
ized and 300 102,100 131,600 73,500 26,500 11.0 462 269
Tempered 500 104,850 139.100 70,950 26,200 15.5 42.5 285

700 95,900 129,100 67,500 25,200 18.25 59.7 269
900 86,640 107,375 59,500 18,700 15.25 57.4 269

PI 10 Quenched 10-3/4 0.547 RT 128,825 145,500 120,200 27,900 14.5 44.5 301
and 300 114,850 139,100 95,000 27,300 11.5 34.2 293
Tempered 500 110,025 146,050 86,750 25,500 18.0 38.6 285

TOO 100,310 124,650 76,800 24,100 21.25 76.2 277
900 78,545 92,145 51,400 19,200 21.5 77.3 277

Table 4.3: Size, Elemental Composition and Heat Treatment of API Grade Tubulars, 
After Holmes & Gates (1967).

Size, In. Chemical Composition, %

Grade Dia. MwT
-

Mn P S Si
—

Mo
Heat

Treatment

J55 13-3/8 0.313 .42) A l 1.10/1.30 .030 max. .040 max. .06 max. — - Hot rolled

N80 13-3/8 0.500 .43/.4S 1.45/1.65 .025 max. .040 max. .20/.28 — .16/20 Normalized

P105 3 0.375 .31/.35 1.45/1.65 .025 max. .035 max. .20/.28 .78/.9Ô .2S/.30 Normalized
and

Tempered

p i  io 10-3/4 0.547 .30/.3S 1.40/1.60 .025 max. .035 max. .20/.2S M l. l t .13/.17 Quenched
and

Tempered

due to number of reasons (e.g. advances in steelmaking, pipe manufacturing, testing 

methodology, etc.). Caution should be taken when using the data.

Holmes & Gates also plotted this data on graphs which provides a clearer un

derstanding of behavior of strength with increasing temperature. A common feature 

of all of the curves is the decrease in decline trend of strength around 300° F and 

for most of the pipes, a reversal of decline trend. This can be explained with strain 

aging. Since all of the tubulars were deoxidized by using silicon (see Table 4.3), it 

is expected of them to strain age at elevated temperature unless they receive long 

heat treatments such as tempering. As a matter of fact, J and N grades show a more
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pronounced increase in tensile strength because they are not tempered such as the P 

grades. This behavior is very similar to what Glen (as cited in Smith, 1972) observed 

with his experiments ( See Figure 4.6(c)).

A noticeable fact about the same study is the smooth decrease in yield strength 

of grade P-110. It can be seen in Figure 4.16(a) that every grade except P-110 

show a good resistance to yield strength loss. A possible cause of this might be 

the difference in microstructures of different grades. Since P-110 is quenched and 

tempered there is a high possibility that it will contain martensite where as J-55, N-80 

and P-105 grades are normalized which tends to create a pearlite structure. However, 

a counter argument to this comes from a study performed by Lessells and Barr (as 

cited in Smith, 1972) which suggested that carbon manganese steels which are cooled 

rapidly show superior resistance to YS deterioration as compared to normalized steel 

at elevated temperatures. This is a subject that should be investigated before making 

any definite decisions.
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Another possibility might be the amount alloying elements included in P-110 

grade. Table 4.3 shows that P-110 contains significantly less chromium and molybde

num compared to other grades, especially P-105, which is the pipe grade that is the 

closest to P-110 in tensile properties.

Also elemental composition that is presented in Table 4.4 suggests that vanadium 

is used in some of the higher grades. Vanadium is generally used to keep grain 

size controlled while the steel is heated to achieve a homogeneous austenite before 

quenching; but, it has a side effect of immobilizing most of the free nitrogen. The 

presence of vanadium might be another possible cause for the steep drop of yield 

strength of P-110

4.5 Poisson’s Ratio and Young’s M odulus

During this study, various literature items about the elevated properties of steels 

and thermal loading has been examined. It was observed that, as a general approach, 

most of these items ignore changes in mechanical properties such as modulus of elas

ticity and Poisson’s ratio.

Figure 4.17 shows how different steels behave with increasing temperature. Ex

amining the graph reveals that low carbon steels exhibit a linear drop in the modulus 

of elasticity between 100° F and 1000° F. The drop accelerates above 1000° F

Conventional casing design methods assume that the modulus of elasticity and 

Poisson’s ratio are independent of temperature. The graph reveals that the reduced 

value of modulus of elasticity at 600° F is around 29 x 106 psi for low carbon steels. 

This is not dissimilar to value of 30 x 106 psi which is used in stress calculation for this 

study. Therefore, the modulus of elasticity can be safely assumed to be a constant 

with only 3% error at 600° F. Thus for simplicity and practicality, for this study, the 

modulus of elasticity is assumed to be independent of temperature.
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Figure 4.17: Dependence of Modulus of Elasticity on Temperature, After USS (1949).
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CHAPTER 5 

FINITE ELEMENT ANALYSIS

In engineering analysis, many problems can be modeled with differential equations. 

These differential equations are usually defined within a limited domain. If these 

limits are known, the problem at hand is called a boundary value problem (BVP). The 

solution of this problem should satisfy these limits which are known as the boundary 

conditions. BVPs generally encountered in three different types (Rao, 2004):

• Steady-state: In this type of BVPs, boundaries are usually defined at the ex

tremes of the domain. Values at the boundaries are time-independent thus stay 

constant with respect to time. Temperature distribution inside a metal rod with 

known temperatures at both ends of the rod is an example of a steady-state 

BVP. As long as the tips of the rod are kept at a constant temperature, this 

problem will be independent of time.

• Eigenvalue: In eigenvalue problems the main object is to find critical values 

that might disturb the steady-state of the problem. In a column loading case, 

an eigenvalue solution is the load at which column starts to buckle.

• Transient: These problems are also called initial value problems. Rather than 

stating the maximums for the problem, a change of a parameter at one point 

within the domain with respect to time is sought. Diminishing vibrations of a 

guitar string is a common example for this problem.

When the problem at hand is simple enough, an analytical or exact solution can 

be produced. But unfortunately most of the present day engineering problems are 

defined in complex domains. In instances like this, it might be easier to try to obtain 

an approximate solution using a numerical analysis.
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Finite Element Analysis (FEA) is one of the numerical methods used to solve 

differential equations. As it is the case with other numerical methods, the solution 

is an approximation of the exact solution. In FEA, continuum of the body of matter 

is represented as a network of sections which are called elements. Each element is 

connected to the neighboring elements at points called nodes. Generally, nodes are 

found at the corners of an element but there are instances where nodes exist inside 

or at the sides of elements. A detailed procedure about how finite element analysis 

works is presented in the next section.

5.1 General Procedure

Regardless of the method chosen to solve the boundary value problem, finite 

element solution generally follows the same pattern. This section to explains each 

step in detail.

Elem ental Discritization: The first step in solving a problem with the finite ele

ment method is to break solution domain into a finite number of subdivisions 

called elements. At this step one should decide the shapes and density of ele

ments. While a higher density of elements provides a more accurate solution, 

it will also require a longer calculation time. This step of the operation is also 

called “meshing” as the final product looks like a mesh of elements.

Choose Shape Functions: Since calculating the exact displacements inside a com

plex body is troublesome, approximating equations called shape functions are 

used to calculate estimate the responses of elements under loading conditions. 

The number of required shape functions depends on number of unknowns (de

grees of freedom) or undetermined coefficients.

