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Abstract 

Elastomers seals are widely used in various drilling, completion, and production 

equipment. One such equipment is liner hanger which has become integral part of modern well 

designs. Failure of liner hanger seal assembly can compromise well integrity, and lead to severe 

health, safety, and environmental consequences. Concerns regarding reliability of elastomer seals 

in liner hanger assemblies have been raised by the regulators as well as industry.  

This dissertation work provides detailed investigation of design, and failure of downhole 

elastomer seal assemblies using experimentally supported advanced computational modeling 

techniques. This work is partially supported by Bureau of Safety and Environmental Enforcement 

(BSEE) and it is set in the context of liner hanger assemblies. However, major outcomes of this 

research also applies to other downhole seal assemblies. Specific objectives of this dissertation are 

- (i) investigate performance of liner hanger seal assembly under various design, operational, and 

failure scenarios, (ii) develop operating envelops and identify critical parameters influencing 

performance of the elastomer seal assembly, (iii) develop a modelling tool for predicting leakage 

through elastomer seal interface considering surface characteristics, (iv) generate guidelines for 

design and qualification of elastomer seals and provide regulatory recommendations.  

Novel technical aspects of this research work are – (i) studying material behavior of 

different elastomer material (NBR, EPDM, FKM, FEPM, FFKM, PTFE) under normal and 

downhole conditions, (ii) using the elastomer material data in true-scale finite element (FEA) 

models to evaluate equipment level performance of seal, (iii) scaled laboratory tests and analytical 

calculations to validate FEA models, and (iv) development of a leakage modelling tool that can 

predict leakage rates as a function of surface topography of seal interface and operating conditions.   
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Results from this dissertation indicate that type and design of seal equipment determines 

which elastomer properties need to be qualified. Hardness and elastic modulus alone may not be 

good predictors of fitness-for-service of seal assembly. For example, performance of expandable 

liner hanger seal assembly primarily depends on seal dimensions and elastomer shear modulus 

while performance of conventional liner hanger seal assembly mainly depends on elastomer bulk 

modulus. Selection of appropriate elastomer material for a certain application depends not only on 

chemical environment and temperature but also on assembly design, operational constraints, and 

thermal changes. Comparative evaluation demonstrated that conventional liner hanger seal 

assembly outperforms expandable liner hanger seal assembly in terms of contact pressure 

generated per unit energization but it is more prone to failure than expandable assembly.  

Contact pressure at seal-pipe interface, as predicted by macro-scale FEA models, does not 

accurately indicate fluid pressure that can be effectively sealed. Leakage modelling studies 

demonstrated that surface characteristics of elastomer and fluid properties determines the contact 

pressure needed to achieve complete sealability. Leakage modelling approach developed in this 

work can be an invaluable tool in seal design workflow for determining target seal energization 

needed for complete sealability. 
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Chapter 1: Introduction 

1.1 Background 

Elastomers are widely used in well construction as seal components in various drilling, completion, 

and wellhead equipment. Commonly used equipment containing elastomer seal components are – 

wellhead assemblies, blowout preventers, liner hangers, subsurface-safety valves, completion 

packers, bridge plugs, etc. Primary purpose of elastomer seal components in these equipment is to 

isolate and contain fluids within pipe, and/or annular section of wells and prevent communication 

with downhole and surface environment. Industry professionals consider seal design as a top 

technological challenge for future unconventional and High Pressure – High Temperature (HPHT) 

oil & gas exploration activities (Oil & Gas iQ 2015). Review of past loss of well control events 

(discussed in chapter 2) indicate that failure in seal containing equipment are responsible for 

almost half (46%) of the failures in secondary barrier (Patel et al. 2019a). 

               

Figure 1.1: Schematic of well design with liner 
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One such equipment is liner hanger which has become integral part of modern well 

construction. Liners enable deeper well designs by eliminating the size constraints resulting from 

full casing strings ran all the way to surface. Plus, liner also saves overall costs by minimizing 

casing material needs. Unlike full casing string, which is suspended and isolated at the wellhead, 

liner string needs to be suspend from previous casing string and the liner-casing overlap needs to 

be isolated from fluids (Figure 1.1). These two requirements were originally addressed by the 

industry by running liner string with a hanger assembly and installing a liner top packer separately 

to isolate annular space. To minimize complexities and improve operational efficiency, industry 

developed and started deploying liner hangers with integrated seal assembly.  

1.2 Motivation and Hypotheses  

Unlike surface wellhead spool assembly used for full casing string, liner hanger assembly needs 

to operate in downhole conditions. Hence, maintaining reliability of liner hanger seal assembly 

become critical and relatively challenging. Failure of liner hanger seal assembly can compromise 

well integrity. Loss of well control, if not mitigated, can lead to severe health, safety, and 

environmental consequences (Figure 1.2). 

       

Figure 1.2: Failure in seal assembly can lead to catastrophic health, safety, and environmental consequences   
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Issue of reliability in liner hanger seal assemblies has been acknowledged by the industry 

since 2000s. An informal survey of several Gulf of Mexico operators indicated that about 30% to 

50% of the pressure seals in liner overlaps failed (Lohoefer et al. 2000). A 2009 report indicates 

that as many as 18% of offshore wells worldwide are estimated to have some form of weakness or 

uncertainty in seal assemblies and the record of failures of critical liner-hanger seals in HPHT 

completions, for example, has become a large concern (Van Dort 2009). Although industry is 

gradually moving towards arguably more robust design of expandable liner hanger assembly, 

concerns with reliability of elastomer seal assemblies persist as acknowledged by the regulatory 

agency - Bureau of Safety and Environmental Enforcement (BSEE) in a technical report (BSEE 

2014). The agency investigated loss of well control event in Gulf of Mexico (BSEE 2014) and 

recommended further investigations into design, reliability, industry standards, and fitness-for-

service assessment of elastomer seal assemblies for liner hanger applications (BSEE 2014). As 

analyzed in the next chapter of dissertation, industry did not even have a dedicated standard for 

liners until July 2019 (API 2019).  

Detailed literature review (discussed in Chapter 2 and also published in Patel et al. 2019a), 

leads to hypothesis that some of the major reliability issues of liner hanger seal assemblies can be 

mitigated by extending research efforts beyond lab-scale standardized material testing to 

equipment level assessment like design, function, and scale of seal assembly. However, most 

research in the industry has been focused on laboratory scale standardized testing of elastomer 

material. Two major knowledge gaps exist in the current literature that this dissertation work aims 

to address.  

First, it is not completely understood whether compliance with standard shaped laboratory 

scale elastomer material testing is representative of qualification of larger and varying seal 
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geometries installed in the actual equipment (Figure 1.3a). It is understandable that testing true-

scale seal geometries in laboratory environment may not be practically or economically feasible. 

However, the qualification criteria used to assess elastomer material can be customized as per end-

application and equipment design. This dissertation work fills this gap by evaluating performance 

of commonly used elastomer materials at equipment level with varying assembly designs, and 

operational and failure scenarios.  

Second major research gap is the unknown seal energization criteria. There is no consensus 

on whether contact pressure generated at seal-pipe interface due to seal energization indicates 

actual fluid pressure the seal can hold without permitting leakage (Figure 1.3b). Through leakage 

modelling, this dissertation work presents a design tool to identify target contact pressure i.e. seal 

energization to seal different fluids at different pressure.  

 

    

      (a)             (b) 

Figure 1.3: This dissertation addresses two major research gaps: (a) need for elastomer qualification criteria 

to be customized as per equipment design, and (b) ideal seal energization to achieve complete sealability 
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1.3 Objectives 

This dissertation work provides detailed investigation of design, and failure of downhole elastomer 

seal assemblies using experimentally supported advanced computational modeling techniques. 

This work is partially supported by Bureau of Safety and Environmental Enforcement (BSEE) and 

it is set in the context of liner hanger assemblies. However, major outcomes of this research also 

applies to other downhole seal assemblies. Following are the specific objectives of this dissertation 

work: 

1. Investigate performance of liner hanger seal assembly under various design, operational, 

and failure scenarios.  

2. Develop operating envelops and identify critical parameters influencing performance of 

the elastomer seal assembly. 

3. Develop a modelling tool for predicting leakage through elastomer seal interface 

considering surface characteristics.  

4. Generate guidelines for design and qualification of elastomer seals and provide 

regulatory recommendations.  

Novel technical aspects of this research work are – (i) studying material behavior of 

different elastomer material (NBR, EPDM, FKM, FEPM, FFKM, PTFE) under normal and 

downhole conditions, (ii) using the elastomer material data in true-scale finite element (FEA) 

models to evaluate equipment level performance of seal, (iii) scaled laboratory tests and analytical 

calculations to validate FEA models, and (iv) development of a leakage modelling tool that can 

predict leakage rates as a function of surface topography of seal interface and operating conditions.   
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1.4 Research Methodology  

To achieve aforementioned objectives, this comprehensive study was divided into four major tasks 

– theoretical analysis, experimental study, finite element modelling, and development of leakage 

modelling tools. Graphical overview of the technical approach employed in this work is shown in 

Figure 1.4. 

 

Figure 1.4: Overview of research methodology employed in this dissertation work 

1.4.1 Theoretical analysis  

Theoretical analysis (Chapter 2) was conducted at the beginning of the project to identify major 

research gaps and determine the approach and scope of the undertaken research. Extensive 

literature review was conducted to identify influential parameters, common failure mechanisms, 

and existing research gaps relevant to elastomer seal assemblies. Gap analysis of relevant industry 

standards such as API, ISO, NACE, ASTM, NORSOK, etc. was conducted to recognize existing 

qualification guidelines and their limitations. Relevant analytical/empirical models were reviewed 

and modified for validating some of the FEA modelling predictions.    
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1.4.2 Experimental Study  

The purpose of experimental work (Chapter 3) was to obtain material behavior and aging data for 

use in FEA models and for validating some of the observations/trends predicted by FEA models. 

Two types of laboratory experiments were conducted in this work. First, standardized elastomer 

material tests were conducted to measure elastomer hardness and deformation behavior under 

various temperature and downhole chemical conditions. Second, sealability tests were conducted 

using a laboratory scale apparatus representative of liner hanger seal assembly.  

1.4.3 Finite Element Modelling 

True-scale finite element models of liner hanger seal assembly were developed using ANSYS 

software (Chapter 4). Seal energization process similar to actual equipment installations were 

simulated. Performance of seal assembly was quantified in terms of contact pressure generated at 

the seal-pipe interface after energization. Some FEA models were validated by theoretical 

calculations and experimental observations to improve confidence in predictions. Using verified 

models, parametric and sensitivity analyses were conducted by simulating various design, 

operating, and failure scenarios.  

1.4.4 Development of Leakage Model 

Unlike metallic seals, it is believed that elastomer seal’s performance is not highly dependent on 

its surface characteristics. However, evidences suggest that elastomer surface quality or defects 

like wear, blistering, etc. can impact fluid penetration risk and leakage. Finite element modelling 

using commercial software is not capable of accurately simulating leakage since it assumes 

perfectly smooth sealing interfaces. It is computationally challenging to combine microscopic 

surface model with true-scale FEA model. Hence, in this study, a novel leakage model was 
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developed (Chapter 5) that can take surface characteristics of elastomer as an input and predict 

leakage rates through seal interface as a function of contact pressure and microscopic contact gaps. 

Contact mechanics and fluid flow theories were used in development of this leakage model. The 

model codes were written in MATLAB.  

1.5 Scope of Study 

Six type of commonly used elastomer material have been investigated in this work. This includes 

– NBR, EPDM, FKM, FEPM, FFKM, and PTFE. Hardness and compression behavior data have 

been measured. Additionally, both linear elastic and hyperelastic type material behavior have been 

examined. Material data used encompasses effect of temperature (75F, 212F, and 350F), and 

effect of chemicals exposure (CO2, CH4, H2S, and mixture of the gases; with and without presence 

of brine, 1 and 7 days, 120F, and 180F, 1000 psi).  

Currently, two types of liner hanger assemblies are used in the industry - conventional and 

expandable type. Both assemblies have been modelled and studied in this work. Various design, 

operational, and failure scenarios investigated include – quality of seal energization, energization 

method, effect of seal dimensions, effect of elastomer type, seal containment quality, over-

energization/extrusion failure, thermal effects, and chemical exposure.  

Sealability tests were limited up to 40 psi of N2 injection because of limited rating of the 

setup. EPDM elastomer before and after CO2 aging was evaluated at different energization using 

the sealability apparatus. Sealability tests serve to validate seal energization behavior and effect of 

CO2 aging predicted by the FEA model. Analytical calculations were also performed to further 

validate contact pressure value predicted by FEA model.  



9 

 

Current state of leakage modelling tool developed in this work is only applicable to 

Newtonian fluids. The model considered isothermal condition and rigid smooth pipe surface. The 

primary purpose of the tool is to examine effects of surface RMS, surface topography, and 

elastomer type on target contact pressure needed to achieve complete sealability. Experimental 

validation of the leakage modelling tool and leakage of compressible fluid flow demand separate 

future study and hence, beyond the scope of this dissertation. 

1.6 Overview of Dissertation  

This dissertation is divided into 10 chapters.  

• First chapter provides overview of the research work including background, motivation, 

objectives, methodology, and scope.  

• Second chapter discusses theoretical background necessary to understand the methodology 

and results of this work. The discussion includes - types of elastomer material and their 

properties, failure mechanisms, critical review of relevant industry standards, and review 

of relevant studies and analytical models.  

• Third chapter provides overview of experimental setup, equipment used, and results of 

material testing. 

• Fourth chapter discusses steps in development of FEA models including their schematic, 

boundary conditions, meshing, model verification, and model validation.  

• Chapter five presents the novel approach used to develop leakage modelling tool. The 

chapter discusses details of the contact mechanics and fluid mechanics models developed.  

• Chapter six discusses results related to assembly design. Specifically, it discusses effects 

of equipment type, energization method, seal dimensions, seal geometry, and elastomer 

material.  
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• Chapter seven presents result from failure scenarios investigated. This includes extrusion, 

over-energization, thermal degradation, chemical exposure, and support component 

failures.  

• Chapter eight presents result from sensitivity analysis and ranks various parameters in 

terms of individual impact on performance of seal assembly.  

• Chapter nine presents results from leakage modelling and discuses effects of elastomer 

type, surface roughness, and surface topography on the leakage criteria i.e. contact pressure 

vs leakage rate relationship.  

• Chapter ten summarizes all results obtained in this dissertation work.  

• Last chapter presents major conclusions from this work, and provides recommendations 

for design and qualification of seal assemblies. At the end, some important future work to 

further improve research in this area are discussed. 
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Chapter 2: Literature Review, Industry Standards, Research Gaps, and 

Preliminary Work 

2.1 Elastomer Material  

Elastomer is a cross-linked network of natural or synthetic polymers. Its characteristics property 

of deforming and recovering under load (elasticity and resilience) make them arguably one of the 

most important engineering materials with versatile applications. Polymer chains typically consists 

of 300,000 or more monomer or repeating units (James Walker 2017). Some elastomers are co-

polymers, a combination of two different monomers, or consists of three monomers (terpolymer). 

Most types of elastomers are thermosets which gain most of their strength through vulcanization 

– a process of irreversible crosslinking of polymer chains under pressure and heat. The other type 

of elastomers is thermoplastic which exhibits weaker cross-linking. Thermoplastics can be molded, 

deformed, and extruded like plastic materials while still having typical elastic properties. In 

addition to elasticity and resilience, elastomers possess several useful properties such as – low 

permeability, good electrical/thermal insulation, good mechanical properties, and the ability to 

adhere to different metal, plastics, and other materials.  