Develop Elem ent Equation M atrices and Load Vectors: The next step is to 

construct element stiffness matrix which defines how an element behaves under
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different loading conditions. The final form of the stiffness matrix depends 

highly on the chosen shape functions and method used to construct element 

equations. After stiffness matrix is assembled, a load vector is formed if there 

were any forces acting upon the element.

A ssem bly of Stiffness M atrix and Load Vectors: After the element or local stiff

ness matrices are assambled, the next step is to create a global stiffness matrix 

and global load vector. During the assembling process, it is essential that neigh

boring elements with common nodes have the same amount of displacement at 

those nodes. The final product is a matrix that represents the whole solution 

domain.

Solution o f M atrices and Vectors: Before a stiffness matrix can be solved bound

ary conditions must be applied. Simultaneous solution of modified matrix yields 

displacement matrix.

C alculate Elem ent Strains and Stresses: Sometimes it is enough to find dis

placements inside the body of the main interest. However, further calculations 

are needed to find stress distributions and strains.

5.2 D evelopm ent of Finite Elem ent Equations

There is more than one way to arrive to the approximating equations. Many 

different concepts can be used to calculate element equations. Some of these concepts 

are discussed below.

5.2.1 D irect Approach

As the name implies, this method applies direct physical reasoning to get to 

element properties. This method is generally only applicable to simpler problems
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such as one dimensional temperature distribution, one dimensional stress distribution 

and so on.

5.2.2 Variational Approach

This approach uses calculus of variables to derive element equations. Problems are 

defined in variational form and approximate solutions are found using finite element 

method (FEM). The limiting factor of this approach is some engineering problems 

cannot be defined in variational form thus not permitting the solution via this ap

proach.

5.2.3 W eighted Residual Approach

Unlike the variational approach, with this method, element matrices and vectors 

are derived from governing differential equations. Since there is no need to define 

the problem in variational form, the weighted residual approach can be applied to 

almost any engineering problem. There are different ways to get to element matrices 

and vectors including but not limited to Least squares, Sub domain and Galerkin 

method. Many FEA software packages, including ANSYS used in this study, use 

weighted residual approach so a detailed attention will be given to this concept.

5.3 W eighted Residual Approach

In the previous section, it was mentioned that the weighted residual approach 

is one of the ways to construct equations needed to solve an engineering problem. 

Regardless of the method used, whether it is collocation, least squares or Galerkin, 

the procedure to get to the element equations are very similar (Griffiths Sz Smith, 

1991).

At the core, all methods assume an approximate solution which is a set of linearly 

independent trial functions. This pseudo-solution then plugged into a differential
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function. The difference between exact and approximate differential equation, which

And proposed trial function will be in the form of ;

n

ÿ = ^ 2 c i'i/ji (x) (5.2)
i

Where c* denotes an undetermined coefficient and ^  denotes a trial function. The

solution “y ” must satisfy the boundary conditions. Substituting ÿ for y yields;

Where R  is the introduced error due to approximate solution. It is called the 

“residual” . The next step is to minimize the residual by finding the optimum values 

for coefficients, namely q.

5.3.1 C ollocation M ethod

In this method, the residual is forced to equal to zero at number of points in the 

domain equal to the numbers of unknown coefficients.

is called a “residual” , then forced to equal zero by “tuning” the coefficients of the

trial function.

This procedure can be demonstrated with a second order boundary value problem:

(5.1)
v {x b ) =  Vb

next step is to plug the approximate solution into the differential equation. A number 

of points or “n ” is determined by user. Regardless of the numbers chosen, the trial

(5.3)

R (xi) = 0, z =  1 ,2 , . . . ,  n (5.4)
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5.3.2 Subdom ain M ethod

In this method, the domain of the solution is divided into number of sub domains. 

The number of sub domains depend upon the number of unknowns or q . In each 

sub domain residual is integrated and the result is made equal to zero. This can be 

formulated as:

r x i  r x 2 r x n
/ Rdx = 0, / Rdx  =  0, /  Rdx  =  0, (5.5)

JX0 JX\ JXn-l

The range of the solution domain is;

x0 < x  < x n (5.6)

5.3.3 Least Squares M ethod

In least squares approach, the square of residual is integrated over the entire solu

tion domain. Then it is differentiated with respect to each undetermined coefficient

and the result is set to zero. In mathematical formulation;

3 f B CB 3 R
—  /  R2dx =  2  /  R ——dx = 0 i = 1 ,2 , . . .  ,n  (5.7)
d c i  J  A  ,/a

Where;

A < x < B  (5.8)

5.3.4 Galerkin M ethod

In this method the residual is multiplied , in other words “weighted” , by the trial 

functions. Then the integral of the multiplication is set to zero. For n undetermined 

coefficients;

8 0



r B  nB r B
/ 'iftiRdx = 0 /  ^ R d x  = 0 / i/jnRdx =  0 (5.9)

J a  J a  Ja

Where;

A < x < B  (5.10)

This procedure produces n different equations for each q.

5.4 Different M odel Types

The first step in FEA, even before selecting a solution method, is to pick a proper 

representation of the problem. The main “trick” in this is to select a simple model 

without sacrificing solution accuracy too much. For instance, one can use a one di

mensional rod element to model displacements within a tapered column. Assumptions 

can be made to reduce the size of the model to save computational time and make 

the model more efficient. In this section different types of models will be introduced 

and explained.

5.4.1 One Dim ensional (1-D) M odels

The simplest finite element models are usually constructed in one dimension. 

When one of the corners is considerable longer than other corners, such as a rod, 

1-D elements can be used to create a model of the system. 1-D models can be used to 

solve problems including stress distribution in trusses, stresses created by temperature 

change, basic heat transfer and so on.

5.4.2 Two Dim ensional (2-D) M odels

Two dimensional models are very versatile and can be applied in numerous cases. 

A case where 2-D models are used is when one dimension is comparably small com-
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Figure 5.1: Plane Stress Representation of a Plate, After Quek & Lin (2003).

pared other two in 3-D space. Disks and plates are two common example geometries.

There is also a common application of 2-D models. If a 3-D system obeys some 

exceptions, the system can be reduced to 2-D and solved without losing significant 

accuracy in the solution. These exceptions are different in each approach. They are 

explained in detail below.

P lan e  S tress This two dimensional theory is valid when the domain of a problem is 

contained between two parallel planes which have a small separation between 

them as contrasted to the other dimensions (Figure 5.1). This theory assumes 

that there are no stresses acting on these two planes. Since the thickness in the 

z coordinate is comparatively small, stress variation throughout the z direction 

is going to be minuscule and thus does not affect the stresses in other directions 

(Timoshenko & Goodier, 1951). This condition can be recited as;

G  Z Z  — Tzx — T Z y  =  0 (5.11)

Where z denotes the direction perpendicular to the planes.

P lan e  S tra in  Plane strain assumption requires the body under examination to be 

considerably long in z direction. Tubulars, dams and long bars (See Figure 5.2) 

are common structures that can be modeled with this approach. This approach



z

Figure 5.2: Plane Strain Representation of a Long Cylindrical Bar Under Uniform 
Loading, After Timoshenko & Goodier (1951).

also assumes that cross section of the body and loading do not change along the 

axial direction and that the ends of the body are fixed (Rao, 2004). It should be 

also mentioned that this approach becomes invalid if there are any displacement 

along the z-direction and/or the slice of the body is close to the ends.

These conditions can be rephrased as;

l y z  —  Tcz — ^zz ~  0 (5-12)

and stress in z direction can be calculated as

G zz  ~  +  Gy y)  (5.13)

A x isym m etric  When the problem to be analyzed has a rotational symmetry about 

the vertical axis, an axisymmetric 2-D model can be used to simplify and repre

sent a 3-D system. For example, a vertical slice of a 3-D solid that is represented 

as shown in Figure 5.3, can be used as an axisymmetric model. This represen

tation will be valid as long as geometry, boundary conditions and material 

properties do not have any differences with respect to 9 in cylindrical coordi

nate system. Even though it is easier to model rotationally symmetric loading
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conditions, it is possible to use specifically designed elements to handle loading 

conditions that are non-axisymmetric.

A general assumption with axisymmetric models is there is no shear stress or 

shear strain in 0 direction which can be also shown as;

Ize =  7 er =  0 (5.14)

Tz0 — 7#r — 0 (5.15)

On the other hand, stress and strain in 9 direction also known as hoop stress and 

strain are non zero;

fw, f  0 (5.16)

CM 7^0 (5.17)

5.4.3 Three Dim ensional (3-D) (Solid) M odels

Solid modeling in used in cases where any simplifications cannot be made due 

to different reasons including complex body shape, irregular loading, use of different 

material properties and so on. When a 3-D solid is used, all six possible stresses 

(three normal and three shear) are needed to be included in the calculations. Also, a 

displacement field has three possible components namely, u,v and w

The reason behind all the existence simplifications and special case models is due 

to the complexity of a solid model. 3-D models are often more difficult to prepare. 

It takes more time to find bugs and debug. And maybe the most limiting one is the 

amount of computational power required (Cook, 1995).
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H*

Figure 5.3: A Section of a Hollow Cylinder Which Can Be Represented with an 
Axisymmetric Model, After Cook (1995).

5.5 Coupled Field M odeling

A coupled field analysis is a combination of analysis from different engineering 

disciplines that interact to solve a global engineering problem. When input of one 

field analysis depends on results from another analysis, the analyses are said to be 

coupled.

Some analyses have one-way coupling which means that between two systems that 

are coupled, only one of them affects the other. A common example is a thermal stress 

problem where changes in a temperature field create thermal loads. Stress applied by 

temperature difference change the stress field inside the body. But changes in stress 

field generally don’t cause any change in temperature field. On the other hand, some 

analyses require iteration between loads. For example, in a fluid-structure interaction 

problem, flow inside a conduit can impose pressure loads large enough to change the 

geometry of the flow conduit which change the flow characteristics of the fluid.
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There are basically two types of methods to solve coupled field problem, namely 

direct and sequential.

Direct coupling analysis uses elements that contain information from both fields 

also called degrees of freedom (DOF) which enables program to reach to a convergent 

solution faster by reducing the calculations needed.

Sequential approach solves the problem in two steps. First the independent field 

is solved for reactions and the obtained results are used in the second dependant 

analysis. Although it sounds cumbersome, this procedure is more efficient than the 

direct approach when one-way coupling exists since sequential approach generally 

uses simpler elements which are easier to manipulate and solve.

5.6 A N SY S

ANSYS is a commercial finite element analysis software with many capabilities 

including performing structural, thermal, fluid flow analyses. The degree of complex

ity of the analysis can range from simple, linear and static to complicated, nonlinear, 

transient dynamic. The software can perform each step of the analysis from the start 

(building geometry) to the end (producing results in the form of tables and graphs).

For this research two modules: structural and thermal were used in conjunction 

to investigate stresses due thermomechanical loading of casing.

5.6.1 Structural Analysis

The most prevalent use of the finite element analysis is probably structural anal

ysis. Almost anything can be the focus of the analysis; buildings, bridges, vehicles as 

well as mechanical components such as pistons, machine parts and tools.

Although the structural analysis module of ANSYS can handle a wide span of 

selection (e.g. static, dynamic, modal harmonic, spectrum, buckling, etc.), a simple 

static and linear elastic model will be adequate for the purposes of this study.
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Static analysis determines displacements caused by a structural load (e.g. force, 

pressure, temperature difference, etc.) which can be converted into stresses. In linear 

elastic analysis, the material under investigation strains linearly so non-linear effects 

like plasticity, stress stiffening or creep are disregarded.

5.6.2 Therm al Analysis

Temperature distribution and related thermal quantities can be calculated with a 

thermal analysis. Generally the main interest is on thermal distribution, amount of 

heat exchanged, thermal gradients and fluxes and so forth.

Thermal analyses are generally used for engineering applications (e.g. heat ex

changers, piping systems, turbines, etc.) where there is a significant temperature 

change. Many cases also require a stress analysis to calculate stresses created by 

thermal expansion (or contraction).

Thermal analysis in ANSYS is based on a heat balance equation which is derived 

from law of conservation of energy. In finite element analysis this is done through 

calculation of the temperature in each node and using nodal temperatures to calculate 

other variables.

In this thesis, a thermal analysis will be done using contact mode of heat transfer. 

Any heat transferred through other means (i.e. convection and radiation) will be 

ignored. A steady state assumption is used since the analysis will be insensitive to 

changes that happen over a period of time.

5.6.3 Elem ent Selection

There are over 250 elements that are available in ANSYS 10.0 with each element 

designed for a different purpose. The selection of the most suitable element will 

provide the best accuracy of results which is determined main by the type of analysis. 

Conditions chosen for the model built for this study requires a coupled field solution
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which can be done in two ways:

1. Direct Coupling: Both thermal and structural loads and reactions are calcu

lated through using one element. Element chosen must have the capability of 

managing temperature and displacements together (ANSYS, 2005). Using this 

method is generally recommended when the relationship between coupled fields 

are highly non-linear and/or both fields affect the solution of the other field.

2. Sequential Coupling: This approach solves two fields separately. For thermal- 

structural analysis, first temperature distribution is found by using PLANE 77. 

This element is a quadratic thermal element with 8  nodes and one degree of 

freedom which is temperature. After the solution is acquired, it is input into 

the structural solution which uses PLANE 82. This is a quadratic structural 

element with 8  nodes and 2  degrees of freedom which are displacements in the 

nodal x and y directions. Although this approach requires more steps, elements 

are easier to configure and solve.

Since only thermal analysis affects structural field, in this study, sequential coupling 

will be used for solution process. Both PLANE 77 and PLANE 82 have the same 

geometry presented in Figure 5.4. These elements must be used in z  = 0 plane 

because of the set up of the elemental equations. Thus directions in conventional 

cylindrical coordinate system must be realigned. Axial direction will be chosen as 

y-direction instead of z and radial direction will be kept as x-direction



Y
(or axial)LX (or radial)

Figure 5.4: Geometry of PLANE77 and PLANE82 Elements, After ANSYS (2005).
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CHAPTER 6

NUMERICAL MODEL CONSTRUCTION AND VERIFICATION

In conventional casing design, stresses caused by temperature changes are some

times overlooked. The API specification 5C3 leaves the choice to designer and does 

not mention a method to include thermal stresses. All of the design methods need 

loads to be determined before any selection of a casing can be made. The finite 

element model that is discussed in this section will be used to calculate stress dis

tribution inside a casing when casing is exposed to both an external pressure and a 

temperature increase. The main purpose in constructing this model is to see how 

axial stress created by temperature change affects the equivalent stress.

After combined loads are determined, they can be compared to the yield strength 

of API grade casings at elevated temperature. This should be helpful in the decision 

making process of casing selection.

Generally, a casing is defined by its OD, weight per foot, yield strength (grade) and 

connection type. The yield strength was not included in calculations since yielding 

can’t be produced with this model. Also, the connection type is irrelevant since the 

analysis was only involved the pipe body.