Elastomers in the oil & gas industry are primarily used for sealing applications. The most 

common elastomer materials used in the industry can be classified into five groups – NBR, HNBR, 

FKM, FEPM, and FFKM. Chemical and mechanical properties of each of these elastomers are a 

function of type of monomer, molecular weight, number, and type of crosslinks. Within each of 

the elastomer group, properties can notably vary as manufacturers use different formulations, types 

and ratio of monomers, degree of cross-linking, etc. to attain necessary resistance for desired 

application. Moreover, various additives such as fillers, accelerators, curatives, activators, 

desiccants, plasticizers, etc. are frequently used to improve mechanical or chemical properties 
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(Elhard et al. 2017). Chemical composition and important characteristics of each of the elastomer 

groups has been summarized in Table 2.1. Their relative comparison in terms of temperature 

robustness, mechanical properties, and chemical resistance is provided in Table 2.2.  

It is clear from the Table 2.2 that as a general rule, fluoroelastomers and 

perfluoroelastomers (FKM, FEPM, and FFKM) are more expensive and demonstrate greater 

chemical resistance and higher operating temperatures. However, they typically struggle at lower 

temperatures compared to NBR, EPDM, and HNBR. Less expensive elastomers such as NBR, 

exhibit better mechanical properties than fluoroelastomers but they are limited by low resistance 

to chemicals and heat. Hydrogenated NBR (HNBR) improves temperature range and some 

chemical resistance but also adds cost.   

 

Table 2.1: Chemical composition and important characteristics of common oil field elastomers 

(Information compiled from Elhard et al. 2017, James Walker elastomer engineering guide 2017, and Apple Rubber 

material selection guide 2017) 

NBR (Nitrile)  EPDM (Ethylene Propylene Diene) 

  

• Suitable with aliphatic hydrocarbon oils/fuels, 

lower alcohols 

• Not compatible with Aromatic hydrocarbons, 

ketones, acids and bases, ketones, ethers, 

aldehydes, chlorinated solvents, phosphate esters  

• Limited weathering and UV resistance 

• Modest temperature resistance 

• Excellent resistance to ozone/weathering, hot water, 

steam 

• Good resistance to inorganic and polar organic 

chemicals  

• Low resistance to hydrocarbons 
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HNBR (Hydrogenated nitrile)  FKM (Fluorocarbon)  

  

• Good oil/fuel, and chemical resistance 

• Suitable with aliphatic hydrocarbon oils/fuels, 

lower alcohols 

• Excellent mechanical properties including tensile 

strength, tear, modulus, elongation at break and 

abrasion 

• High cost 

• Not compatible with aromatic hydrocarbons, 

ketones, ethers, phosphate esters  

• Limited weathering and UV resistance 

• Modest temperature resistance 

• Excellent resistance to ozone/weathering 

• Good resistance to heat   

• Suitable for Hydrocarbon fuels, oil, aliphatic and 

aromatic chemicals 

• Limited resistance to steam, hot water, and polar 

fluids (Except tetra-), high pH caustic, amines, low 

molecular weight carbonyls, light oxygenates 

(MeOH), and mineral acids 

• Limited low temperature capabilities  

• Properties vary significantly with type 

FEPM (Tetrafluoroethylene propylene)  FFKM (Perfluorocarbon)  

 
 

• Good resistance to heat   

• Overall good chemical resistance  

• Excellent resistance to ozone/weathering, steam, 

and radiation 

• Suitable with strong acids, bases, steam, light 

oxygenates (MeOH), and amines 

• Limited resistance to esters, ketones, light oils, 

gasoline, chlorinated and hydrocarbon solvents 

• Ultimate in heat and chemical resistance 

• Suitable with fuels, oils, solvents, alcohols, ketones, 

mineral acids and bases 

• Very expensive 

• Some concern with hot water and amines 

• Moderate mechanical properties deteriorate rapidly 

at elevated temperatures, and at temperatures below 

0°C 



14 

 

• High compression set and high glass transition 

temperature. 

• Difficult to process  

• Poor extrusion resistance especially at high 

temperatures 

 

Table 2.2: Comparison of oil-field elastomers in terms of mechanical properties and chemical compatibility  

(Grading: 1-Poor, 2-Fair, 3-Good, 4-Excellent)   

Property NBR EPDM HNBR FKM FEPM FFKM 

ASTM D1418-17 Class R M R M M M 

Economy 4 4 2 2 1 1 

Low Temp. Resistance 

-50°C (-

58°F) to -

5°C (23°F) 

-45°C (-49°F) 
-30°C (-

22°F)  

-30°C (-

22°F) to -

8°C (18°F) 

-12°C 

(10°F) to -

3°C (27°F) 

-5°C 

(23°F)  

High Temp. 

Resistance 

100°C 

(248°F) to 

130°C 

(266°F)  

150°C 

(302°F)  to 

180°C 

(356°F) 

150°C 

(302°F) to 

180°C 

(356°F)  

204°C 

(400°F) to 

250°C 

(482°F) 

230°C 

(446°F) to 

260°C 

(500°F)  

220°C 

(428°F) to 

327°C 

(621°F)  

Tensile Strength 3 3 3-4 2 2 2-3 

Max. Elongation (%) 600 600 340 300 400 120-190 

Hardness Range 

Shore A 
40-90 40-95 50-90 55-90 60-90 65-90 

Resilience 3 3  NA 2-3 2-3 3 

Compression Set 3 2-3 3-4 3 2-3 2 

Adhesion to metals 3-4 2-3 NA  2-3 2 3-4 

Abrasion Resistance 3-4 3 3-4 3 3 3-4 

Tear Resistance 3 2-3 3 2-3 2 2 
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Weather Resistance 1-2 4 3 4 4 4 

Ozone Resistance 1 4 3 4 4 4 

Water Swell 

Resistance 
3 4 3 3 3 3 

Steam Resistance 

under 300F 
1 4 1 1 4 4 

Gas Impermeability 3-4 2 3 3-4 3 3-4 

Acid Resistance 2-3 4 2-3 4 3 4 

Alkali Resistance 3 4 1-3 1 4 3 

Alcohols 3-4 4 4 2-3 3 4 

Lubricating Oils 4 1 4 4 3 4 

Aliphatic 

Hydrocarbons 
3-4 1 3-4 4 2 4 

Aromatic 

Hydrocarbons 
2-3 1 2-1 4 2-3 4 

Halogenated 

Hydrocarbons 
2-1 1 1 4 1-2 1 

Phosphate Ester 1 4 1 1 3 4 

Polar Solvents 1 4 1 1 2 1 

Source of information:  

Elhard et al. 2017; James Walker elastomer engineering guide 2017; Apple Rubber material selection 

guide 2017 

NA: Clear relative comparison not clear or not available  

 

2.1.1 Material Properties  

Elastomer material can be characterized using several properties. Selection of properties to 

measure and control for strongly depends on the type of application.  Some of the commonly 

measured material properties, in no particular order, are as follows.  
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2.1.1.1 Cure Characteristics  

A rheometer is typically used to measure how elastomer cures over time. An oscillating rotor is 

places in contact with elastomer compound as it cures between hot platens. Torque measurements 

are obtained with time. As compound cures, the resistance to torque increases and ideally plateaus 

eventually. The torque vs time chart is known as rheograph (Figure 2.1). For some compounds, 

the curing may take longer as characterized by “marching modulus in the Figure 2.1 (James 

Walker 2017). For some material, especially natural rubber, heat breaking of polymer chains 

instead of cross-linking may reverse the curing process.  

 

Figure 2.1: Typical rheography profile for curing elastomer compound (James Walker 2017) 

2.1.1.2 Hardness 

Hardness is a quick measurement of elastomer’s resistance to indentation. It is typically measured 

using Shore durometer (Figure 2.2) and a standard sample of elastomer as prescribed in ASTM 

D2240, BS ISO 48, or other equivalent standards. There are several scales of durometer but the 

most common scale for elastomers is type A. Higher Shore A number indicates higher material 
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hardness. Typical values of hardness and Shore grade used for common oil & gas elastomers is 

provided in Table 2.2.  

 

Figure 2.2: Schematic of durometer hardness test (Substech 2018) 

2.1.1.3 Tensile Strength and Elongation at Break 

This is a measure of the tensile stress required to rupture a standard sample of elastomer. Tensile 

strength is frequently used as a quick indicator of quality check during multi-batch manufacturing. 

Temperature has notable impact on tensile strength, and hence, measurement at operating 

condition would be a more meaningful indicator. It should be noted, however, that tensile strength 

does not indicate extrusion resistance. Elongation at break is more common and practical 

measurement. It refers to the percentage strain measured at the point of rupture. Its requirement 

would typically depend on amount of gap seal has to fill-in during energization.  

2.1.1.4 Modulus  

Unlike metals, elastomer material typically exhibits non-linear relationship between stress and 

strain (Figure 2.3). Hence, in elastomer terminology, modulus is defined as the stress at a 

particular strain or elongation (Figure 2.3). Typically, elastic modulus is reported at 25%, 50%, 

100%, 200%, and 300% elongation or strain. Modulus value tends to increase with increase in 

Hardness of the material. 
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Figure 2.3: Comparing modulus of metal and elastomer materials (not to scale) 

2.1.1.5 Compression Set 

Compression set refers to elastomer’s ability to recover the original volume after unloading. It is 

important parameter to assess for sealing applications. As shown in Figure 2.4, a standard sample 

is compressed, exposed for a fixed time, at a fixed temperature, and then allowed to recover 

(typically for 30 minutes). Compression set is expressed in terms of percentage of the original 

deformation not recovered after the recovery period. Full recovery is represented by 0% 

compression set while 100% indicates no recovery. Compression set is typically higher at extremes 

of elastomers operating capability.  

 

Figure 2.4: Schematic of compression set testing (K.C. Seals Inc. 2018) 
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2.1.1.6 Compression Stress Relaxation  

The basic principle is to compress test sample between two rigid plates and held them at a constant 

strain (Figure 2.5). The top plate is connected to a sensor that measures residual sealing force at 

the elastomer-plate interface. This setup is typically known as compression jigs. The instrument 

can be placed in various environment to obtain more practical and meaningful measurements. As 

compression set increases, sealing force decreases (Figure 2.6). 

 

Figure 2.5: Compression jig used for stress relaxation measurement 

  

Figure 2.6: Compression set and corresponding reduction in sealing force for nitrile elastomer sample at 

100C (James Walker 2017) 
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2.1.1.7 Fluid Resistance 

Elastomer’s resistance to liquid chemical exposure is typically measured by immersion of sample 

in various fluids at different temperatures. Change in properties such as volume, hardness, tensile 

strength, or any other property relevant to particular application is measured before and after 

exposure to determine degree of resistance.  

 A useful property for chemical resistance is solubility parameter (). It is a thermodynamic 

property that measures energy or attraction between molecules. If a fluid has a solubility parameter 

close to that of an elastomer then it can result in high mixing potential and eventually volumetric 

swell. Hansen three-dimensional solubility parameters is a useful equation that incorporates factors 

for non-polar dispersive interactions (represented as d), polar interactions (p), and hydrogen 

bonding interactions (h), with a total parameter determined according to following equation 

(Rodriguez et al. 2003). Polymers exposed to liquids with similar values for their d, p, and h 

terms are more likely to experience polymer swelling. 

𝛿𝑡𝑜𝑡𝑎𝑙
2 = 𝛿𝑑

2 + 𝛿𝑝
2 + 𝛿ℎ

2 …………………………………..…………………...…….… (2.1) 

2.1.1.8 Torsion Modulus 

The torsional test consists of twisting a standard elastomer specimen under the action of torque 

applied at one end while keeping the other one fixed. It is typically a part of low temperature 

testing of elastomer wherein torsion tests are conducted at different reduced temperatures to obtain 

temperature modulus curve. This set of procedures is termed as Gehman test. An important 

outcome from this test, is temperature value at which elastomer reaches the limit of technically 

useful flexibility which is 70 MPa (10,153 psi) (James Walker 2017). 
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2.1.1.9 Tear and Abrasion Resistance  

Tear strength indicates the resistance of elastomer to tearing. It is measured using a tensile test 

machine operating at a constant rate of traverse until the sample breaks (Figure 2.7a).  

      

(a)         (b) 

Figure 2.7: Tear resistance test specimens (Era polymers 2019), and (b) rotary platform type abrasion tester 

(Denison et al. 2018) 

 

Figure 2.8: Abrasion and tear resistance of medium-hardness elastomers (Parco Inc. 2013) 

Abrasion resistance of elastomer material indicates robustness to damage against abrasive 

counter surface. Standard abrasion resistance measurement includes generating relative motion 
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between elastomer and abrasive surface pressed together by a predetermined force. There are 

different standardized machines available for such tests. One such equipment is shown in Figure 

2.7b. Abrasion resistance is mainly dependent on polymer type and composition. High modulus 

and high tear strength may indicate better abrasion resistance, but the relationship is not strict and 

can be reverse. Abrasion and tear resistance of medium-hardness elastomers is shown in Figure 

2.8. 

 

Figure 2.9: Example of extrusion resistance curve (Parco Inc. 2013) 

2.1.1.10 Extrusion Resistance  

Extrusion resistance is an important parameter from the perspective of functional performance of 

elastomer. It measures elastomer’s capability to resist differential pressure that tends to extrude 

the seal across the assembly gap. There are different types of testing devices available depending 
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on the application type. A typical extrusion resistance plot for O-ring along with schematic of test 

configuration is shown in  Figure 2.9. Typically, backup rings or some type of anti-extrusion 

device is installed against the extrusion gap to prevent elastomer extrusion. Elastomer seal with 

high modulus and hardness are typically more resistant to extrusion.   

2.1.1.11 Permeability 

Permeability of elastomer sample can be a useful property for sealing applications. It is measured 

by applying a constant pressure at one end of standard test specimen and measuring volume of gas 

permeating out of the low pressure side.  

 There are several other elastomer material properties used to characterize its quality or 

performance. Discussing each of them is beyond the scope of this document.  

2.1.2 Material Models  

2.1.2.1 Linear Elastic Model 

The most fundamental material model known to engineers is Hook’s law or linear elastic model, 

  𝜎 = 𝐸 ∙ 𝜀 ………………………………………………...…………..……………..… (2.2) 

In this equation, the proportionality constant E between stress () and strain () is Young’s 

modulus or modulus of elasticity of the material. In three-dimensional system, Hook’s law can be 

represented in terms of three principle strains as following: 

𝜀1 =
1

𝐸
[𝜎1 − 𝜈(𝜎2 + 𝜎3)] ……………………………………………………...…..… (2.3) 

𝜀2 =
1

𝐸
[𝜎2 − 𝜈(𝜎1 + 𝜎3)] ……………………………………….………………....… (2.4) 

𝜀1 =
1

𝐸
[𝜎3 − 𝜈(𝜎1 + 𝜎2)] …………………………………...….…………..……...… (2.5) 
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Where i, and i are orthogonal principle stresses and principle strain respectively.  is Poisson’s 

ratio. The strain energy density of uniaxially loaded linear elastic material is calculated as:  

𝑊 =
1

2
𝜎𝜀 =  

1

2
𝐸𝜀2  ……………………………………...…..……...………….....… (2.6) 

This is exactly the area below the stress-strain curve.  

If the strain is below approximately 10% then, for many applications, the simple linear 

elastic model assumption is enough for elastomers (Jakel 2010). For higher strains, a hyperelastic 

material models are necessary.  

2.1.2.2 Hyperelastic Model 

A hyperelastic material is still an elastic material and returns to its original shape after unloading. 