The outer diameter was selected as 5.5 inches because of the widespread selection 

of it as a completion casing. The most common weight of this OD is 23 ppf which 

exists in all API grades (except H-40, J-55 and K-55). So weight of the casing was 

selected as 23 ppf.

Axisymmetry will be used to reduce 3-D geometry to 2-D which will provide faster 

calculation without sacrificing accuracy of the solution.
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6.1 Assum ptions

The finite element analysis is a very versatile and powerful method for numeri

cal solution of engineering problems. But as is the case with all solution methods, 

necessary steps are needed to be taken in order to simplify the solution process thus 

reduce the required time and resources.

This analysis only valid when casing is set in place and movement in the axial 

direction is restricted. When casing is free to expand in axial direction, any temper

ature change will cause steel to expand and no stresses will be produced. Interaction 

between cement and casing is not considered even though it is expected to cause an 

increase in radial and tangential stresses. However not including cement simplifies 

the model greatly which allows a better judgment to be made of stresses.

Any changes in Young’s modulus due to temperature change are ignored because 

of unavailability of reliable data. However for low carbon steels, between 200° F and 

600° F the decrease in Young’s modulus is low and can be ignored.

6.1.1 G eom etric Lim itations

1. To avoid any effects caused by the ends, casing is assumed to have a length at 

least eight times the length of diameter. Any tubular that does not satisfy this 

condition cannot be represented by this model.

2. No variational changes in thickness of the casing is allowed and both inside and 

outside diameters of the casing are perfectly centered with the origin of the 

system (concentric).

3. Casing is perfectly restrained at the axial ends and axial strains do not exist.

4. Casing is perfectly free to contract (or expand) in the radial tangential direction 

in the cylindrical coordinate system.
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5. Casing is assumed to keep its original shape regardless of the magnitude of the 

axial stress.

6.1.2 M aterial P roperties

1. Properties of casing represented in the model is homogeneous and isotropic.

2. No plasticity is considered thus material strains only elastically under applied 

loads.

3. Modulus of elasticity (Young’s modulus), Poisson’s ratio and thermal conduc

tivity are constants and have the same value throughout the modeled system. 

They are defined as:

Young’s modulus (E): 30 x 1 0 6psi

Poisson’s ratio (z/): 0.3

Thermal conductivity (k): 26Btu/hr f t ° F

4. The coefficient of linear expansion (COE) has a linear relationship with tem

perature and defined as:

Coefficient of therm al expansion (a): 1.9 x 10_9T  +  6.125 x 10- 6  

Where T  is in Fahrenheit.

6.1 .3  Loading R estriction s

1. Pressure is applied on the outside surface of casing uniformly.

2 . System is assumed to have enough time to reach uniform temperature. There 

are no tem perature gradients in casing.
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Figure 6.1: Boundary Conditions for Thermal Analysis.

6.2 B oundary C onditions

Calculation of tem perature field was done using a steady state thermal analysis. 

Since there is no time factor in calculations, regardless of the boundary tha t temper

ature is applied, the whole modeling area will obtain the applied tem perature a t the 

boundary. This creates a uniform tem perature distribution.

For thermal calculations tem perature was applied to the inner radius of the casing 

which can be seen in Figure 6.1.

Displacement calculations were performed via static structural analysis. Bottom 

and top lines of the rectangular presented in Figure 6.2 were restrained in y-coordinate 

to satisfy long cylinder condition. Only displacements allowed were in x and z direc

tion.
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Figure 6 .2 : Boundary Conditions for Structural Analysis.

6.3 M odel G eom etry

The first step in preparing the model is to choose an appropriate shape. Casing 

chosen has geometric properties of :

Outer diameter (OD): 5.5 inches

Weight per foot (# ): 23 ppf

Wall thickness (t): 0.415 inches

Since a hollow cylinder is a rotational solid of a rectangle about the z-axis, cas

ing can be modeled axisymmetrically with a rectangle. W idth of the rectangle is 

determined by thickness of the casing which leaves only the height of the rectangle 

to be decided. Since there is no set rule for selection of height of the rectangle, three 

different geometries are prepared to find the sensitivity of the model to height.
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(a) Axisymmetrical FEA Model w ith a Height of 0.5 
Inches.

AN

(b) Axisymmetrical FEA Model w ith a Height of 1
Inch.

AN
04:07:05

(c) Axisymmetrical FEA Model w ith a Height of 4 
Inches.

Figure 6.3: Axisymmetrical Representations of a Casing with an Outer Diameter of 
5.5 Inches and a Thickness of 0.415 Inches with Varying Heights and a Constant Mesh 
Density.
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Table 6.1: Change in von Mises Stresses in Casing with Varying Heights of the Model.

v o n  M is e s  S tr e s s  (p s i)

h u s  (in ) h = 0 .5  in h = 1 .0  in h = 4 .0  in

2 .3 4 2 5 4 7 8 2 5 4 7 8 2 5 4 7 8

2 .3 8 2 4 6 4 1 24 6 4 1 2 4 6 4 1

2 .4 2 2 3 8 4 9 23 8 4 9 23 8 4 9

2 .4 6 2 3 0 9 8 23 0 9 8 2 3 0 9 8

2 .5 0 2 2 3 8 6 22 3 8 6 2 2 3 8 6

2 .5 4 2 1 7 0 9 2 1 7 0 9 2 1 7 0 9

2 .5 8 2 1 0 6 7 2 1 0 6 7 2 1 0 6 7

2 .6 3 2 0 4 5 6 20 4 5 6 2 0 4 5 6

2 .6 7 1 9 8 7 4 1 9 8 7 4 1 9 8 7 4

2 .7 1 1 9 3 2 1 19 3 2 1 19 3 2 1

2 .7 5 1 8 7 9 4 1 8 7 9 4 1 8 7 9 4

Figure 6.3 shows three models with a height of 0.5 inches, 1 inch and 4 inches, von 

Mises equivalent stresses were calculated for each model at the midpoint in height 

through radius of the casing after 4000 psi is applied on the outside of the model. 

Examining Table 6.1 reveals tha t different height selection has no effect on von Mises 

stress and renders the height irrelevant to  the analysis.

For the sake of keeping a unit distance, 0.415 inches x 1 inch will be used for 

further modeling

6.4 M esh D ensity

Next step in preparing the model is to decide how many elements should be 

used in the model. Generally increasing number of elements increase the accuracy 

of the solution and reduces the error introduced by numerical approximation. On 

the other hand, using more than  necessary elements increases the amount of time 

and computing resources needed to  perform all the calculations. A balance must be 

sought between the time needed to conduct simulations and accuracy of the solution 

when determining the amount of elements to be used.

It is a common method to start with a coarse mesh with fewer elements and refine

97



(b) Mesh Prepared w ith 240 Elements.(a) Mesh Prepared w ith 60 Elements.

(c) Mesh Prepared w ith 540 Elements. (d) Mesh Prepared w ith 960 Elements. 

Figure 6.4: Axisymmetric Models Prepared with Different Mesh Densities.

the mesh by increasing element numbers until desired accuracy of the solution is 

achieved. The modeled area (0.415 in. by 1 in.) was meshed with 60 elements and 

4000 psi was applied to outer perimeter of the casing. The system was solved and 

von Mises stresses were extracted from the solution for entire thickness of the casing. 

The same process was repeated for 240 elements, 540 elements and 960 elements. 

Prepared meshes are shown in Figure 6.4. The results are presented in Table 6.2 

along with theoretical solution obtained by solving Lame’s equation for thick-walled 

cylinders.

Even though it is subtle, refinement of the solution can be observed with increasing 

number of elements. To obtain a better grasp of change of von Mises stresses, percent
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change in stresses compared to theoretical values are calculated (see Figure 6.5). It 

can be seen tha t 60-element mesh has a poor performance compared to other meshing 

options. It is possible to use the next best option which is 240-element mesh and not 

sacrifice accuracy since average percent difference is below 0.015%. Further refinement 

of the mesh will bring more accuracy to the solution but relative improvement in 

solution does not justify additional complexity brought to the model and solving 

process. A 240-element model will be used to advance into thermomechanical analysis.

8  0.040

•60 Elements

■240 Elements

•540 Elements5  0.030
—*— 960 Elements

Radial D istan ce  f ro m  t h e  C e n te r  ( inches)

Figure 6.5: Percent Difference in von Mises Stresses Through the Wall of Casing for 
Different Element Numbers.

6.5 M odel V alidation

Before the main purpose of the model can be achieved, it is necessary to test and 

prove reliability of the model. Due to the complexity of analytical thermomechani

cal models used for stress calculations and lack of experimental data  tha t combines
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Table 6.2: Change in von Mises Stresses in Casing for Different Number of Elements.

v o n  M is e s  S tr e s s  (p s i)

R ad iu s (in ) T h e o r e tic a l E.N. = 6 0  E.N. = 2 4 0  E.N. = 5 4 0  E .N . = 9 6 0

2 .3 4 2 5 4 8 2 2 5 4 6 7 2 5 4 7 8 2 5 4 8 0 2 5 4 8 1

2 .3 8 2 4 6 4 5 2 4 6 5 2 2 4 6 4 1 2 4 6 4 6 2 4 6 4 4

2 .4 2 2 3 8 5 2 2 3 8 3 9 2 3 8 4 9 2 3 8 5 1 2 3 8 5 2

2 .4 6 2 3 1 0 1 2 3 1 0 7 2 3 0 9 8 2 3 1 0 2 2 3 1 0 0

2 .5 0 2 2 3 8 8 2 2 3 7 7 2 2 3 8 6 2 2 3 8 7 2 2 3 8 8

2 .5 4 2 1 7 1 2 2 1 7 1 7 2 1 7 0 9 2 1 7 1 2 2 1 7 1 1

2 .5 8 2 1 0 6 9 2 1 0 5 9 2 1 0 6 7 2 1 0 6 8 2 1 0 6 8

2 .6 3 2 0 4 5 8 2 0463 2 0 4 5 6 2 0 4 5 8 2 0 4 5 7

2 .6 7 1 9 8 7 7 1 9 8 6 8 1 9 8 7 4 1 9 8 7 6 1 9 8 7 6

2 .7 1 19323 1 9 3 2 7 1 9 3 2 1 1 9 3 2 4 1 9 3 2 3

2 .7 5 1 8 7 9 6 18 7 8 8 1 8 7 9 4 18 7 9 5 1 8 7 9 6

external pressures with high tem perature, testing will be done in two separate steps 

rather than one combined step. First the axial loads created by therm al expansion 

will be tested for tem peratures up to 900° F. The second step will test the reliability 

of the model for simulation of external pressures up to 16000 psi.

6.5.1 T herm al Stress Com parison

A steady state analysis was used to calculate tem perature distribution inside the 

casing. Initial medium tem perature was set to 100° F and tem perature increments of 

200° F were applied to one of the boundaries while the axial boundary was locked in 

place. Selected boundary does not affect the outcome of the simulation since steady 

state analysis was performed and final tem perature distribution are uniform.

A linear increase in COE is incorporated into calculations. Results are presented 

in Table 6.3 show a good match between analytical and numerical calculations.

6.5.2 M echanical S tress Com parison

Stresses created by applied external pressure are obtained by a static analysis and 

theoretical calculation by the use of Lame’s equation for thick-walled cylinders. For
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Table 6.3: Comparison of Thermal Stresses Obtained from ANSYS and Analytical 
Calculations.

Tfm,i(°F) AT(°F) COE(l/°F) CT^adcaiculatedKpsi) (ANSYS)(psi)
1 0 0 0 6.31E-06 0 0

300 2 0 0 6.69E-06 40125 40125
500 400 7.06E-06 : 84750 84750
700 600 7.44E-06 133875 133875
900 800 7.81E-06 187500 187500

Lame’s equation to be valid, the O D /t ratio should be equal or lower than 20 which is 

satisfied for a casing with 5.5 in. OD and 23# (OD /t =  13.3). Thus Lame’s equation 

can be used for comparison. For only pressure on the outside, Lame’s equation is 

described as:

r „2 x P0
i - i (6 .1)

r2 xP„
rf — r;

(6 .2)

ri<r<r0 (6.3)

And for open ended pipe axial stress can be calculated as;

az = v{ao +  0>) (6.4)

Where;

P0: Pressure applied on outside of pipe, psi

ar: Stress component in radial direction in cylindrical coordinate system, psi

as: Stress component in tangential direction in cylindrical coordinate system,

psi
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Table 6.4: Comparison Between FEM and Theoretical Calculation of Stresses for 
P0 = 4000 p s i

radius a t (Lame) o t (ANSYS) a,(Lam e) <yf(ANSYS) a f la m e ) ANSYS) von M ises (Lame) von M ises (ANSYS)

2.34 -28669 -28667 0 -2 -8601 -8601 25482 25478
2.38 -28173 -28171 496 498 -8601 8601 24645 24641
2.42 -27702 -27700 967 -969 -8601 8601 23852 23849
2.46 27255 27253 -1415 1416 -8601 8601 23101 23098
2.50 -26830 -26828 -1840 1841 -8601 8601 22388 22386
2.54 26425 -26423 -2244 2246 -8601 -8601 21712 21709
2.58 -26040 -26038 -2630 -2631 -8601 -8601 21069 21067
2.63 -25673 -25671 -2997 -2998 -8601 -8601 20458 20456
2.67 -25323 -25321 3347 -3348 -8601 -8601 19877 19874
2.71 24988 -24987 3681 3682 -8601 -8601 19323 19321
2.75 -24669 -24668 -4000 -4001 -8601 -8601 18796 18794

az\ Stress component in axial direction in cylindrical coordinate system, psi

r0: Outside radius, inches

ri. Inner radius, inches

r: Radial point of investigation, inches

v. Poisson’s ratio

For 4000 psi external pressure, the radial, tangential, axial and von Mises equivalent 

stresses are calculated with both Lame’s equation and FEM. Results are displayed in 

Table 6.4. Good agreement between two methods proves tha t numerical method is 

working properly and it can be extended to other pressure scenarios.

6.6 Solution Process

A detailed step by step description of solution process can be found in appendix

B
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CHAPTER 7 

RESULTS AND DISCUSSION

Twenty four cases were run by varying the pressure between Opsi and 16000 psi 

and the tem perature between 100° F and 900° F. After all the simulation cases were 

run, each scenario was investigated separately and a section th a t goes throughout the 

radius of casing was prepared. All stresses th a t exist on this section were extracted 

and plotted with respect to radial distance and pressure and tem perature loads. The 

results are can be seen below.

7.1 R adial Stress

Radial stresses were the same for all the tem perature change cases. Only source 

of the radial stress was the external pressure applied on the outer diameter of casing. 