However, it is Cauchy-elastic meaning that stress is determined by current state of deformation 

and not the path or history of deformation. Another difference to linear elastic material is that the 

stress-strain relationship in hyperelastic material derives from strain energy density function and 

not a constant factor. The loading and unloading curves for hyperelastic material are not the same 

and depends on various factors such as time, frequency, dynamic loading, etc. However, typical 

hyperelastic material models ignores this viscous behavior.   
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Figure 2.10: Comparison of elasticity between metals, plastics, and elastomers (Jakel 2010) 

As shown in Figure 2.10, elastomers exhibit entropy-elasticity compared to energy-

elasticity in metals. In metals, distance among atoms changes during loading/unloading and 

internal energy correspondingly increases/decreases. In elastomers, polymer chains ball up if 

unloaded and stretch/untangles during loading. After unloading, the unordered state or entropy 

appears again. Elastomers also exhibit some viscous behavior which indicates retention of small 

deformation after every loading-unloading 

In general, the strain energy density function in hyperelastic material is a function of the 

stretch invariants (I) or principle stretch ratio (). Stretch ratio is defined as deformed length 

divided by the original length. That is,  

𝜆 =
𝑙1

𝑙0
=

𝑙1−𝑙0+𝑙0

𝑙0
=  𝜀 + 1  ………………………...……..…….……………..…...… (2.7) 
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Analogous to three principle strains in Hook’s law, three principle stretch ratios (1, 2, 3) 

can be obtained from principle axis transformation. The three stretch invariants are independent 

from coordinate system and are defined as,  

𝐼1 = 𝜆1
2 + 𝜆2

2 + 𝜆3
2  …………………………………..…..…..…………………......… (2.8) 

𝐼1 = 𝜆1
2𝜆2

2 + 𝜆2
2𝜆3

2 + 𝜆1
2𝜆3

2  …………………………………….....…..………….....… (2.9) 

𝜆 = 𝜆1
2𝜆2

2𝜆3
2 = 1 + (

Δ𝑉

𝑉
)

2

= 𝐽2  ………………………………………..................… (2.10) 

Where J is total volumetric ratio which equals to 1 for incompressible material with Poisson’s ratio 

of 0.5.  

For typical hyperelastic models, the general equation for strain energy function is following: 

𝑊 = ∑ 𝐶𝑖𝑗
𝑁
𝑖+𝑗=1 (𝐼1 − 3)𝑖(𝐼2 − 3)𝑗  + ∑

1

𝐷𝑘
(𝐽 − 1)2𝑘𝑁

𝑘=1 …..………....................… (2.11) 

Where Cij and Dk are material constant to be determined by material tests. The function has a 

polynomial form. Depending on the order, one or more inflection points in the stress-strain curve 

may appear.  

Neo-Hookean Model 

It is the simplest hyperelastic model that is a function of only one stretch invariant. It is defined 

as, 

𝑊 = C10(𝐼1 − 3)  +
1

𝐷1
(𝐽 − 1)2…..………………….…………………………..… (2.12) 

Constants C10 and D1 are related to initial shar and initial bulk modulus by following expressions: 

G0 = 2 C10 …..……………..…………………………..……….….…………......… (2.13) 
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G0 =  
2

𝐷1
…..……………..…………………………………...….......…………….… (2.14) 

Mooney-Rivlin Model 

It is the earliest model for hyperelasticity and uses first and second stretch invariants. Neo-

Hookean is a special case of this model. 

𝑊 = C10(𝐼1 − 3) + C01(𝐼2 − 3)   +
1

𝐷1
(𝐽 − 1)2…..……………….…..................… (2.15) 

In this model, initial shear modulus becomes G0 = 2 (C10+C01) 

Ogden Model 

Ogden defined strain energy density function directly in terms of three principle stretch ratios. The 

model is expressed as, 

𝑊 = ∑
2𝜇

𝛼𝑖
2

𝑁
𝑖=1 (𝜆1

𝛼𝑖 + 𝜆2
𝛼𝑖 + 𝜆3

𝛼𝑖 − 3) + ∑
1

𝐷𝑖

𝑁
𝑖=1 (𝐽 − 1)2…..………..………….....… (2.16) 

Yeoh Model 

Yeoh proposed not to use the second invariant term because it is more difficult to measure and 

provides less accurate data fit for limited test data points. This special form of reduced polynomial 

model is expressed as, 

𝑊 = C10(𝐼1 − 3) + C20(𝐼1 − 3)2 + C30(𝐼1 − 3)3 +
1

𝐷1
(𝐽 − 1)2 +

1

𝐷2
(𝐽 − 1)4 +

1

𝐷3
(𝐽 − 1)6…..……………..………………………………………………………….....… (2.17) 

 There are several other phenomenological, micromechanical, response function etc. type 

hyperelastic models. They are readily available in literature and beyond the scope of this work.  
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Accurate material test data is critical to model hyperelastic elastomer materials. There six 

major type of tests - uniaxial tension, uniaxial compression, biaxial tension (circular or rectangular 

specimen), planar shear, simple shear, and volumetric test (button specimen). Data from at least 

two of these tests are required to use the simplest hyperelastic model that is Neo-Hookean. If more 

data is available, then progressively higher order models can be utilized.   

2.2 Seal Assemblies and Failure Statistics  

There four types of critical elastomer seal assemblies used in oil & gas wells – packers, blowout 

preventers, sub-surface safety valves, and wellhead assemblies.  

 

      

       (a)                         (b)   

Figure 2.11: Elastomer seal components (black color) in (a) packer, and (b) blowout preventer after closure 

(Patel et al. 2019a) 

 Packers are typically used to isolate production zones or to seal off annular space between 

production tubing and completion. They are available in numerous variants with a typical 

configuration shown in Figure 2.11a. The elastomer element is energized by compressing it 

through mechanical/hydraulic means or using swellable elastomer material. The elastomer must 
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be compatible with producing fluid and should be able to withstand in-situ temperature/pressure 

conditions. Blowout preventer is a critical wellhead equipment designed to act as a secondary 

barrier or failsafe in the event of loss of well control such as a formation kick or blowout. As 

shown in  Figure 2.11b, it consists of a solid donut shaped elastomer component which is 

compressed around the drill pipe using hydraulic pressure to seal off the well opening around the 

drill string. In the event of a potential event of kick, hydraulic pressure is applied to the donut, 

forcing it to conform tightly around the drill pipe. The elastomer element is directly exposed to the 

formation fluid pressure and required to seal against it. Sub-surface safety valve is installed 

downhole with the objective to stop flow in the event of emergency. The hydraulic pressure is 

released and the ball or flapper type safety valve closes and seals off the well.   

As discussed in chapter 1, the proposed dissertation work is focused on liner hanger seal 

assemblies as they are a common equipment used in modern well designs. Present discussion will 

focuse more on the types of wellhead assemblies particularly casing/liner hangers.  

Whether drilling a well on land or offshore, casing/liner hanger with seal is an important 

component of wellhead system. The primary purpose of seal assembly is pressure containment. 

Typically, seals are made outside of each individual casing or liner string to seal off the individual 

annuli. The traditional “build as you go” spool wellhead system uses a slip-and-seal assembly 

which is landed on casing heads. This assembly supports next casing/liner string by transferring 

its weight to conductor and also provides annular seal via energized weight-set elastomeric seal. 

There are two types of common hanger systems: a slip-and-seal casing-hanger assembly and a 

mandrel style casing hanger. The slip-and-seal assembly (Figure 2.12a) has outer diameter that 

matches with the internal profile of previous casing head and intermediate casing spools. The 

assembly has a set of slips with serrated teeth. The seal assembly is set mechanically by applying 
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predetermined weight. As the weight is applied, the slips travel down and engages the pipe. A load 

is placed on the elastomer element which expands radially by compression and seals the annulus 

pressure below the hanger from the wellbore. In the offshore jack up drilling application with 

mudline, weight-set slip-and-seal assembly is not used because the weight of the well sits at the 

seabed. In such cases, a mechanical set seal assembly (Figure 2.12b) is used in which cap screws 

are made up with a wrench against the compression plate to energize the seal element. If a unitized 

wellhead system having one-piece body is used instead of a spool system, then the mandrel type 

hanger assembly is used (Figure 2.12c). A casing string with mandrel hanger at the top is run first 

and once it is cemented, seal assembly is run through the BOP stack on a drillpipe running tool. 

Subsea wellhead systems consist of such mandrel type hangers and seal assembly.   

   

                                  (a)                             (b)      (c) 

Figure 2.12: Different types of elastomer hanger seal assemblies: (a) weight-set slip-and-seal assembly with 

casing head installation components, (b) mechanical-set slip-and-seal assembly in sub-mudline liner hanger 

assembly, and (c) mandrel type hanger seal assembly (Speer 2006) 

In offshore wells, as drilling depth increases, it is a common practice for operators to run a 

liner string instead of running a full casing string back to the wellhead. The liner is typically hung 

from the previous casing and/or cemented in place. Conventionally, liner hanger systems used to 

rely only upon the cement to provide sealing between liner/casing overlap and maintain well 

integrity.  The challenges associated with obtaining a good quality primary cementing and 

financial incentive in not running the cement throughout the overlap up to the liner hanger 
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necessitated a backup sealing mechanism or a barrier (Smith and Williford 2006). This led to 

development of liner-top packer or liner hanger with integrated seal assembly.  

 
              (a)                                       (b)                                         (c) 

Figure 2.13: Comparison among (a) liner top packer assembly, (b) integral liner hanger seal, and (c) 

expandable liner hanger seal assembly (Patel et al. 2019a) 

The conventional liner hanger consists of cone and slips components to hang the liner. The 

slip has serrated teeth on it and the cone acts as a guide to redirect the slips toward casing for 

engagement during the setting process. The seal assembly is either integral to the liner running 

tool or can be installed later requiring second trip. The assembly is set either mechanically or 

hydraulically applying required setting force resulting in engaging of the slips followed by seal 

energization. The schematic of conventional liner hanger with seal assembly is provided in Figure 

2.13a and Figure 2.13b.  

Expandable liner hanger is a new technology whose application is gaining momentum in 

the industry. Expandable liner hanger consists of a smooth body with no moving parts and 

elastomer elements bonded to its outer profile (Figure 2.13c). The idea is to expand the liner either 
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hydraulically by applying internal pressure or mechanically by running in a solid mandrel having 

larger outer dimeter than the internal diameter of hanger. Expansion of hanger body leads 

elastomer elements to compress against the casing resulting in seal energization. The seals not only 

provide hydraulic integrity but also act as anchor for the liner. The advantages of expandable liner 

hangers over the conventional hangers is readily available in the literature (Mullins 2016; 

Mccormick et al. 2012; Walvekar and Jackson 2007; Smith and Williford 2006; Lohoefer et al. 

2000).  

It has been observed that the failure of a seal assembly is often responsible for well control 

incidents. A QC-FIT evaluation report on a recent shallow gas incident (BSEE 2014) revealed 

failure in seal assembly as one of the potential causes. An informal survey of several Gulf of 

Mexico operators indicated that about 30% to 50% of the pressure seals in overlaps failed 

(Lohoefer et al. 2000). Another report indicates that as many as 18% of offshore wells worldwide 

are estimated to have some form of weakness or uncertainty in seal assemblies and the record of 

failures of critical liner-hanger seals in HP/HT completions, for example, has become a large 

concern. (Van Dort 2009).  

 
                        (a)                                                    (b) 

Figure 2.14: Causes of loss of well control (LOWC) events occurred during (a) 1980-1994, and (b) 2000-2015. 

Black and gray shades represent causes likely related to seal and/or supporting component failures (From 

Patel et al. 2019a based on data of Elhard et al. 2017 and Holand 2017) 
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                            (a)                                         (b)                                   (c) 

Figure 2.15: Causes of secondary barrier failure during (a) drilling, (b) workover, and (c) production in 156 

LWOC events occurred between 2000-2015. Black and gray shades represent causes likely related to seal 

failures (From Patel et al. 2019a based on data of Elhard et al. 2017 and Holand 2017) 

SINTEF keeps a database of well blowouts and loss of well control (LWOC) events and 

reports that most blowouts occur during drilling, followed by workover, completion, and 

production. Based on review of SINTEF LWOC data provided in Holand (2017) and Elhard et al. 

(2017), statistical analysis was performed to identify frequency of potential seal related causes. 

Causes of LOWC events occurred during the period of 1980-1994, and 2000-2015 are presented 

in Figure 2.14. In the pie charts, black and gray shades represent causes likely related to failures 

in seal and/or supporting components such as - wellhead leak, sub surface safety valve failure, x-

mas tree failure, and BOP failure after successful closure. Charts clearly indicate almost half (46%) 

of the failures in secondary barrier originate in seal containing components. The secondary barrier 

failures were further categorizing into drilling, workover, and production activity (Figure 2.15). 

It is clear that BOP, x-mas tree, and wellhead leaks are the top three causes of failure in secondary 

failure.  

With the increasing global energy demand and dwindling of conventional resources, High-

Pressure High-Temperature (HPHT) wells have become increasingly commonplace. Recent data 
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by (Oil & Gas iQ 2015) indicates that seal is considered as one of the biggest technological 

challenge associated with HPHT oil & gas exploration (Figure 2.16) 

 

Figure 2.16: Technological knowledge gaps for high pressure high temperature (HPHT) well construction 

(source of data: Oil & Gas iQ 2015) 

Table 2.3: Likelihood of elastomer seal bearing equipment being present in the well during a blowout. “X” 

indicates “expectation” of equipment being present while “P” indicates “possibility” of presence (Elhard et al. 

2017) 

 

These elastomer seal bearing equipment can be ordered in terms of likelihood of presence 

during different well activity (Elhard et al. 2017). Table 2.3 indicates that the wellhead followed 

by BOP are far more likely to be present when a blowout occurs in comparison to the packer and 
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SSSV. Present report and proposed dissertation work will be focused on wellhead and casing/liner 

hanger assemblies. Majority of discussion, literature review, elastomer material properties, and 

some of the function aspects will also be applicable to other equipment such as BOP, packer, and 

SSSV.  

2.3 Failure Mechanisms  

2.3.1 Operating Conditions  

Before analyzing failure mechanisms, it is important to understand the typical operating conditions 

that elastomer seals must endure. As per 2012 estimate, over 50% of proven oil and gas reserves 

in the US lie below 14,000 ft (Shadravan and Amani 2012). American Petroleum Institute (API) 

defines High-Pressure High-Temperature (HPHT) condition as operating pressure and temperature 

of greater than 15,000 psi and 350F respectively.  

Table 2.4: High-Pressure High-Temperature (HPHT) conditions defined by regulators (API, NORSOK) and 

service companies 

HPHT HPHT Tier 1 HPHT Tier 2 Source 

>15,000 psi 

> 350F 
- - API 

15,000 – 20,000 psi 

350-400F 

20,000 – 30,000 psi 

400-500F 

>30,000 psi 

> 500F 

Baker 

Hughes 

10,000 – 15,000 psi 

300-350F 

15,000 – 20,000 psi 

350-400F 

>20,000 psi 

> 400F 
Halliburton 

>10,000 psi 

> 300F 
- - NORSOK 

10,000 – 15,000 psi 

300-400F 

20,000 – 35,000 psi 

400-500F 

35,000 – 40,000 psi 

500-600F 
Schlumberger 
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As shown in Table 2.4, the description of HPHT condition varies depending on regulators and 

operating/service companies. Most of the HPHT operations in shale plays and many of the HPHT 

deepwater wells, particularly in the Gulf of Mexico, fall into Tier I (Shadravan and Amani 2012).   

Elastomer seal during the service life encounters variety of chemicals. In addition to liquid 

and gaseous hydrocarbon, a typical well may encounter hydrogen sulfide, carbon dioxide, 

mercaptans, etc. These sour and corrosive gases can notably impact elastomer material. Moreover, 

because of such corrosive downhole environment, corrosion inhibitors are frequently added to 

drilling fluid, fracturing fluid, completion fluid, packer fluids, etc. In addition to corrosion 

inhibitors, solvents, surfactants, acids, etc. chemical are widely used for various purposes such as 

reducing formation damage, enhancing production, improving wellbore stability, etc. Elastomer 

seals particularly the ones used in wellhead, SSSV, and packer must withstand and maintain 

sealability under such complex chemical environment.  

2.3.2 Material Failures 

As discussed previously failure in seal assembly is a larger concern for the industry. Such failures 

not only reduce the effectiveness of the applications for which the liners are intended, but they also 

increase well costs because of the remedial operations that must be undertaken. Furthermore, if 

such failures go undetected then it can greatly compromise the well’s process safety, resulting in 

loss of well control with greater environmental, safety, and business consequences. Failure in seal 

assembly can be categorized into (i) material failure of the elastomer seal component, and (ii) 

operational and hardware failure.  