Negative sign indicates th a t casing is under compressive stress. The maximum radial 

stress is encountered a t the outer diameter and equals to  applied pressure. The results 

are presented in Figure 7.1

7.2 Tangential Stress

Similar to the radial stresses, there were no differences in tangential stress between 

different tem perature scenarios. The maximum tangential stress was encountered at 

the inside diameter as expected since Lame’s equation will reach maximum value for 

tangential stress a t the inner diameter. The results obtained from simulations are 

presented in Figure 7.2

7.3 A xial Stress

Displacements in axial direction were fixed to zero to satisfy the infinite pipe 

assumption. Since the pipe cannot expand vertically it was expected to produce
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Figure 7.1: Change in Radial Stress within Casing due to Varied External Pressure.

stress in axial direction. There is also a component of the axial stress created by 

Poisson’s effect of the external pressure applied which can be observed in Figure 7.3 

when there is no tem perature difference (x =  0 ).

Combined results can be seen in Figure 7.3. Also the relationship between the 

temperature and axial stress is slightly non-linear (quadratic to be exact) because of 

the way COE was defined.

7.4 von M ises (Equivalent) Stress

Equivalent stresses are calculated using von Mises effective stress formulation, von 

Mises failure criterion (also known as the distortion energy density criterion) is used 

commonly to quantify the point where the yielding starts (Boresi & Schmidt, 2 0 0 2 ). 

According to this method, an effective stress is calculated using Equation 7.1.
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105



250,000

200,000

150,000

I

1
I

100,000

50,000

300 500 600 700 800 9000 100 200 400

-P  = 0 p s i 

-P  = 4000 psi 

-  P = 8000 psi 

-P  = 12000 psi 

-P  = 16000 psi

T e m p e r a tu r e  D iffe re n c e  (°F)

Figure 7.3: Change in Axial Stress within Casing due Temperature Difference with 
Varying External Pressure.
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Where (for cylindrical coordinate system):

<re: Effective (von Mises) stress, psi

axx: Radial stress, psi

(jyy: Tangential stress, psi

<jxx: Axial stress, psi

The calculated equivalent stress is compared to the yield strength of material. If 

the effective stress exceeds the strength, the material is assumed to strain in plastic 

region.

Changes in radial and tangential stresses were observed to be indifferent of tem

perature change since the model was allowed to expand in every direction except 

the axial direction. Thus any difference in von Mises equivalent stress is a result 

of the change in tem perature between different scenarios. The results were grouped 

according to the tem perature increase.

When there is no tem perature increase (Figure 7.4), the difference in von Mises 

stress for different external pressures is very distinct. In Figure 7.5 and Figure 7.6 

where the tem perature differences are 200° F and 400° F respectively, it is shown 

th a t stress distributions are getting closer to each other, especially for cases with an 

external pressure of 4000 psz and 8000 psi.

For higher tem perature differences (Figure 7.7 and Figure 7.8), von Mises stress 

become less sensitive to the changes in external pressure. In fact, when the tempera

ture difference is set to 800° F, there is a very small difference between scenarios with 

different applied external pressure except for the 16000 psi case. This shows tha t axial

107



200,000

140,000

e  120,000

20,000

”  100,000  

S5
g
> 80,000

60,000

2.3 2.35 2.4 2.45 2.5 2.55 2.6 2.65

R ad ia l D is ta n c e  f ro m  t h e  C e n te r  (in c h e s )

-P  = 4000 psi 

*P = 8000 psi 

- P =  12000 psi 

-P  = 16000 psi

2.7 2.75 2.8

Figure 7.4: Distribution of Von Mises Stress within Casing with Varying External 
Pressure at A T  — 0.

108



200,000

180,000

160,000

140,000

—  120,000

100,000
8000

80,000 16000

60,000

40,000

20,000

2.75

R a d ia l D is ta n c e  f ro m  t h e  C e n te r  (in ch es)

Figure 7.5: Distribution of Von Mises Stress within Casing with Varying External 
Pressure at A T  =  200.
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Figure 7.6: Distribution of Von Mises Stress within Casing with Varying External 
Pressure at A T  = 400.
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Figure 7.7: Distribution of Von Mises Stress within Casing with Varying External 
Pressure at A T  =  600.
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Figure 7.8: Distribution of Von Mises Stress within Casing with Varying External 
Pressure at A T  =  800.
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Figure 7.9: Maximum von Mises Stresses Extracted from Finite Element Analyses 
and Temperature Dependence of Yield Strength of API Casing Grades.

(thermal) stress becomes the dominating factor in Equation (7.1) when temperature

difference reaches 600° F (316° C)

7.5 D iscussion

Radial and tangential stresses are found to be only a function of external pressure. 

This was an expected outcome of the simulation since the model is free to expand in 

radial and tangential directions. Axial stress is found to be a combination of stresses 

caused by thermal expansion and Poisson’s effect.

Maximum von Mises stresses for each case are extracted from the simulation 

results and plotted in Figure 7.9 together with elevated temperature yield strength 

values for API casing grades tha t are presented in Figure 4.16(a) on page 70.

The first thing tha t draws attention in Figure 7.9 is the behavior of effective
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Figure 7.10: Change in Maximum von Mises Stress with Changing Temperature 
Difference and External Pressure Relative to Maximum von Mises Stress at Pext =  0.

stress lines as they tem perature difference becomes larger. As tem perature increases, 

thermally induced (axial) stresses become far greater than stresses created by exter

nal pressure. This behavior becomes more pronounced when tem perature difference 

exceeds 600° F and when external pressure is below 12000psi.

The relative change in effective stress is compared to the case with only exter

nal pressure (A T  =  0) was calculated for each case. When the external pressure 

equals 4000 psi, increasing tem perature by 600° F causes 412 % increase in effective 

stress. On the other hand, when external pressure is 16000 psi, the same amount of 

tem perature increase causes 46 % increase in effective stress which is almost 9 times 

smaller than the previous case. This demonstrates the sensitivity of effective stress 

to tem perature difference increase when external pressure is relatively low.

A similar analysis can be made with no external pressure case taken as the base.
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When A T  =  200° F, applying 4000 psi increase in external pressure increase effective 

stress by 6  % while increasing external pressure to 16000 psi increases effective stress 

by 150 % which is 25 times more than  the case with external pressure of 4000psi. 

This shows tha t external pressure is the main contributor to effective stress when 

tem perature difference is below 300° F.
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CHAPTER 8  

CONCLUSION AND RECOMMENDATIONS

Regardless of the approach taken, obtaining an accurate definition of expected 

loads in a well is one of the most important requirements of a successful casing design. 

The assumption of temperature independency of material properties is common with 

most methods. In this thesis, it has been discussed that casing design methods 

and their assumptions, although they may be perfectly valid for a conventional oil 

well, are not satisfactory for elevated temperature environments. In summary, these 

conclusions can be deduced from the experience and knowledge gathered through this 

research.

8.1 D ependence of Strength of Steel on M etallurgical Properties

The reduction of the strength of casing strings at elevated temperatures is found 

to be a very complex phenomenon. The relationship between the strength and tem

perature of steel are unique for each API grade. In fact, it is not uncommon to see 

significant differences in high temperature properties of two casings within the same 

grade. This difference is caused by many factors with strain aging tendency being the 

most dominant one. The degree of strain aging depends on many aspects including 

elemental composition, heat treatment, grain size and microstructure.

These recommendations should be followed when applicable, to manufacture steel 

that resists strength deterioration at elevated temperatures:

1. During the deoxidization of steel, silicon should be used instead of aluminum. 

Previously presented studies show that steels killed with silicon show a superior 

resistance to the decrease of strength at elevated temperatures compared to 

aluminum killed steels.
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2. The amount of free nitrogen should be kept at high concentration levels since it is 

primarily responsible for strain aging along with manganese. Any element tha t 

has a high tendency to capture and immobilize nitrogen should be exchanged 

with a substitute element.

3. For casing grades that require heat treatments (e.g. austenitization before 

quenching, tempering, etc.), niobium should be used for grain refinement in

stead of vanadium or aluminum. Niobium, unlike vanadium and aluminum, 

does not have a high affinity for nitrogen; thus, using niobium will increase the 

chance of having steel with higher free nitrogen concentration.

4. The addition of molybdenum, even as little as 0.08 wt. %, can increase the 

yield strength of steel elevated temperature significantly. Thus, molybdenum 

should be added to any steel that is intended for high temperature use.

5. Steels made using fine grain practice generally perform better than coarse 

grained steels. This is not a source of concern since API grades are already 

required to be made to fine grain size as it is featured in API 5CT.

6 . When it is possible, heat treatments should be kept to a minimum since nitrogen 

capturing elements such as aluminum, vanadium, silicon, etc. generally exhibit 

an increased affinity for nitrogen at elevated temperatures. Long durations of 

heat treatments reduce the chances of obtaining steel with high free nitrogen 

content thus limiting strain aging.

8.2 Effect of Tem perature Increase on Effective Stress

The results obtained from finite element analysis revealed that temperature in

crease can add a significant amount of load to a casing. It is difficult to define an 

absolute temperature where thermal stresses become dominant in effective stress cal-
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dilation. It should be realized tha t each case should be independently examined 

according to varying circumstances.

However, when severe loading from external pressure is expected (Pext>10, 000 pst), 

any temperature difference below 200° F does not make much contribution to effec

tive stress. As a result, at this level, thermal stress may be overlooked for stress 

calculation purposes. This is generally the case for most of the deep gas wells.

Whether a casing produces thermal stress or thermal expansion is another ques

tion for deep wells. A transient analysis is required to determine the time required 

for casing to reach temperature equilibrium. If cement sets before equilibrium is 

reached, thermal stress will occur. In addition, cement produces heat during setting 

(hydration) which might affect the outcome.

The results of this research is found to be very applicable to shallow wells where 

temperature rise is caused by production operations (steam injection, in situ com

bustion, in situ thermal conversion, etc.). Steam temperatures of 600° F-700° F are 

not uncommon for thermally enhanced oil recovery projects. In these types of wells, 

the loading expected to be produced by external pressures will be relatively low com

pared to thermal stress. Therefore the dominating factor in the design will be thermal 

stress.

8.3 Future Work

The research presented in this thesis aimed to highlight the differences that should 

be considered in casing design methods when dealing with high temperature environ

ments. Some of the research topics that could be pursued to expand knowledge in 

this field are presented below:

Casing Coupled w ith Cem ent and Formation

To really appreciate how an oil well would behave under thermally induced stresses, 

formation and cement should be included to the model used in this study. The
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current model underestimates effective stress since casing is free to expand in the 

radial direction. In a model that includes casing, cement and formation, radial and 

thermal stresses are expected to increase since cement and formation will act as a 

restriction to the radial direction.

The biggest challenge in achieving this is to obtain an accurate representation of 

temperature distribution. This depends on numerous variables including tempera

ture differential between wellbore and virgin formation, thermal conductivity of the 

formation, cement and casing properties, thickness of the formation, etc.

The determination of temperature distribution can be done with finite element 

analysis through the application of a transient analysis. Also stress distribution will 

be dependent on time as well.

Properties o f A P I Grade Casing at Elevated Tem perature

One of the obstacles encountered during this research was the scarcity of data for 

elevated temperature properties of API grade tubulars. Most of the common design 

methods rely on the availability of material properties. Without the knowledge of how 

yield strength would behave at elevated temperatures, it is a challenge to determine 

if a casing will fail under estimated stresses.

An experimental study should be conducted to determine properties of API grade 

steels at elevated temperatures (e.g. yield strength, tensile strength, coefficient of 

thermal expansion, Young’s modulus, Poisson’s ratio, etc.). Gaining access to these 

properties would refine the design process, and lead to a more reliable selection of 

casing.

Elastoplastic M odel

It has been shown that thermal stresses can easily push effective stress well above 

100 ksi. Most of the casing grades will start yielding at stresses this high. A better 

appreciation could be attained if the plasticity of steel is introduced to finite element
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analysis. Deformation caused by creep could also be represented with such a model 

which is not possible with elastic approaches.

Stochastic M odel

It has been shown in literature that a stochastic model can be used to calculate the 

resistance of casing strings with geometric imperfections (e.g. ovality, eccentricity, 

etc.) with reasonable accuracy. However, limited knowledge is available on how loads 

should be determined. In an instance where casing is cemented into a formation, 

it is very unlikely to have uniform temperature distribution through the formation 

regardless of the way high temperature is introduced. Temperature distribution of 

the formation plays a key role in estimating thermally induced stresses.

N on-U niform  Loading

The finite element model used in this study assumes that loading caused by external 

pressure is uniform, which is rarely the case with oil wells. Non-uniformity caused 

by differences in horizontal stresses can be added to this model. An axisymmetric 

element with non-uniform loading capabilities can be used instead to construct the 

model as long as the geometry is symmetric about the vertical axis. If a geometrically 

varied system is needed, this model should be changed to a plane strain or solid (3-D) 

system.
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APPENDIX A - GLOSSARY

Carbide: A chemical compound of carbon and a metal.

Corrosion Resistance: The ability of a material to withstand degradation due to 

contact with surrounding environment.

Cross-Slip: Movement of dislocations perpendicular out the movement plane.

Dislocation: A linear imperfection within a crystalline array of atoms.

D islocation Climb: Movement of dislocations out of movement plane due to inter

action with a vacancy.

D islocation Pile-up: Accumulation of dislocations at a grain boundary because of 

the resistance caused by the grain boundary to movement of dislocations.

Ductility: Ability of a material to deform plastically without fracturing.

D ynam ic Strain Aging : increase of resistance against plastic deformation in steel 

due to the interaction between dislocations and solute elements.

Eccentricity: Difference between the centers of two nested circles.

Free M achining Steel: A type of steel that is made for optimum machinability.

Hardenability: Relative ability of a ferrous alloy to form martensite when quenched.

H ot Shortness: Separation of grain boundaries at elevated temperatures when sub

jected to stress. Hot shortness is generally caused by a constituent with low 

melting temperature that is segregated at grain boundaries.

H ot Working: Deformation of metals plastically at temperatures without causing 

strain hardening.
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HSLA Steel: A ferrous alloy that is made by small additions of alloying elements. 

Generally they are superior to carbon steels in strength and corrosion resistance.

Im pact Toughness: Strength of a material against impacts. The maximum amount 

of force that can be absorbed without fracturing.

Impurity: Elements or compounds in a material which are undesired.

Killed Steel: Steels treated with a strong deoxidizing agent to reduce oxygen con

tent to a level where no reaction occurs between carbon and oxygen.

M achinability : The measure of how ease a metal can be machined to an acceptable 

surface finish.

Nitriding: Introducing nitrogen into the surface of a ferrous alloy by holding it in 

contact with a nitrous material at an elevated temperature.

N otch Im pact Toughness: Impact toughness of a notch specimen. Genarally mea

sured by using Charpy test.

Ovality: A measure used to describe how close to a perfect circle a tubular is.