Extensive literature is available on elastomer material failure as elastomer is a widely used 

seal material in several industries. The elastomer material has several limitations in terms of 
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maximum differential pressure, temperature, chemical, and gas resistance. Elastomer can fail in 

several ways but some of the major modes of failure are rapid gas decompression, temperature and 

chemical degradation, extrusion and nibbling, compression set, wear, spiral failure etc. (Elhard et 

al. 2017).   

2.3.2.1 Physical Failure 

Rapid Gas Decompression (RGD) or gasification or explosive decompression (Figure 2.17a) is 

one of the most common mode of seal failure. In downhole high-pressure environment, seal may 

come into contact with gas which gradually absorbs into molecular voids of the elastomer material. 

If the surround pressure suddenly decreases, then the absorbed gas expands and tries to rapidly 

diffuse out of the material resulting in development of cracks and eventual ‘explosion’ (Figure 

2.17a). Elastomers with less hardness and elastic modulus are more prone to RGD (Marco Rubber 

& Plastic Inc. 2018). The risk of decompression increases at elevated temperature or very low 

temperature when elastomer becomes brittle. The term ‘explosive’ is misleading as decompression 

damage can occur when pressure decreases gradually over several hours similar to the time 

associated with tripping out operation (Mackenzie and Garfield 2007). 

Temperature degradation (Figure 2.17c) is another common risk associated with 

elastomers. At high temperatures or temperature changes, elastomer seal may exhibit radial cracks 

and/or sign of softening. It is becoming increasingly common to drill and operate in high pressure 

high temperature (HPHT) conditions. It is challenging to seal with elastomer in temperatures 

beyond 250-300F (Mackenzie and Garfield 2007). 
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Figure 2.17: Type of material failures in elastomer: (a) explosive decompression, (b) chemical degradation, (c) 

Thermal degradation, (d) extrusion, (e) compression set, and (f) abrasion-friction (image source: Marco 

Rubber & Plastics Inc.)  

  Extrusion and nibbling (Figure 2.17d) is a type of mechanical failure which can degrade 

the sealability of elastomer. It occurs when an elastomer seal is sealing against moving surfaces 

with friction or static interfaces with pulsating or cyclic movements gets pulled or nibbled resulting 

in loss of material. Failure can also occur due to shearing of seal element across the extrusion gap. 

High pressure differential, thermal stress or other operational load induced movement at the 

frictional interface between elastomer and casing can lead to such failure.  The extrusion failure 

can not only affect sealability but also makes the service tool or equipment difficult to retrieve.  

Compression set is one of the more commonly observed failure modes. This failure (Figure 

2.17e) typically arise due to improper dimensioning of the seal element (Elhard et al. 2017). This 

can result in permanent deformation of seal or pre-mature extrusion of seals (Daemar Inc. 2015).  

Abrasion or wear type failure (Figure 2.17f) can occur during storage, handling, or installation. 
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Primary causes can be improper lubrication, uneven contact surfaces, presence of debris/solids at 

sealing interface etc. This failure mechanism can be important for tools that are moved or 

reciprocated frequently during downhole operation.  

2.3.2.2 Chemical Degradation 

Chemical degradation is a major factor affecting seal performance. During the service, elastomer 

may come into contact with different fluids such as drilling, completion, fracturing, formation 

brine, or production fluid containing various solvents, caustics, acids or corrosive chemicals. 

Leaching of these chemicals into elastomer can weaken its polymer structure (Campion et al. 

2005). The leaching becomes more severe as temperature increases. The absorption of fluid can 

also lead to swelling increasing the risk of other types of failure such as abrasion or extrusion 

(Elhard et al. 2017). Moreover, presence of oxidation agents (such as ozone) during service or 

storage and transportation can lead to scission reaction within elastomer resulting in weakened 

molecular structure and increased risk of degradation (Campion et al. 2005). Increasing 

temperature makes chemical degradation faster and worse. Fernández and Castaño (2016) studied 

effect of crude oil on elastomers at 150F and 1000 psi for 168 hours. They observed reduction in 

tensile strength and elongation at break. Aging also affected hardness and compression set, and 

caused volumetric swelling. Crude oil with high percentage of saturates and aromatic caused more 

severe degradation.  

The three major gases typically encountered in oil & gas wells are Hydrogen Sulfide (H2S), 

Carbon Dioxide (CO2), and Methane (CH4). CO2 and H2S can lead to severe chemical degradation 

of elastomers. However, CH4 typically does not react chemically with elastomer but it can 

permeate through the material and cause other physical alterations.  
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Effect of H2S 

Sour oil reservoir can lead to high hydrogen sulfide content in operating environment.  H2S is 

known to cause notable deterioration in elastomer physical properties. Cong et al. (2013) 

conducted aging experiments using HNBR samples in aqueous solutions of H2S at 1000100 psi 

pressure and 212F temperature.  They observed reduction in tensile strength, hardness, and 

elongation capability of the elastomer. Degradation in HNBR sample can be attributed to 

homolysis or heterolysis reactions. In aqueous solution, H2S dissociates into H+ and HS-ions. H+ 

causes hydrolysis of the CN group in HNBR (Figure 2.18) while HS- attacks C=O. This results 

in C=S and C-C=S groups. In homolysis, mercapto radicals from H2S (H• and HS•) causes 

reaction with elastomer polymer and results in macromolecule radical. This radical then to react 

with another mercapto radical. This chain reaction continues, dissociates triple and double bonds, 

and eventually results in saturated C-S-C bonds. These processes notable altera physical properties 

of elastomer. Fernández and Castaño (2016) studied effect of H2S concentration on NBR 

elastomer and observed development of brittle fracture surfaces with increase in concentration 

(Figure 2.19). They also observed that increase in H2S concentration reduces tensile strength, 

elongation break, and resilience.  

 

 

Figure 2.18: Nucleophilic reaction mechanism showing breaking of acrylonitrile group in HNBR (Cong et al. 

2013) 
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Figure 2.19: SEM images of NBR samples aged with different concentration of H2S for 168 hours at 203F 

(Fernandez and Castano 2016) 

 Tynan (2016) compared reactivity of various elastomers to H2S with their glass transition 

temperature and high temperature performance (Table 2.5). It was shown that the decreasing order 

of H2S resistance is - FFKM > FKM > FEPM > HNBR > NBR.  

Table 2.5: H2S resistance, glass transition temperature, and high service temperature of various elastomers 

(Carrol 2016) 

Elastomer Type 
Resistant to 

H2S 

Glass Transition (Tg) 

°F 

Upper Service 

Temp. °F 

NBR Most reactive -22 248 

Low Temp. 

HNBR 

Most reactive -40 320 

HNBR Less reactive -22 356 

FEPM Non-reactive 41 482 

Low Temp. 

FKM 

Less reactive -40 437 

FKM Most reactive 1.4 437 
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Low Temp. 

FFKM 

Non-reactive -22 464 

FFKM Non-reactive 32 500 

Effect of CO2 

Carbon dioxide is stable, inert, and non-toxic under normal conditions. Its carbon-oxygen double 

bond is very stable with high dissociation energy of 732 KJ/mol. Typically, it would not cause 

chemical reaction with elastomer material. However, in presence of aqueous medium such as water 

or brine, it can form carbonic acid. In large quantities, this weak acid can become corrosive and 

cause chemical reactions with elastomers. This irreversible reaction is caused by dissociation of 

weak CN bond in NBR and results in amine groups. The C=C double bond in EPDM exhibits 

relatively higher resistance to dissociation. The C-F bond in Fluorocarbon elastomer is highly 

stable bond with very high dissociation energy and hence, FKM exhibits more resistance to CO2 

degradation.  

 Fernández and Castaño (2016) demonstrated that increase in CO2 concentration increases 

volumetric swelling and permanent deformation in NBR elastomer. The increase in permanent 

deformation plateaus at very high concentration of CO2. The SEM images show decrease in brittle 

fracture surface with increase in CO2 concentration in NBR (Figure 2.20). Dajiang et al. (2017) 

studied aging of mechanically compressed NBR and HNBR samples in presence of liquid and 

gaseous CO2. They observed increase in elastomer weight after aging in comparison to control 

samples. They also observed reduction in hardness which was more severe in gaseous containment 

compared to liquid CO2. Furthermore, their results indicate that mechanical loading increases the 

degradation in presence of CO2. Based on SEM and energy dispersive spectroscopy (EDS), they 
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concluded that swelling and damage of elastomer increases with increase in compression load 

(Figure 2.21). This damage is more severe in liquid CO2 compared to gaseous.  

 

Figure 2.20: SEM images of NBR aged in presence of carbon dioxide at 203F for 168 hours (Fernández and 

Castaño 2016) 

 

Figure 2.21: SEM image of HNBR samples aged in presence of gaseous and liquid CO2 at different 

compression loads: 0 lbf (a), 1349 lbf (b), and 2698 lbf (c) (Dajiang et al. 2017) 



44 

 

2.3.3 Equipment Related Functional Failures 

Deviations from recommended installation and relevant operational procedures and failure in 

equipment or structures that support the elastomer seal component are often responsible for loss 

of sealability or lack of seal energization. Unlike elastomer material failure, minimal research data 

is available in public domain that discusses operational, hardware or other peripheral failures 

affecting performance of seal assembly. Following are some of the important modes of functional 

failures gathered from literature. 

Installation of conventional weight-set or mechanical set seal assembly often requires 

setting force in the range of 100,000 lbf to attain desired seal energization (Wiliford and Smith 

2007). However, sometimes it is not possible to exert such force due to variety of reasons such as 

well deviations, drag forces, insufficient pipe weight etc. Such operational failures can 

significantly minimize seal performance.  

Conventional liner hanger system consists of slip and cone components that provide 

mechanical anchoring to the liner and also act as support during seal energization. Concentration 

of excessive radial stress in slips can potentially collapse inner hanger mandrel (Zhong et al. 2017) 

and affect the energization process. Any compressive or tensile forces applied to the hanger body 

are permanently trapped between the slips (Fothergill 2002). The slips also damage casing and 

potentially increases risk of corrosion and other mechanical failure. Lack of centralization can also 

pose risk of non-uniform seal energization resulting in less than desired contact stress. Failure or 

anomalies in support components such as back-up ring or compression plate can result in extrusion 

of elastomer element (Figure 2.22). The back-up system is often designed to expand to the casing 

ID and fill the extrusion gap between seal and casing ID. Some of the major causes for back-up 

component failure are - excessive load, bending, shearing, or material strength reduction due to 
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chemical/temperature changes. One such failure in compression packer is shown in Figure 2.23a. 

Upton (2009) 22 incidents of failure in slip join packing system occurred between 2000 and 2008. 

It was observed that wear of seal element was the primary failure mechanism (Figure 2.23b). 

Some of the failure cases were caused by corrosion pitting of components.  

 

Figure 2.22: Failure in backup ring causing extrusion of elastomer element in packer equipment (Humphreys 

and Ross 2009) 

  

        (a)                   (b) 

Figure 2.23: (a) Failure of shoulder drop in a compression packer (Hu et al. 2017), and (b) internal wear of 

packer element (Upton 2009) 
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Failure of hanger body is also a concern. The body of hanger assembly can collapse due to 

excessive stresses generated from above or below the seal element. Payne et al. (2016) presented 

inadequacy of traditional calculations such as two diameter rule, Barlow equation, Lame equation, 

API burst equation etc. for determining capacity of liner hanger body. They suggested to use 

computer models depicting actual complex geometry of hanger assemblies to determine true 

capacity.  

Most of the hanger systems consist of many mechanical moving parts which can act as 

potential leakage paths. Exposed slips, hydraulic ports, and other moving components act as 

tortuous path and they are more prone to pack-off by solid particles. This can lead to slip hung up 

or failure in release of setting tool. The hanger and seal assembly may pre-set while running in the 

hole if the tripping is too fast or if the element is swabbed off (Walvekar and Jackson 2007). The 

cyclic effects of thermal expansion and contraction may lead to relative movements among the 

components and affect the sealability performance (Brown and Witwer, 2017).  

2.4 Industry Standards and Gap Analysis  

2.4.1 Overview of Relevant Standards 

Comprehensive literature review indicates that all industry standards relevant to elastomer material 

and seal assemblies can be categorized into two groups. Majority of standards from API (American 

Petroleum Institute), ISO (The International Organization for Standardization), and NORSOK 

(Norsk Sokkels Konkuranseposisjon - Standards by Norwegian petroleum industry), provide 

guidelines for elastomer qualification testing specific to oil & gas industry equipment. Other 

reviewed standards such as ASTM (American Society for Testing and Materials), NACE (National 

Association of Corrosion Engineers), and ANSI (American National Standards Institute) include 
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protocols and guidelines primarily for laboratory-based testing of elastomer properties and failure 

characteristics.  

2.4.1.1 API, ISO, and NORSOK Standards  

The list of relevant API, ISO, and NORSOK standards is provided in Table 2.6. Some of the API 

and ISO standards are similar and cross-reference each other. For example, API 17D and ISO 

13628 are similar.  

 API SPEC 6A (ISO 10423) contains specifications and recommendations for the 

performance, dimensional and functional interchangeability, design, materials, testing, inspection, 

etc. for wellhead and christmas tree equipment. API 17D (ISO 13628-4) is specifically deals with 

the subsea wellhead equipment and often refers to API 6A. Both these standards use the term 

“annulus seal assemblies” that encompass hanger seal assemblies. The annexure F of API6A 

contains information on elastomer validation testing via pressure and temperature cycles and also 

covers thermomechanical performance i.e. immersion testing of seals with an option for fixture 

testing using the actual seal design. API 17D does contain screening tests for material compatibility 

with various chemicals; comprising of three levels of screening depending on the complexity of 

testing. However, this section is listed as informative and not mandatory compliance. This standard 

requires that applied stresses to the seal structural components observe predetermined limitations 

as verified by either engineering calculations or finite element analysis. Both standard mainly aim 

to verify functionality of the sealing system rather than the material validation.  
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Table 2.6: List of API, ISO, and NORSOK standards relevant to elastomer seal assembly in wellhead and 

liner hangers  

Standard Description 

API 6A   Specification for Wellhead and Christmas Tree Equipment 

API 11D1 Packers and Bridge Plugs 

API 17D  
Design and Operation of Subsea Production Systems – Subsea Wellhead and Tree 

Equipment  

API 17TR8 High-pressure High-temperature Design Guidelines 

API 19LH  Specification for Liner Hangers 

ISO 10423 Specification for Wellhead and Christmas Tree Equipment 

ISO 13533 
Petroleum and natural gas industries — Drilling and production equipment — Drill 

through equipment 

ISO 13628 
Design and Operation of Subsea Production Systems – Subsea Wellhead and Tree 

Equipment  

ISO 14310 
Petroleum and natural gas industries — Downhole equipment — Packers and bridge 

plugs  

ISO 23936 
Petroleum, petrochemical and natural gas industries – Non-metallic materials in 

contact with media related to oil and gas production – Part 2: Elastomers  

NORSOK M-

710 
Qualification of non-metallic materials and manufacturers - polymers 

The industry also uses standards developed for packer equipment - ISO 14310:2008E and 

API Specification 11D1. They provide guidelines for both manufacturers and end users in the 

selection, manufacture, design, and laboratory testing of the many types of packers available in 

today’s market. ISO 14310/API 11D1 establish a minimum set of parameters with which the 

manufacturer must comply. The International Standard is structured with the requirements for both 

quality control and design verification in tiered rankings. There are three grades or levels 

established for quality control and six grades (plus one special grade) for design verification.  

The quality standards range from grade Q3 to Q1, with grade Q3 carrying the minimum 

requirements and Q1 outlining the highest level of inspection and manufacturing verification 
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procedures. Provisions are also established to allow the end user to modify the quality plans to 

meet the specific application by including additional needs as supplement requirements. 