Precipitation Hardening: a mechanism that increases hardness of a metal. It

happens due to the precipitation of a constituent from a supersaturated solid 

solution.

Rim m ed Steel: A type of steel that contains little of no deoxidizing agent during 

solidification of molten steel.

Safety Factor: A term used to compensate a design for uncertainties.

Temper Em brittlem ent: Intergranular fracture of steels with reduced toughness 

due to improper processing after a heat treatment.

W eldability: A measurement of ability of a material to accept a weld.
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APPENDIX B - SOLUTION PROCESS FOR ANSYS

This is a step by step explanation how graphical user interface (GUI) can be 

used to build a model and solve it. This procedure is valid for ANSYS release 10.0 

educational edition. Changes in version or release might create significant changes in 

the overall process.

1 . Change Directory: Directory is a folder inside your computer where ANSYS 

creates the files needed for manipulating data and solving a model. Also session 

logs and error files could be located in this location. Note that ANSYS will 

create many files so creating a new folder will help locating working files if 

needed.

(a) File > Change Directory

2 . Change Jobname: Jobname is the file name prefix for all files generated by the 

software. All of the working files will carry “Jobname” selected by the user.

(a) File > Change Jobname

3. Change Title: Title can be defined as the descriptive name that can be given 

to analysis. Unlike Jobname, Title can contain special characters and printed 

to most of the results.

(a) File > Change Title

4. Create the Geometry: This step defines the area where physical system will be 

represented. For an axisymmetrical modeling of a hallow cylinder a rectangle 

will be used. To create a rectangular are following selection should be followed 

on the “ANSYS Main Menu” which is at the left hand side of GUI
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(a) Preprocessor > Modeling > Create > Areas > Rectangle > By Two Cor

ners

i. WP X  (Working Plane x-coordinate): 2.335

ii. WP Y  (Working Plane y-coordinate): 0

iii. Width: 0.415

iv. Height: 1.0

5. Select Element Type: Select PLANE 77 for thermal element (8 -node thermal 

element with axisymmetry capability)

(a) Preprocessor > Element Type > Add/Edit/Delete

i. Add... > Thermal Mass > Solid > Select Quad 8 node 77 > OK

ii. Options... > Element Behavior (K3) > Select Axisymmetric > OK

iii. Close

6 . Define Material Properties: Only variable needed to obtain temperature distri

bution is thermal conductivity of steel.

(a) Preprocessor > Material Props > Material Models > Thermal > Conduc

tivity > Isotropic

(b) K X X  (Isotropic Thermal Conductivity): 26 Btu/(hr.° F.ft)

i. Calculations in ANSYS are done without units thus care should be 

taken when entering material property values. Compatible unit should 

be used in each analysis.

ii. Value of KXX is irrelevant in this analysis since there the thermal 

analysis is independent of time
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7. Save Database: Although it is rare, meshing might cause fatal errors which 

might force software to terminate. Before proceeding to meshing, it is recom

mended to save the work that has been done up until this point.

(a) File > Save as Jobname.db

8 . Create the Elemental Mesh: This step defines the places of nodes and elements. 

A mapped mesh option will be used which forces mesh to assume regular pattern 

which will be rectangular. A detailed discussion can be found under Help > 

A N SYS Tutorials about mapped and free meshing.

(a) Preprocessor > Meshing > Size Cntrls > ManualSize > Lines> Picked 

Lines

i. Pick one of the vertical sides of the rectangle.

A. ND IV (No. of element divisions): 24 > Apply

ii. Pick one of the horizontal sides of the rectangle.

A. N D IV (No. of element divisions): 10 > OK

(b) Preprocessor > Meshing > MeshTool

i. Mesh: Areas

ii. Shape: Quad, Mapped

hi. Mesh > Pick the rectangle > OK

9. Record the Thermal Environment: Properties of the thermal field should be 

written into a physics file for future use.

(a) Preprocessor > Physics > Environment > Write

(b) Title > Type “Thermal” > OK
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10. Clear Environment: In order to avoid file collisions and errors that might be 

caused due to using the same physics file, environment should be cleared before 

proceeding further.

(a) Preprocessor > Physics > Environment > Clear > OK

1 1 . Create the Structural Environment: This step is needed to define the properties 

of structural analysis. There are no geometrical changes needed but element 

type and material properties should be changed.

12. Switch Element Type: Structural environment can be prepared without having 

to prepare the mesh again. Following array below will switch PLANE 77 thermal 

element with a compatible structural element which is PLANE 82

(a) Preprocessor > Element Type > Switch Elem Type

(b) Change element type > Thermal to Struc > OK

i. This action will provide a warning message stating tha t element and 

material properties should be checked for any changes and corrected 

where necessary. Proceed to the next step to do this.

(c) Preprocessor > Element Type > Add/Edit/Delete...

(d) Options... > Element Behavior (K3) > Axisymmetric > OK

(e) Close

13. Define Material Properties: This step inputs the parameters needed for calcu

lating displacements created by loads.

(a) Preprocessor > Material Props > Material Models > Structural > Linear 

> Elastic > Isotropic

i. E X  (Young’s Modulus): 3 x 107 psi
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ii. P R X Y  Poisson’s Ratio): 3 x 10 1

(b) Preprocessor > Material Props > Material Models > Structural > Thermal 

Expansion > Secant Coefficient > Isotropic

(c) Add Temperature: Define temperature dependence of thermal expansion.

i. 6.5 x 10-G ( W F ;

ii. A l f  A 8.0 x 10^ FJ

14. Write Environment.

(a) Preprocessor > Physics > Environment > Write

(b) Title (Physics file title): Structural

15. Assign Loads and Constrains.

16. Define Analysis Type: Selection of the type of the analysis is chosen in this 

step.

(a) Solution > Analysis Type > New Analysis > Static

17. Read in the Thermal Environment: Thermal field is selected for solving thermal 

analysis.

(a) Solution > Physics > Environment > Read

(b) Thermal > OK

18. Apply Temperature Load.

(a) Solution > Define Loads > Apply > Thermal > Temperature > On Line

19. Solve the System.

(a) Solution > Solve > Current LS
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20. End the Thermal Analysis: Temperature distribution created by the solution 

process is saved in “Jobname.RTH”. Thermal analysis should be ended at this 

point to avoid contamination process files.

(a) Menu Main Menu > Finish

21. Read in the Structural Environment.

(a) Solution > Physics > Environment > Read

(b) Structural > OK.

22. Apply Constraints.

(a) Solution > Define Loads > Apply > Structural > Displacement > On lines

(b) Select both of the horizontal lines

(c) Lab2 (DOFs to be constrained): UY

(d) VALUE (Displacement Value): 0

23. Include Thermal Effects: This step applies the result obtained from thermal 

analysis as a thermal load.

(a) Solution > Define Loads > Apply > Structural > Temperature > From 

Therm Analy

(b) Fname (Name of results file) : Browse > “Jobname”.RTH

24. Define Reference Temperature: Declare initial temperature of the surroundings. 

In all of the cases this was assumed to be 100° F.

(a) Preprocessor > Loads > Define Loads > Settings > Reference Temp

25. Define Temperature Scale.
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(a) Preprocessor > Material Props > Temperature Units

(b) Temperature Units: Fahrenheit

26. Solve the System.

(a) Solution > Solve > Current LS

27. Examine Results: At this step stresses and strains can be examines either in 

plotted form or tabular form.

(a) General Postproc > List Results > Nodal Solution (list of results at nodes)

(b) General Postproc > Plot Results > Contour Plot > Nodal Solu (graphical 

presentation of results)
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