The standard design-validation grades range from V6 to V1. V6 is the lowest grade and V1 

represents the highest level of testing. A special grade (V0) was included to meet special 

acceptance criteria requirements. These six standard validation grades are – (i) V6: 

supplier/manufacturer-defined, (ii) V5: liquid test, (iii) V4: liquid test + axial loads, (iv) V3: liquid 

test + axial loads + temperature cycling, (v) V2: gas test + axial loads, (vi) V1: gas test + axial 

loads + temperature cycling, (vii) special validation grade V0: gas test + axial loads + temperature 

cycling + special acceptance criteria (V1 + zero bubble acceptance criterion) 

ISO 14310 (Section 5.3.3.3) provides lists of material tests required for elastomer use in 

packers.  These tests include tensile strength, elongation, and tensile modulus tests, as well as 

compression set and durometer hardness tests. Note that no minimum elastomer modulus 

properties are provided to guide elastomer selection in this standard.  

API is recently published a standard for liner hanger equipment – API SPEC 19LH. This 

specification provides requirements for conventional and expandable liner systems including liner 

hangers, liner packers, liner hanger packers, tieback/polished bore receptacles, seal assemblies, 

setting adaptors/sleeves, and running/setting tools. The document mentions measurement of five 

elastomer material properties (tensile strength, elongation at break, elastic modulus at 50% and 

100%, compression set, and hardness) and refers to ASTM standards for testing procedure. The 

standard does not provide any specific elastomer qualification guidelines or acceptance criteria for 

liner hanger applications. The document refers to ISO 23936 for qualification provisions for 

elastomer material and stats following as general sealing system requirements – “Chemical and 
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environmental effects shall be considered for nonmetallic sealing elements in order to determine 

selection of the seal material. Verification or validation shall establish that the nonmetal sealing 

element used is suitable for the specific configuration, environment, and application. The 

evaluations or tests shall ensure compatibility with the technical and functional requirements and 

shall consider mechanical loads, applied pressure, temperature range, design geometry, and sealing 

environment.” 

This specification provide three grades of design validation for seal assemblies: (i) V3 - 

Supplier/manufacturer defined validation method, (ii) V2 – Multiple engagements with static 

liquid pressure test plus temperature cycling, and (iii) V1 - Multiple engagements with static 

nitrogen pressure test plus temperature cycling. For dynamic seal assembly validation testing, the 

standard refers to API 19AC - Specification for Completion Accessories. For V2 grade, acceptance 

criteria of 1% pressure reduction over the holding period of 15 minutes is specified. For V1 grade, 

zero bubbles of nitrogen over 15 minutes of holding period is specified as the acceptance criteria.  

NORSOK M-710 and ISO 23936-2 standards discuss qualification of elastomeric 

components for oil & gas service. They include tests for chemical compatibility, accelerated age 

evaluation, resistance to extrusion or creep under high pressures, resistance to change in chemical 

properties at high temperatures, and RGD. These standards acknowledge that elastomer selection 

can vary based on the end service environment and selection of appropriate material should be 

ensured.  

2.4.1.2 ASTM and NACE Standards  

NACE and ASTM standards discuss protocols and guidelines for laboratory-based tests to evaluate 

elastomer material properties and failure characteristics after exposure to various fluids, 
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temperatures, and pressures. The list of relevant ASTM and NACE standards is provided in Table 

2.7. The description of each standards is self-explanatory.  

Table 2.7: List of ASTM and NACE standards relevant to elastomer material testing for oil & gas application 

Standard Description 

NACE 

TM0187 

Evaluating Elastomeric Materials in Sour Gas Environments 

Test Temperature: 212, 302, 347°F 

Test Pressure: 1,000 ± 100 psig 

NACE 

TM0192 

Evaluating Elastomeric Materials in Carbon Dioxide Decompression Environments 

Test Temperature: 77 ± 9°F 

Test Pressure: 750 ± 50 psig 

NACE 

TM0296 

Evaluating Elastomeric Material in Sour Liquid Environments 

Test Temperature: 212, 250, 302, 347F 

Test Pressure: 1,000 ± 100 psig 

NACE 

TM0297 

Effects of High-Temperature, High-Pressure Carbon Dioxide Decompression on 

Elastomeric Materials 

Test Temperature: 122-446°F 

Test Pressure: 1,000-5,500 psig 

ASTM D575-

91 

Standard Test Methods for Rubber Properties in Compression 

Test Temperature: 73.4 ± 3.6°F 

Test Pressure: Atmospheric (14.7 psi) 

ASTM D471-

12a 

Standard Test Method for Rubber Property— Effects of Liquids 

Test Temperature: -103 ± 4°F to 482 ± 4°F 

Test Pressure: Atmospheric (14.7 psi) 

ASTM 

D6147-97 

Standard Test Method for Vulcanized Rubber and Thermoplastic Elastomer – 

Determination of Force Decay (Stress Relaxation) in Compression 

Test Temperature: -103 ± 3.6°F to 572 ± 5.4°F 

Test Pressure: N/A 

Other potentially useful standards 

ASTM D430-

06 
Standard Test Methods for Rubber Deterioration – Dynamic Fatigue 
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ASTM D573-

04 
Standard Test Method for Rubber— Deterioration in an Air Oven 

ASTM D623-

07 

Standard Test Method for Rubber Property – Heat Generation and Flexing Fatigue in 

Compression 

ASTM D926-

08 

Standard Test Method for Rubber Property – Plasticity and Recovery (Parallel Plate 

Method) 

ASTM D945-

06 

Standard Test Methods for Rubber Properties in Compression or Shear (Mechanical 

Oscillograph) 

ASTM 

D1349-14 
Standard Practice for Rubber – Standard Conditions for Testing 

ASTM 

D2632-15 
Standard Test Method for Rubber Property – Resilience by Vertical Rebound 

ASTM 

D7121-05 

Standard Test Method for Rubber Property – Resilience Using Schob Type Rebound 

Pendulum 

 

  Overall, NACE standards provide test procedures along with protocols for test conditions, 

specimen preparation, equipment, and reporting of results. NACE standards focus on relative 

resistance measurements for O-rings or other elastomers to the specific test environments. 

Similarly, ASTM standards provide test procedures to determine chemical and physical properties 

of elastomers in laboratory environments. 

2.4.2 Limitations and Gaps 

Currently available standards provide valid benchmark and consistent testing methodologies for 

preliminary testing of seal assemblies. Although, there is always room for improvement, the 

standards cannot be made comprehensive that account for all types of applications. Additional 

layers of qualification testing at the manufacturer, service provides, and operators’ side are 

essential. Following are some of the major limitations in the existing literature, that may help 

regulators and industry alike in improving reliability of elastomer seal assemblies:      
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NORSOK M-710 provides guidance to test a standard O-ring seal with a pre-determined 

cross-section and squeeze. API 6A uses molded slabs typically cut in form of bone or dumbbell 

geometry. They provide valid benchmark and consistent methodology for testing materials but 

material compliance to it does not reflect seal performance in the actual applications involving 

varying seal geometries (S seals, T-seals, MEC seals, etc.) and cross-sections with varying volume 

fill, squeeze, etc. parameters. For example, increasing volume fill beyond 85% can significantly 

increase RGD resistance for some applications (Groves et al. 2001). Another example is an 

observation that a larger seal cross section increases the probability of damage by decompression 

because of the longer gas diffusion path in comparison to a smaller seal (Morgan et al. 2008) 

The NORSOK is based on a crack rating system for evaluating RGD failure. The criteria 

are not only subjective but also has two major limitations. First, a large seal may have cracks 

developed in localized areas that are not critical from the function point of view. A seal that passed 

functional pressure/temperature test can be deemed failed by stringent NORSOK criteria (Tu and 

Cheng 2016). Secondly, the cracks are evaluated after removing O-ring from the test fixture. In 

reality, the seal remains in the housing or fixture during the service and it has been shown that the 

RGD failure can remain contained under compressed loading state (Morgan et al. 2008).  

As listed in Table 2.8, the acceptance criteria for the aging tests recommended by 

NORSOK M-710 are wide considering acceptance of  50% change in tensile properties, 20 point 

loss of hardness and 25% swell and may not be suitable for applications at high end of performance 

limits (Elhard et al. 2017, Slay and Ferrel 2008). Additionally, use of swelling may not be an 

appropriate criteria for quantifying or validation seal performance in some conditions. Volume 

swelling of seal in a closed fixture would result in higher contact stress and may in fact lead to 

better sealability provided that the stress value does not exceed structural stress limits of housing 
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or other surrounding mechanical components. ISO 14310 doesn’t provide minimum elastomer 

modulus properties to guide elastomer selection.  

Table 2.8: Acceptance criteria for elastomer aging tests as per ISO 23936-2 and NORSOK M-710 (Elhard et 

al. 2017, Slay and Ferrel 2008) 

Measurement  ISO 2396-2 NORSOK M-710 

Hardness +10/-20 units Not provided 

Volume +25%/-5% +5%/-1% 

Tensile +/- 50% +/- 50% 

 

One of the major limitations identified is that the ISO, NACE and NORSOK standard tests 

do not cover the operating temperature/pressures of field applications. Specifically, as shown in 

Table 2.9, API standards with the exception of API 11D and API 14A do not reflect extreme 

HPHT conditions increasingly encountered in offshore wells (Elhard et al. 2017). ISO 23936 and 

NORSOK M-710 considers 2175 psi and 212F as maximum pressure and temperature 

respectively for the material compatibility tests. These values are significantly less than the HPHT 

threshold of 1500 psi and 350F. The maximum pressure and temperature required by API 6A to 

qualify wellhead is 20,000 psi at 121°C respectively. This is within the range of HPHT pressure 

conditions but falls short of qualifying the unit for high temperature service. To supplement this, 

API published API 17TR8 (HPHT Design Guidelines) to provide design information for service 

environments with temperatures exceeding 350°F and pressures exceeding 15,000 psi.  Moreover, 

it should be noted that these temperature and pressure qualification levels are for the overall unit 

and not the elastomeric components explicitly. ASTM and NACE are focused on elastomer 
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material properties testing but as shown in Table 2.9, the test pressure/temperature requirements 

are not commonly intended for testing elastomers in HPHT environments 

Table 2.9: Comparing scope of API standards against HPHT conditions (Elhard et al. 2017) 

 

Another major gap is lack of storage requirement for elastomer material in reviewed 

standards. No maximum storage timeframes are provided in the standard, and no requalification 

criteria are defined for elastomers taken from storage prior to being installed in service. None of 

the API, ISO, and NORSOK standards provide guidelines related to appropriate protection during 

storing, shipping, handling, installation, etc. operations. No information is available on how 

logistical and operational conditions can affect elastomer performance or rating. Current standards 

can refer to aerospace industry’s standard - ISO 27996 (Aerospace fluid systems --Elastomer seals 

-- Storage and shelf life) for elastomer components similar to the ones used in oil & gas industry. 

ISO 27996 recommends 112 months for NBR and HNBR, and 160 months for FKN, FFKM, and 

FEPM as maximum storage timeframes.  

All standards discuss chemical compatibility with respect to pure hydrocarbon gases and 

liquids such as methane, heptane, carbon dioxide etc. No guidance is available on effects of 
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complex downhole chemicals such as drilling or completion fluids, hydrates, scale, corrosion 

inhibitors and other additives, etc.  

Within API 6A, casing hangers are categorized into five groups depending on the 

complexity of their function – (i) absence of seal assembly, (ii) unidirectional and (iii) bidirectional 

hanging capability, (iv) presence of retention feature to hold hanger in place, and (v) without back 

pressure valve. However, the standard does not provide different qualification testing requirement 

for each of these groups.  

As discussed in previous section, API 19LH and other API standards in general, refer to 

other standards such as ISO standards for specific elastomer qualification criteria which are not 

customized as per end application or equipment type. API standards require that the seal element 

and individual seal structural mechanisms be qualified to claimed ratings. However, there is no 

discussion on or requirement to prove cooperation of both material and functional aspects. 

Although structural components can be considered as rigid but small deflections within them can 

certainly change sealability across various ranges of temperature, pressures, and loads. As 

discussed and demonstrated for metallic seals by Brown and Witwer (2017), a system level 

validation or qualification testing where hanger and seal assembly react or have relative movement 

with each other similar to the actual field installation process is essential to validate performance 

of seal assembly in its entirety. Similarly, for finite element validation it becomes important to 

simulate installation process before pursuing simulations under pressure, temperature, and loading 

scenarios.  

Elhard et al. (2017) presented a breakdown of development process of a well component 

or equipment. They reviewed and checked whether various standards relevant to elastomer 
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material testing provide guidance in all these steps of component design. As shown in the results 

(Table 2.10)   

Table 2.10: Scope of guidance provided by various standard agencies to different steps in component design 

process (Elhard et al. 2017) 

Process Notes API ISO NORSOK NACE ASTM 

MIL-

SPEC 

System Design 

Guidance  

Overall system/tool 

performance criteria 

X X     

Material Selection 

Guidance  

Selection of most 

appropriate elastomer 

  X   X 

Laboratory Material 

Qualification  

Lab testing of material 

properties  
   X X X 

HPHT Laboratory 

Qualification  

HPHT laboratory 

testing of properties 
      

Chemical 

Compatibility 

Qualification 

Lab chemical 

compatibility testing  
  X X X X 

Installed System 

Qualification  

Performance testing of 

system/tool  

X X     

HPHT System 

Qualification  

HPHT testing of 

system/tool 
      

Storage/Shipping 

Guidance  

Packaging and storage 

considerations  

X X    X 

Field Requalification  

Evaluation of system 

components in field 
     X 
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 To summarize, it can be concluded that no single family of standards provide complete 

guidance for elastomer seal selection, qualification of material, functional qualification of seal 

assembly, packaging, storage, etc. Some of the gaps can be filled by revisiting adjacent industry 

standards and consolidating them under one family of standards. Additional research is needed to 

customize qualification or acceptance criteria depending on end-application and equipment type. 

Moreover, there is also a need for understanding target seal energization criteria for complete 

sealability. Effect of functional failures in seal assembly and equipment level performance 

evaluation of elastomer seals are another two important areas of research.  

2.5 Literature Review  

2.5.1 Relevant Studies  

Berger (2004) designed, built, and tested a retrievable 7 ¾-in. packer element for high pressure 

high temperature environment. The objective of the study was to examine various backup systems 

that provide support during energization. Different systems such as the carbon steel foldback ring, 

mesh rings, garter springs, and combination of these were evaluated at different temperatures and 

differential pressures. Sealing performance was tested by conducting ISO 14310 standard liquid 

and gas tests. A FEA study was also conducted to support the experimental work.  

 

Figure 2.24: Contact pressure as a function of setting load (Recreated after Feng et al. 2010) 
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Feng et al. (2010) conducted two-dimensional finite element analysis on packer consisting 

of two elastomer elements separated by a metal ring. They examined the contact pressure in both 

seals for various setting loads and observed a relationship that was practically linear (Figure 2.24). 

The seal on the compression side (upper side in this case) had consistently higher contact pressure 

than the lower seal.  

 

Figure 2.25: 2D axisymmetric finite element model of expandable liner hanger seal (Alzebdeh et al. 2010) 

Alzebdeh et al. (2010) conducted finite element simulation of the compression of 

elastomeric seals in an open hole expandable type liner hanger (Figure 2.25). They modelled the 

formation in three different forms, as a rigid body, an elastic, and an elastic-plastic material. Two 

different boundary conditions (fixed-free and fixed-fixed) were employed depending on prevailing 

practices of oil operators in such applications. The effect of seal length and thickness, compression 

ratio, and type of formation behavior on the contact pressure were determined. Results 

demonstrated that the rigid formation provides the highest contact pressure compared to elastic 

and elastic-plastic type formation. Moreover, a thicker seal with a larger compression ratio was 

observed to yield higher contact stress (Figure 2.26). Furthermore, they observed that contact 
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pressure decreases with increase in seal length up to 200 mm and pressure remains practically 

constant thereafter. The effect of tubular end conditions was determined to be negligible. No 

theoretical or experimental validation was provided for the simulation results.  

  

(a) 

 

(b) 

Figure 2.26: Effect of seal thickness (a) and seal length (b) on contact pressure at various compression ratio 

(Recreated after Alzebdeh et al. 2010) 

Guo et al. (2011) used FEA to study a specific design of packer consisting of rubber tube, 

cone, central pipe, expansion sleeve, and casing pipe. They used nonlinear material properties for 
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the elastomer element and presented contact pressure variation as a function of applied load at 

different seal thickness. No validation for the FEA results was provided.  

 

Figure 2.27: Elastomer seal radially confined between metal tubes with fluid pressures in axial direction (Al-

Hiddabi et al. 2015) 

 Al-Kharusi et al. (2011) conducted a theoretical analysis on compression of elastomer seals 

in expandable tubular or liner hangers. They developed an analytical model for elastomer seal 

assuming linear elastic material property. The model was later refined and presented by Al-

Hiddabi et al. (2015). This new model is based on elastomer seal that is radially confined between 

metal tubes with fluid pressures in axial direction (Figure 2.27). Originally developed for solid 

expandable tubular, this model can predict contact pressure along the contact length as a function 

of seal compression ratio, fluid pressures, and material properties. Besides developing the model, 

Al-Hiddabi et al. (2015) also performed parametric analysis using the model and investigated the 

effect of seal thickness, seal length, and compression ratio on contact pressure (Figure 2.28) 
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(a) 

   

(b) 

Figure 2.28: Maximum contact pressure in expandable tubular as a function of compression ratio (a) and seal 

length (b) for varying seal thickness (Recreated after Al-Hiddabi et al. 2015) 

   

Figure 2.29: Maximum stress in slip element as a function of applied load (Lin 2013) 
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Lin (2013) conducted finite element structural analysis of slip element in packers. They examined 

stresses in slip element at different applied loads or setting pressures and observed almost linear 

correlation (Figure 2.29). They also studied the effect of spacing between the slip tooth on 

developed maximum stress in slip element. They performed a physical failure test on a slip element 

and confirmed its consistency with the simulation results. 

     

Figure 2.30: Sealing safety factor (contact pressure divided by operating fluid pressure) stress in slip element 

as a function of applied (Ma et al. 2014a) 

 Ma et al. (2014a) examined swellable elastomer packer element using two-dimensional 

finite element model with non-linear elastomer material properties. They modelled swellability by 

means of interference between seal thickness and annular space between casing and formation. 

Under the differential pressure of 20 MPa across the packer, they studied the maximum contact 

pressure for different seal length, interference thickness, and different formation. They evaluated 

the sealing performance in terms of sealing safety factors (Z) (Figure 2.30) which is calculated as 

contact pressure divided by packer differential pressure. No validation for simulation results is 

provided. They observed that upper seal element consistently provides higher contact pressures 

for the same applied load.  
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In a similar study with two elastomer seal elements, Ma et al. (2014b), investigated effect 

of different friction coefficient and concluded that contact pressure difference between upper and 

lower seal element can be manipulated by adjusting friction coefficient.    

 Wang et al. (2015) performed structural FEA of inner tube and setting sleeve of a packer 

equipment to identify zones of high stress concentration for design optimization. Validation of 

simulation results was not provided. Li et al. (2015) performed two dimensional FEA on rubber 

sealing ring for rotary liner hanger bearing. They studied maximum contact stress as a function of 

setting pressure at different temperature. 

 

Figure 2.31: Contact stress along axial length of elastomer element in expandable liner hanger after the 

expansion (Zhong et al. 2015) 

Zhong et al. (2015) used FEA to investigate performance of large bore expandable liner 

hanger. The authors studied expansions force, cone pull out force, contact pressure between 

elastomer and casing, and stress and deformations in hanger, casing, and cone body. Simulation 

demonstrated how deformation of elastomer containment spikes cause variation in contact stress 
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distribution (Figure 2.31). The upstream side spike deforms and loses contact to the casing and 

failing to provide good elastomer containment. The spike at downstream side maintains the contact 

with casing, prevents elastomer flow and provides higher contact stress compared to the upstream 

side.  

Tu and Cheng (2016) reviewed current RGD and aging testing methodologies and 

proposed a new validation program for elastomer seals to bridge the gap between material and 

functional testing. The proposed testing philosophy is to validate a particular seal cross section and 

material in a representative test fixture that matches actual service conditions instead of only 

testing the material in isolation. This approach promises a more thorough validation program as 

testing pressure, temperature, fluid environment, fixture geometry, seal geometry, and cyclic 

conditions would be closer to the actual service conditions compared to current standard testing 

methodologies.   

Payne et al. (2016) conducted three dimensional FEA of liner hanger body (no seal 

assembly) with validation from physical tests.  They demonstrated that liner hanger capacity is 

sensitive to geometrical features and imperfections such as slots, grooves, ovality, and end effects. 

Inadequacy of traditional calculations such as two diameter rule, Barlow equation, Lame equation, 

API burst equation etc. for determining capacity of liner hanger body was also highlighted.  

Wang et al. (2017) investigated extrusion, sliding, and rupture type failure modes of 

elastomer seals for packer application (Figure 2.32). The authors fabricated seals of various 

parameters in transparent chambers on a desktop, and watched the seals extrude, slide, rupture, 

and leak. They developed an analytical model that can predict the pressure-extrusion curves using 

material parameters (elastic modulus, sliding stress, and fracture energy) and geometric parameters 
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(thickness, length, and pre-compression). They also performed experimental validation (Liu et al. 

2014; Wang et al. 2017). 

 

Figure 2.32: Extrusion failure and elastic leak of elastomer seal (Recreated from Wang et al. 2017) 

 

Figure 2.33: Sealing performance of elastomer packer element as a function of setting pressure (Hu et al. 

2017) 

Hu et al. (2017) studied the effect of elastomer material property on sealing performance 

of compression packer. They employed three NBR elastomers with different chemical formulation, 

measured uni-axial tension and compression data, and performed a 3-D finite element analysis 
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with a non-linear material property model. They measured sealing performance in terms of a 

coefficient K which can be obtained by multiplying the effective contact stress to the effective 

contact length. They observed that sealing performance increases almost linearly with increase in 

setting pressure (Figure 2.33). No experimental or analytical validation was provided for contact 

stress.  

Elhard et al. (2017) performed elastomer feasibility study for HPHT application. Based on 

comprehensive review of current industry standards and guidelines, they recommended to develop 

new or revise the current standards as they only provide guidance for elastomer use up to 5000 psi 

pressure. They conducted experimental study and FEA of O-rings to study elastomer material 

properties and six different failure mechanisms. For HPHT conditions, crack tear propagation via 

extrusion-initiated spiral failure was observed to be the dominant failure mechanism. The 

performance of seal material was determined to depend on critical tear pressure as a function of 

temperature. The authors emphasized use of FEA to expand testing beyond the seal O-ring to 

device and components level.  

Table 2.11: Summary of studies related to performance evaluation of elastomer seal assemblies 

Study 
Type of 

study 

Equipment / 

Model 
Parameter(s) investigated 

Results 

Validation 

Berger (2004) Experimental  
Retrievable 

packer 

Various backup systems 

such as foldback ring, 

mesh ring, garter springs 

etc. 

FEA 

Feng et al. 

(2010) 
2D FEA 

Packer with 

two elastomer 

elements 

Setting load vs contact 

pressure  
No 

Alzebdeh et al. 

(2010)  
2D FEA 

Expandable 

tubular against 

formation 

Contact pressure vs setting 

load for different seal 

length, seal thickness, and 

formation behavior  

No 
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Guo et al. 

(2011) 
2D FEA Packer  

Contact pressure vs setting 

load for different seal 

thickness 

No 

Al-Kharusi et 

al. (2011) and 

Al-Kharusi et 

al. (2011) 

Analytical 

Model  

Expandable 

tubular  

contact pressure as a 

function 

of seal compression ratio, 

fluid pressures, and elastic 

modulus 

FEA 

Lin (2013) 2D FEA 
Slip element of 

packer 

Maximum stress in slip 

component vs applied load 
No 

Ma et al. 

(2014a and 

2014b) 

2D FEA 

Swellable 

elastomer 

packer 

Maximum contact 

pressure for different seal 

length, swelling amount, 

and different formation 

No 

Wang et al. 

(2015) 
2D FEA 

Inner tube and 

setting sleeve 

of packer 

Identify zones of high 

concentration in equipment 

for design optimization  

No 

Li et al. (2015) 2D FEA 
Rotary liner 

hanger bearing 

Maximum contact stress vs 

setting load 
No 

Zhong et al. 

(2015) 
2D FEA 

Large bore 

expandable 

liner hanger 

expansions force, cone pull 

out force, contact pressure 

at 

elastomer-casing interface, 

and stress/deformation in 

hanger, casing, and cone 

body 

No 

Payne et al. 

(2016) 
3D FEA 

Liner hanger 

body (no seal 

assembly) 

Liner hanger mechanical 

capacity estimation 
Physical tests 

Liu et al. 

(2014) and 

Wang et al. 

(2017) 

Experimental 

and 

Analytical 

Elastomer 

element of 

packer 

Extrusion, sliding, and 

rupture type failure of 

elastomer material 

Experimental 

validation  

Hu et al. (2017) 3D FEA Packer  

Setting pressure vs contact 

stress for different 

elastomers material with 

non-linear properties  

No 
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Elhard et al. 

(2017) 

Experimental 

and 2D FEA 

O-ring 

extrusion  

O-ring deformation, 

extrusion distance as a 

function of time and 

applied pressure,  

FEA 

 

2.5.2 Factors Influencing Sealability  

Based on the literature review, list of potential factors affecting elastomer seal performance was 

prepared. The list along with brief description of each group of parameters is provided in  Table 

2.12. 

Table 2.12: List of factors affecting elastomer seal performance 

Parameter(s) Detail 

Seal material properties  

Material properties define deformation behavior of the seal under 

loading and directly influences sealability. Material properties 

include – elastic modulus, poison’s ratio, uniaxial, planer, biaxial 

stress behaviors, volumetric compression behavior etc.  

Seal energization 

Process of seal energization vary depending on manufacturer and 

type of equipment. The energization process can influence 

resultant contact stress profile and quality of seal. For example – 

in case of conventional liner hanger seal energization, contact 

stress profile decreases from the compression side towards 

support side. The seal in expandable hanger generates contact 

stress profile that peaks at the center of contact interface and 

reduces towards the ends.  
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Seal and housing 

dimensions  

Seal and housing dimensions determine the amount of volume 

fill-in required by seal compression to establish contact and 

achieve desired contact stress. The dimensions also determine 

likelihood or severity of seal extrusion and energization failure.  

Seal interface 

characteristics  

Characteristics of contacting surface such as roughness, presence 

of lubrication, presence of solid debris, etc. can impact frictional 

factor, and also increase risk of abrasion/wear.  

Operating conditions 

Operating pressure, temperature, and chemical environment 

indirectly influence sealability by causing variation in material 

performance. Operational loads such as wellbore pressure and 

thermal stresses can cause relative movements or deformations of 

components in seal housing; resulting in change in contact stress.  

Geo-mechanical factors   

If seal is against formation such as in the case of open-hole 

packer, formation type and geo-mechanical stresses can impact 

seal performance. Seismicity can also impact structural stresses in 

tubular and wellbore impacting seal performance.   

 

2.5.3 Analytical and Empirical Models 

2.5.3.1 O-Rings 

The standard elastomer seal geometry used for testing is O-ring. One of the earliest works on 

mathematical expression of stresses in compressed O-rings was presented by Lindley (1967). The 

author proposed that onset of leakage is when the pressure differential across the seal exceeds peak 

contact stress. The study demonstrated simplified expressions relating contact width to peak 
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contact stress assuming unrestrained loading and plain strain conditions (Figure 2.34). The peak 

contact stress Pmax normalized with respect to modulus of elasticity is calculated as, 

𝑃𝑚𝑎𝑥

𝐸
= [

16

6𝜋
(1.25𝛿1.5 + 50 𝛿6)]

0.5

  ………………………….…………….....(2.18) 

The contact width b normalized by cross-sectional diameter of O-ring is expressed as,  

𝑏

𝑑
= [

6

𝜋
(1.25𝛿1.5 + 50 𝛿6)]

0.5

  ……………………………...…………….....(2.19) 

Where  is normalized compressive displacement (x/d). The first term on right hand side of the 

equation is based on Hertzian contact theory and the second term was added as adjustment based 

on empirical data.  

 

Figure 2.34: Unrestrained axial loading of O-ring (Green and English 1994) 

 Wendt (1971) examined compression of O-ring and x-rings with emphasis on grove design 

and proposed a notable contact width calculation for unrestrained axially loaded O-ring. Molari 

(1973) was one of the first researchers to investigate problem of restrained O-ring seals.  

 Strozzi (1986) presented a dimensionless stress parameter defined as Q = q/d (q shown in 

Figure 2.34) for calculation of peak contact stress and contact width. An empirical relationship 
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between Q and dimensionless compression () was derived based on experimental data fitting.  

The expressions are as follows, 

𝑃𝑚𝑎𝑥

𝐸
= √

10

3𝜋
𝛿0.75  ……………………………...…………………….…….....(2.20) 

𝑏

𝐸
=

3

2
𝛿0.67  ……………………………...……………………………...….....(2.21) 

Where  is defined as,  

𝑄 = 1 + 0.415 𝛿 +  1.15 𝛿2 =  𝑓(𝛿)  ……………………...……………....(2.22) 

 Molari’s work on one lateral restrain was extended by Dragoni and Strozzi (1988) to O-

ring restrained between two lateral walls. They offered approximate analytical model for O-ring 

up to 15% compression. They developed expression for equivalent normalized squeeze ij to be 

used in characterizing restrained O-ring. The notation ij was used to denote direction of 

perpendicular grove wall. For example, for restrained radial loading, the equivalent squeeze in the 

x direction (xy) denotes compression associated partially to the squeeze directly applied in x 

direction and partially to constraints of the wall perpendicular to y direction.  

𝛿𝑦𝑥 =
𝑑 𝑓(𝑆𝑥𝑦)−ℎ

𝑑
=  𝑓(𝛿𝑥𝑦) −

ℎ

𝑑
  ……………………..…….......………….....(2.23) 

𝛿𝑥𝑦 =
𝑑 𝑓(𝑆𝑦𝑥)−𝑙

𝑑
=  𝑓(𝛿𝑦𝑥) −

𝑙

𝑑
  ………………………….........…………......(2.24) 

Where f is the function given in equation (2.22). All other parameters are same as defined earlier 

and shown in Figure 2.34. Above relationships provide estimates for any groove dimensions.  
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All these researchers assumed plain strain conditions and did not tackle condition of 

axisymmetric loading. It implies that no distinction exists between axial and radial loading. This 

was found limited in some important loading conditions for the compression force and stiffness 

(Green and English, 1992). Green and English (1992, 1994) conducted finite element analysis and 

presented empirical correlations for the prediction of compression force and contact stress for O-

ring under four different load cases – unrestrained radial loading, unrestrained axial loading, 

restrained radial loading, and restrained axial loading. Because of the lack of agreement to 

analytical work, Green and English (1994) presented empirical correlation based on FEA 

simulation data for determination of the peak contact stress. The second and third order 

correlations are as follows: 

𝑃𝑚𝑎𝑥

𝐸
= 𝑎 𝛿 +  𝑏 𝛿2 ……………………….…….………......................….....(2.25) 

𝑃𝑚𝑎𝑥

𝐸
= 𝑐 𝛿 +  𝑑 𝛿2 + 𝑒 𝛿3 ……………………….…….…......…………......(2.26) 

The correlation coefficients are defined in Table 2.13. 

Table 2.13: Least square correlation coefficients for peak contact stress prediction in O-rings under different 

loading conditions   
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2.5.3.2 Rectangular Seal 

Strozzi et al. (2015) performed analytical evaluation of peak contact stress in a rectangular 

elastomeric seal with rounded edges. Older analytical work (Strozzi 1986, Ciavarella et al. 1998) 

work are mostly applicable to a rectangular rigid punch with rounded edges indenting a deformable 

half plane. It was shown that unrealities of analytical solutions can be corrected and finiteness of 

the indenter dimensions may be accounted for by combining analytical solution with fracture 

mechanics dealing with stress singularities at the tip of a transverse crack in a strip of finite width 

(Sackfield et al. 2003, and Banerjee et al. 2009). The work of Strozzi et al. (2015) uses this 

approach.  

Because of the rounded edges of seal, the contact pressure exhibits Hertzian-type local 

bumps in lateral zones. The profile is almost flat at the center of contact interface and becomes 

zero at the end of either sides. Lateral bumps and the central flattish zone is termed as camel-

backed profile (Strozzi et al. 2015) 

 

Figure 2.35: Schematic of rectangular elastomeric seal with rounded edges considered in analytical model by 

Strozzi et al. (2015) 
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The analytical contact stress expression presented by Strozzi et al. (2015) is as follows. 

The parameters are graphically defined in Figure 2.35.  

𝑃𝑚𝑎𝑥 ≅ 0.580 (
𝐾𝐼

2𝐸∗

𝑟
)

0.33

 = 0.917𝐸∗ √
𝑎𝑘2

𝑟

3
√𝑞2 (

2𝑎

𝑤
,

𝑎

ℎ
) 𝑠2 (

2𝑎

𝑤
,

𝑎

ℎ
)

3
   ……………….. (2.27) 

Where  

𝑞 (
2𝑎

𝑤
,

𝑎

ℎ
) =

ℎ

𝑤 ∫
1

𝑤−2𝑎𝑒
−𝑥𝑡𝑎𝑛∅

𝑎

ℎ
0  𝑑𝑥

 =
𝑡𝑎𝑛∅

𝑎

ℎ
[𝑙𝑛(𝑒

𝑡𝑎𝑛∅
𝑎/ℎ −

2𝑎

𝑤
)−𝑙𝑛(1−

2𝑎

𝑤
)]

 ………………………...... (2.28) 

𝑠 (
2𝑎

𝑤
,

𝑎

ℎ
) =

𝑚𝑖𝑛(𝑓(
2𝑎

𝑤
),𝑔(

𝑎

ℎ
))

√1−
2𝑎

𝑤

  ……....….........................................................................  (2.29) 

𝑔 (
𝑎

ℎ
) = 1.000 + 0.127 (

𝑎

ℎ
) − 3.190 (

𝑎

ℎ
)

2

+ 4.958 (
𝑎

ℎ
)

3

− 2.503 (
𝑎

ℎ
)

4

  ..................  (2.30) 

𝑓 (
2𝑎

𝑤
) = 1.000 − 0.500 (

2𝑎

𝑤
) − 0.183 (

2𝑎

𝑤
)

2

+ 0.420 (
2𝑎

𝑤
)

3

− 0.169 (
2𝑎

𝑤
)

4

  ..........  (2.31) 

2.5.3.3 Concentric Cylindrical Elastomer Seal 

The elastomer seal components used in oil & gas well assemblies can often be approximated as 

concentric cylindrical. Assuming linear elastic material behavior, analytical model for elastomer 

seal perfectly fit between concentric cylinders can be easily derived based on Lamé’s theory 

(Hearn 1997).  

As shown in Figure 2.36, the liner-elastomer-casing system can be considered as 

composite thick cylinder system. Since the liner and casing are restrained in the z direction, the 

model can be considered as a plane strain axisymmetric problem. The contact pressure at the liner-

seal and seal-casing interface can be calculated by following equations. 
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Figure 2.36: Schematic of liner-elastomer-casing system for derivation of analytical equations 

Pc1 =
FB−KC

DB−AK
 ……………………………..……………..………...……………...….. (2.32) 

𝑃𝑐2 =
𝐶

𝐵
−

𝐴

𝐵
(

𝐹𝐵−𝐾𝐶

𝐷𝐵−𝐴𝐾
 ) ………………...………………………..………………..….. (2.33) 

Where the parameters A, B, C, D, F, and K are defined as,  

𝐴  =  
𝑏   

𝐸𝑐
[(1 − 𝜈𝑒

2) (
𝑐2+𝑏2

𝑐2−𝑏2) + (𝜐𝑒 + 𝜈𝑒
2)]  +  

𝑎 

𝐸𝑙
[

𝑟𝑚𝑙(1−𝜈𝑙
2)

𝑡𝑙
+ (𝜐𝑙 + 𝜈𝑙

2)] …………... (2.34) 

𝐵 =  −
𝑏 

𝐸𝑐
[(1 − 𝜈𝑒

2) (
2𝑐2

𝑐2−𝑏2)] ……………………………………….…………..…. (2.35) 

𝐶 =  
𝑎𝑃𝑖 

𝐸𝑙
[

𝑟𝑚𝑙(1−𝜈𝑙
2)

𝑡𝑙
+ (𝜐𝑙 + 𝜈𝑙

2)] …………....…………………………………..…. (2.36) 

𝐷 =  −
𝑐 

𝐸𝑒
[(1 − 𝜈𝑒

2) (
2𝑏2

𝑐2−𝑏2
)] …………...………………...…...…………………... (2.37) 

𝐾  =  
𝑐 

𝐸𝑐
[(1 − 𝜈𝑐

2) (
𝑑2+𝑐2

𝑑2−𝑐2) + (𝜐𝑐 + 𝜈𝑐
2)]  +  

𝑐 

𝐸𝑒
[(1 − 𝜈𝑒

2) (
𝑐2+𝑏2

𝑐2−𝑏2) − (𝜐𝑒 + 𝜈𝑒
2)]  

………………...……………...……………...……………...……………............................. (2.38) 
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𝐹 =  
𝑐𝑃𝑜 

𝐸𝑐
[(1 − 𝜈𝑐

2) (
2𝑑2

𝑑2−𝑐2
)] ……………………………………..……………..….. (2.39) 

Po  and Pi are casing external and liner internal pressure respectively. 𝜐 and E are Poisson’s ratio 

and Young’s modulus respectively. Subscript l, c, and e indicate properties related to liner, casing, 

and elastomer seal.  Rest of the geometrical parameters are defined in Figure 2.36. The above 

analytical model predictions have been observed to match with FEA results.  

2.5.3.4 Expandable Liner Hanger Seal 

Very limited work has been done in the oil & gas industry to develop analytical model for 

elastomer seal assemblies.  

The only work is conducted by Al-Kharusi et al. (2011) and Al-Hiddabi et al. (2015) for 

elastomer seal used in solid expandable tubular and liner hangers. Al-Kharusi et al. (2011) 

conducted a two-dimensional theoretical analysis on compression of elastomer seals in expandable 

tubular or liner hangers. They developed an analytical model for elastomer seal assuming linear 

elastic material property. The model was later refined and presented by Al-Hiddabi et al. (2015). 

This new model was based on elastomer seal that is radially confined between metal tubes with 

fluid pressures in axial direction (Figure 2.37). Originally developed for solid expandable tubular, 

this model can predict contact pressure along the contact length as a function of seal compression 

ratio, fluid pressures, and material properties.  
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Figure 2.37: Schematic of elastomer seal volume element considered in analytical model development 

 

𝑃(𝑧)  =  
[−(𝑃0+

2𝜋𝑟̅𝑠𝛿𝐺

𝜆̃1𝜆̃2 )+(𝑃𝑏+
2𝜋𝑟̅𝑠𝛿𝐺

𝜆̃1𝜆̃2 )𝑐𝑜𝑠ℎ(𝜆̂)] 

𝑠𝑖𝑛ℎ(𝜆̂)
𝑠𝑖𝑛ℎ (𝜆̂ (

𝑧

𝐻
− 1)) + (𝑃𝑏 +

2𝜋𝑟̅𝑠𝛿𝐺

𝜆̃1𝜆̃2 ) 𝑐𝑜𝑠ℎ (𝜆̂ (
𝑧

𝐻
− 1)) −

2𝜋𝑟̅𝑠𝛿𝐺

𝜆̃1𝜆̃2  …………………...…………….................................................................…….......... (2.40) 

Definition of 𝜆̂ and 𝜆̃ are provided in Al-Hiddabi et al. (2015). Above equation can be solved for 

different boundary conditions.  

In case of zero fluid pressure on either side of the elastomer seal, the maximum contact stress can 

be estimated by, 

𝑃𝑚𝑎𝑥  =  
[2(

𝑟1
𝑡

)(
𝛿

𝑡
)+(

𝛿

𝑡
)

2
] 𝐾

[2(
𝑟1
𝑡

)+1]
[1 −

3

2

𝑠𝑖𝑛ℎ(
𝐻

2𝑡
 𝜁)

𝑠𝑖𝑛ℎ(
𝐻

𝑡
 𝜁)

] ………………………………….……..... (2.41) 

where 
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𝜁 = √

8(2(
𝑟1
𝑡

)+1)𝑙𝑛(
(

𝑟1
𝑡

)+1

(
𝑟1
𝑡

)+(
𝛿
𝑡

)
)𝐺

[(
𝑟1
𝑡

+1)
4

−(
𝑟1
𝑡

+
𝛿

𝑡
)

4
𝑙𝑛(

𝑟1
𝑡

+1

𝑟1
𝑡

+
𝛿
𝑡

)−{(
𝑟1
𝑡

+
𝛿

𝑡
)

2
−(

𝑟1
𝑡

+1)
2

}

2

]𝐾

 ………….…………………...... (2.42) 

Above equation can be simplified to  

𝑃𝑚𝑎𝑥  =  
[2𝑟̅1+𝛿̅]𝛿̅ 𝐾

[2𝑟̅1+1]
 …………………………………...…………………………..... (2.43) 

Provided that  

𝜓 = 𝐻̅√

12(2𝑟̅1+1)(1−2𝜈)

1+2𝜈
𝑙𝑛(

𝑟̅1+1

𝑟̅1+𝛿̅
)

[((𝑟̅1+1)4−(𝑟̅1+𝛿̅)
4

)𝑙𝑛(
𝑟̅1+1

𝑟̅1+𝛿̅
)−{(𝑟̅1+1)2−(𝑟̅1+𝛿̅)

2
}

2
]

≥ 15 …………………..…..... (2.44) 

In case of non-zero PA and PB i.e. presence of fluid pressure differential, the equation for maximum 

contact pressure changes to, 

𝑃𝑚𝑎𝑥  =  𝐵 𝑐𝑜𝑠ℎ (tanh−1 𝐴

𝐵
) −  𝐴 𝑠𝑖𝑛ℎ (tanh−1 𝐴

𝐵
) − 𝐶 ………..………………..... (2.45) 

Where 

𝐴 =
[−(𝑃0−

[2𝑟̅1+𝛿̅]𝛿̅ 𝐾

[2𝑟̅1+1]
)+(𝑃𝑏−

[2𝑟̅1+𝛿̅]𝛿̅ 𝐾

[2𝑟̅1+1]
)𝑐𝑜𝑠ℎ(𝜓)]

𝑠𝑖𝑛ℎ(𝜓)
 …………………………………....…..... (2.46) 

𝐵 = (𝑃𝑏 −
[2𝑟̅1+𝛿̅]𝛿̅ 𝐾

[2𝑟̅1+1]
) ………………………………….………………….….…..... (2.47) 

𝐶 = (−
[2𝑟̅1+𝛿̅]𝛿̅ 𝐾

[2𝑟̅1+1]
) …………………………………...…………………..………..... (2.48) 
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In the case when fluid pressure is acting on only on top or bottom of the seal, then the equation for 

maximum contact pressure becomes, 

𝑃𝑏𝑚𝑎𝑥 = (
[2𝑟̅1+𝛿̅]𝛿̅ 𝐾

[2𝑟̅1+1]
) [1 −

1

𝑐𝑜𝑠ℎ(𝜓)
] ……………………………………...………..... (2.49) 

2.5.3.5 Conventional Hanger Seal 

        

Figure 2.38: Comparison between (a) the analytical model (a) prepared in the present work for conventional 

liner hanger seal and (b) the analytical model of Al-Hiddabi et al. (2015) for expandable liner hanger 

As shown in Figure 2.38, the geometry and boundary conditions for analytical model developed 

by Al-Hiddabi et al. (2015) has some similarities to the FEA model developed in this report. Hence, 

the original contact pressure equation provided in the reference (Al-Hiddabi et al. 2015) can be 

modified and used to provide approximate validation of contact pressures simulated in this work. 

After adjusting relevant input parameters, the maximum contact pressure in our model can be 

estimated by,  
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𝑃𝑚𝑎𝑥 =
(2𝑟̅1+𝛿̅𝑟)𝛿̅𝑟𝐾

(2𝑟̅1+1)
 ……..…………………..……………..………………...………. (2.50) 

where 

𝑟̅1 =
𝑟1

𝑡
 , 𝛿𝑟̅ =

𝛿𝑟

𝑡
 ,    𝑎𝑛𝑑    𝐾 =

𝐸

3(1−2𝜈)
     

In the above equations, Pmax is the maximum contact pressure, K is bulk modulus, and  is 

Poisson’s ratio. As shown in Figure 2.38, 𝑟1 is the outer radius of the liner, t is the radial width of 

the seal, and 𝛿𝑟 is radial compression. 𝛿𝑟 is such that the change in volume is equivalent to the 

change in volume caused by the compression ratio 𝛿 in our FEA model. Pmax and K are in 

consistent units.  

Hyperelastic material behavior of elastomer seal combined with complex geometries and 

deformation restraints make analytical modelling highly challenging and limited. It is impractical 

to conduct physical tests because of high cost and time. Hence, finite element modelling validated 

by experiments and/or fundamental analytical equations has emerged as the go to solution for all 

types of engineering applications of seal.   

2.5.4 Elastomer Alternatives  

The industry has been exploring alternatives such as metal-to-metal (M2M) seals (Garfield and 

Mackenzie 2007; Dagle et al. 2016; Stautzenberger et al. 2016), particularly for applications in 

harsh chemical environment, and extreme temperature and pressure conditions. Metal seals offer 

several benefits such as greater temperature, pressure, and chemical resistance, robust mechanical 

properties, lack of porosity, and longer shelf life (Krishna and Lefrancois 2016). However, lack of 

ductility and elasticity is a major concern with metal seals. To alleviate this concern, researchers 

are exploring innovative seal designs such as spring energized metal O-rings and lattice seal with 
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thermoplastic matrix and metallic structure (Lamb 2014; Krishna and Lefrancois 2016; Yu et al. 

2017). However, these newer seal designs are still in research and development stage. Additional 

challenges with the metal seals are higher costs, and limited selection of material grades.  

Moreover, unlike elastomer seals, performance of metallic seal is significantly influenced by 

surface characteristics of the metal component (Patel et al. 2018). To predict the influence of 

surface roughness on sealability, Patel et al. (2018) proposed a modelling approach that can be 

used to model metal-to-metal seal at microscopic level. The model is able to predict contact stress 

and corresponding leakage rates considering surface characteristics of the metal seal. The authors 

concluded that leakage rates through M2M seal is primarily a function of surface finishing 

typically represented in terms of root mean square (RMS) value. The study also concluded that, 

for the same RMS, seal with randomly rough surface (e.g. manufactured by casting) would require 

higher contact stress to achieve zero leakage rate than a seal with more uniform distribution of 

surface asperities (e.g. machined component). Further research is necessary in this area to establish 

the true leakage criteria for metallic seals. In addition to surface characteristics, dynamic sealing 

and low effectiveness in presence of debris are other concerns for metallic seals (Krishna and 

Lefrancois 2016; Zhong 2016).  

Overall, because of the various challenges discussed above, applications of metal seals are 

currently limited compared to elastomer seals. Elastomer is still widely used and preferred seal 

material primarily because of less cost, resilience, ability to seal against irregular and dynamic 

surfaces (Tu and Cheng 2016). With the increasing global energy demand and declining 

conventional resources, High-Pressure High-Temperature (HPHT) wells (>350F and >15,000 

psi) are becoming increasingly common. An industry survey (Oil & Gas iQ 2015) indicated that 

seals are one of the biggest technological challenges associated with HPHT oil & gas exploration.  
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2.6 Research Gaps  

Until a more effective and commercially viable alternative is available, it is imperative to improve 

elastomer materials, seal design, and qualification process. Major knowledge gaps requiring 

extensive research are as follows: 

1. It is not completely understood whether compliance with standard shaped laboratory scale 

elastomer material testing is representative of qualification of larger and varying seal 

geometries installed in the actual equipment (Figure 1.3a). It is understandable that testing 

true-scale seal geometries in laboratory environment may not be practically or 

economically feasible. However, the qualification criteria used to assess elastomer material 

can be customized as per end-application and equipment design.  

2. Another major research gap is the unknown seal energization criteria. There is no 

consensus on whether contact pressure generated at seal-pipe interface due to seal 

energization indicates actual fluid pressure the seal can hold without permitting leakage 

(Figure 1.3b).  

3. There is a lack of comprehensive database of elastomer material properties at HPHT 

conditions. Since, it is not practically possible to measure all available mechanical 

properties of elastomer, there is a need to identify critical material properties that are 

representative of elastomer behavior and must be tested. Development of sophisticated 

material models is another useful area of research. 

4. There is no reliable technique to upscale the results obtained with standard elastomer 

samples and laboratory scale apparatus to larger and complex seal geometries used in field 

scale equipment.  
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5. Another important research gap is lack of reliable extrapolation technique that can use data 

from short term aging tests to predict elastomer performance over long-term service life 

spanning several years. There is also a need to identify appropriate test conditions for 

accelerated laboratory tests that are representative of downhole service conditions. 

6. Research efforts in the direction of computational modelling tools can minimize the need 

for expensive and time intensive physical tests, and consequently, shorten research and 

development time. 

7. Functional design of elastomer seal assemblies is an important area for further research. 

Specifically, some of the important questions that need to be answered are - which anti-

extrusion mechanism is more resistant to failure? What are the strengths and limitations of 

various seal energization methods? How does pre-energization shape of seal impact seal 

energization? How influential is the dimensional tolerance or relative movements of 

components?  

8. Majority of the seal assemblies are installed first and then energized in-situ using 

mechanical or hydraulic forces controlled from the surfaces. In certain conditions such as 

deviated wells, improper centralization of completion string, pipe buckling, etc., it may not 

be possible to exert enough force necessary to energize the seal. It would be useful to know 

the expected loss in sealability under such poor-quality seal energization conditions. 

9. Significant research efforts are needed to understand the effects and consequences of 

functional failure modes of seal assemblies. Examples of such failures include – structural 

failure in support components like anti-extrusion ring, packer slips, elastomer containment 

spikes, etc., wear or tear of elastomer element, fluid leakage through the seal, etc.  
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10. Effects of pressure, temperature, chemical exposure, and gas penetration need to be 

investigated in terms of the influence on assembly level functional performance. For 

example, effect of high temperature should be discussed not only in terms of variation in 

material properties but also in terms of anticipated change in contact stress against pipe or 

formation.   

11. Additional influential parameters that require further research are - dynamic wellbore 

loads, thermal stresses, contact characteristics (e.g. presence of debris, fluid film, friction, 

etc.), and geo-mechanical factors (e.g. formation properties, in-situ stresses, etc.). 

2.7 Preliminary Work  

Following is summary of the work conducted precursor to this dissertation work. Patel et al. 

(2019b) studied effect of various design parameters on performance of elastomer seal in 

conventional liner hanger assembly. The authors used analytically validated 3D FEA models to 

perform parametric analysis. The authors simulated contact stress as a function of seal 

compressions for different commonly used oil field elastomers. Analytically validated results 

indicated practically linear relationship between contact stress and amount of compression. The 

results can be used to quantify the loss in seal performance caused by insufficient mechanical load 

for seal energization. The authors also developed an empirical correlation from simulation data to 

predict contact stress as a function of various design parameters. The study indicated significant 

impact of Poisson’s ratio and elastic modulus of seal on contact stress (Figure 2.39). The results 

emphasized the importance of using accurate values of material properties in seal design to avoid 

significant over-estimation or under-estimation of seal’s performance. 
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Figure 2.39: Sensitivity of contact pressure to various parameters (Recreated after Patel et al. 2019b) 

Patel and Salehi (2019) developed three-dimensional finite element models of conventional 

and expandable type liner hanger seal assemblies. In one of the simulation cases, the authors 

compared contact stress predictions based on linear elastic and hyper-elastic material 

representation of FKM elastomer. Analytically validated simulation results indicated that the 

selection of material model does not impact the shape of contact stress profile generated at the 

seal-pipe interface. For the same amount of volumetric compression, hyper-elastic FKM yielded 

notably higher contact stress values than linear-elastic representation of FKM. This observation 

was attributed to the fact that hyper-elastic material model of FKM is able to capture material 

stiffening at higher strains.  
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Figure 2.40: Contact pressure profile along axial length of elastomer element in expandable liner hanger 

(Recreated after Patel and Salehi 2019) 

Simulation results illustrated that in case of conventional type axial energization, contact 

stress remains uniform along the contact length. In expandable type radial energization, contact 

stress peaks at the center of the seal length and declines towards either sides of the axial ends 

(Figure 2.40). In expandable assembly, if spikes are used on either side of the seal to contain the 

elastomer during compression, then the contact stress values increase. The contact stress profile 

becomes progressively flatter with increase in containment (Figure 2.40). The profile becomes 

similar to conventional seal assembly at 100% containment. In both assemblies, contact pressure 

was linearly dependent on amount of volumetric compression achieved during compression 

(Figure 2.41). 
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Figure 2.41: Contact pressure as a function of volumetric compression of elastomer seal in conventional and 

expandable liner hanger seal assemblies (Recreated after Patel and Salehi 2019) 

 

Figure 2.42: Effect of friction on contact pressure profile in conventional seal assembly (Recreated after Patel 

and Salehi 2019)  

The authors also studied effect of friction on conventional and expandable type seal 

energizations. In presence of friction, contact pressure profile shape in the expandable type 
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energization remained the same as frictionless condition wherein it peaks at the middle of the 

contact length and declines towards the end. The contact pressure values increased with increase 

in friction coefficient. In conventional energization, frictional contact pressure rapidly peaks near 

the compression side and declines towards the opposite end (Figure 2.42). This significant 

deviation can be detrimental as low contact pressure at the support end can increase chance of fluid 

penetration. 
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Chapter 3: Experimental Study 

3.1 Material Properties Measurements  

First of the three tasks conducted in experimental study was focused on measuring material 

behavior of elastomer samples to be investigated in this work. Specifically, the goal was to measure 

hardness and characterize stress-strain behavior of elastomer sample under compressive load for 

input into the FEA models. Four elastomers (NBR, EPDM, FKM, and PTFE) commonly used in 

the industry were selected for this work.  

Elastomer component of liner hanger seal assembly undergoes energization under 

compressive load as discussed in section 2.2. Hence, uniaxial compression characterization is 

appropriate for input into FEA models. Sensitivity analysis of material properties is discussed later 

in results (section 10.5). Measurements were conducted as per ASTM D575-91 guidelines. As per 

the guidelines, cylindrical samples with height of 0.33-inch and 0.75-inch diameter were prepared 

for compression measurements (Figure 3.1). For hardness measurements, Shor A durometer was 

used as shown in the Figure 3.1. Samples used for hardness tests were 1-in thick with 0.75-in 

diameter.   

Compressive strain was measured at six different compressive forces (15lbf, 30lbf, 45lbf, 

60lbf, 75lbf, 90lbf). Each load was applied for 3 seconds before deflection on the dial gauge is 

read. The percent deflection or strain is calculated based on original height of the specimen. The 

stress is calculated using applied force and the area of top of elastomer sample. For each type of 

elastomer, three different samples were prepared to ensure reproducibility of the measurements. 

Each material property measured in this work (before or after degradation) is based on three 

samples. In total, more than 250 tests measurement tests were performed.  
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(a)       (b) 

Figure 3.1: Durometer (a) and digital force gauge (b) used for elastomer hardness and compression behavior 

characterization respectively  

 

Figure 3.2: Elastomer compressive stress-strain behavior  
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 Results from the compression tests are presented in Figure 3.2. It is clear that each of the 

four elastomer samples exhibited practically linear relationship between stress and strain. This 

indicates that elastomer samples can be modelled as liner elastic up to 20% strain. Beyond that, 

they may exhibit non-linear hyper-elastic behavior. The tests were restricted to 20% because of 

the instrument limit. Linear-elastic behavior exhibited by the elastomer samples enables 

characterizing their deformation behavior with a single constant elastic modulus. The value can be 

calculated as the slope of stress-strain curve. Calculated elastic moduli and hardness values are 

listed in Table 3.1. 

Table 3.1: Table of elastic moduli and Shore A hardness of elastomer samples at room temperature before 

aging test 

Elastomer  Elastic Modulus (E), psi Hardness (H) 

NBR 268 66 

EPDM 277 70 

FKM 321 75 

PTFE  797 95 

Additional characterization of these elastomer samples, such as chemical and 

morphological changes were investigated by colleagues and have been published earlier (Salehi et 

al. 2019). To achieve comprehensive understanding of elastomer material effects on seal assembly, 

three additional elastomer types (FKM, FEPM, and FFKM) were added in this investigation.  Their 

material properties were sourced from another BSEE project (Elhard et al. 2017). The data 

included stress-strain behavior of elastomer under uniaxial, biaxial, and shear deformation. 

Various hyperelastic material models (discussed in section 2.1.2.2) were tried and Ogden 3rd order 

material model provided the best fit to all three tests data (Elhard et al. 2017). The material 

behavior curves for FKM elastomer are shown in  Figure 3.3. Other two elastomers FEPM, and 
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FFKM also exhibited similar deformation behavior. Hyperelastic parameters of these three 

elastomers are listed in Table 3.2.  

 

Figure 3.3: Hyperelastic characteristics of FKM elastomer 

In summary, this dissertation work utilizes elastomer hardness and liner-elastic and hyper-

elastic deformation behavior data for characterizing performance of seal assemblies at various 

operational, design, and downhole conditions. It is assumed that elastomer materials are 

homogenous and isotropic. It is also assumed that material properties measured with small scale 

samples also represent elastomer behavior at equipment-scale dimensions used in the FEA models. 

Other material properties (as discussed in section 2.1.1) such as compression set, compression 

stress relaxation, torsion modulus, etc. have not been investigated and are beyond the scope of this 

work. Scenarios investigated in this work were carefully selected such that only measured 

properties would be relevant. Elastomers discussed in this work are divided into two groups. First 

group of elastomers whose material properties were measured in this work includes - NBR, EPDM, 
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FKM, and PTFE. The second group of elastomers whose material properties were sources from 

another project (Elhard et al. 2017) include - FKM, FEPM, and FFKM. For fair evaluation, direct 

inter-group comparisons of elastomers have not been performed in results analysis.  

Table 3.2: Hyperelastic material parameters of elastomers (Additional data sourced from Elhard et al. 2017) 

Hyperelastic 

parameter 

FKM 

(212F) 

FKM 

(350F) 

FEPM 

(212F) 

FEPM 

(350F) 

FFKM 

(212F) 

FFKM 

(350F) 

1, psi 278 250 196.3 190.0 192.7 189.2 

2, psi 32.31 29.04 15.81 15.30 94.19 92.44 

3, psi 0.198 0.178 0.797 0.771 0.555 0.544 

1 2.661 2.661 3.151 3.151 3.469 3.469 

2 -2.661 -2.661 -3.151 -3.151 -3.469 -3.469 

3 10.79 10.79 8.559 8.559 13.32 13.32 

D1, 1/psi 1.40E-5 2.30E-5 1.85E-5 2.01E-5 3.04E-5 3.77E-5 

D2, 1/psi 2.70E-6 1.32E-5 7.74E-6 1.17E-5 1.43E-5 2.19E-5 

D3, 1/psi 0 0 0 0 0 0 

Bulk modulus (K), psi 406000 229390 342635 455445 174870 188790 

Shear modulus (G), psi 328 229 288 456 175 189 

Poisson’s ratio () 0.4995 0.4995 0.4995 0.4995 0.4995 0.4995 

Elastic modulus (E), 

psi 
1218 688 1028 1366 525 566 

Thermal expansion 

coefficient, 1/F 
1.2910-4 1.2910-4 1.3610-4 1.3610-4 2.3910-4 2.3910-4 

Limiting Tresca stress, 

psi 
5457 3582 4443 2351 6773 3175 
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3.2 Elastomer Aging Tests 

To examine seal material failure, the elastomer samples were exposed to CH4, CO2, H2S, and a 

mixture of all gases for 1 and 7 days at 120F and 180F. The aging tests were conducted as a part 

of project funded by the regulatory agency BSEE at our lab in well construction technology center. 

Downhole conditions used were prescribed by the agency and correspond to typical shallow depth 

liner hanger applications in Gulf of Mexico.  

 

Figure 3.4: Schematic of autoclave setup for elastomer aging tests (courtesy: Dr. Ramadan Ahmed) 

The schematic of the autoclave setup used for aging elastomers is shown in Figure 3.4. 

The aging cell wherein elastomer samples are put has 3-liter capacity. The cell is enclosed by 

heating oil circulating jacket for uniform heating of the cell. Gases were supplied from three 

pressurized cylinders (CO2, CH4, and H2S with CH4 carrier). The injection cylinder (250 ml 

capacity) was used for accurate control of the composition of the gas injected into the aging cell. 



96 

 

The upper chamber of the cylinder is connected to an oil pump and reservoir, while the lower 

chamber is used to meter and inject the gas phase into the aging cell. The hydraulic oil flows back 

to the oil reservoir when the lower chamber is refilled with gas coming from one of the test gas 

cylinders. The piston location is determined from the liquid-level measured in the oil tank. Whole 

process is controlled remotely using a data acquisition system. Elastomer samples were placed in 

the aging cell using a rack as shown in Figure 3.5.  

 

Figure 3.5: Aging cell and elastomer sample rack  

To examine effect of brine presence, the aging cell is partially filled with 2% NaCl brine. 

Some elastomer samples are immersed in brine while rest are exposed to vapor. Once the rack is 

lowered, the cell lid is put in place. The autoclave is sealed, and cell is heated to the desired 

temperature by circulating heating oil through the heating jacket. During temperature ramp-up, the 
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cell is flushed twice with nitrogen, 15 minutes for each flush. The purpose is to remove any trapped 

air within the system. When the autoclave temperature reaches the desired value, gas injection is 

initiated. Gas is injected into the cell repeatedly (in a selected sequence) until the cell pressure (P2) 

reaches the desired value which is 1000 psi. Gas compositions vary depending on the experiment 

being conducted. To simulate aging environment of 50% CO2 and 50% H2S (with CH4 carrier), 

CO2 is first injected up to 500psi (3.45PMa), followed by the H2S with CH4 carrier until target 

pressure of 1000psi (6.89MPa) is achieved. 

 

Figure 3.6: Elastomer compression behavior after aging in CO2 at 120F for 7 days  

For each elastomer type, three samples were prepared for aging tests. After aging, the 

uniaxial compression and hardness data was acquired for each sample. The stress-strain data in the 

measured range was still practically linear as shown in Figure 3.6.  Elastic moduli and hardness 

of elastomer samples after aging them in various conditions are listed in Table 3.3 and Table 3.4 

respectively. Detailed discussion on chemical effects on performance of seal assemblies are 

discussed later in results (section 7.2).  
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Table 3.3: Table of elastic moduli after chemical exposure 

Elastomer 

Type 

All gases CH4 CO2 H2S 

1 day, 

120F 

7 days, 

120F 

1 day, 

180F 

7 days, 

180F 

7 days, 

120F 

7 days, 

120F 

7 days, 

120F 

V B V B V B V B V B V B V B 

NBR 158 166 173 178 172 185 190 195 221 227 161 168 228 236 

EPDM 210 223 212 222 224 231 213 221 241 255 198 203 230 251 

FKM 251 276 260 284 267 290 255 274 281 275 237 249 315 327 

PTFE 737 744 723 746 708 763 749 779 812 814 802 778 747 792 

V denotes vapor phase i.e. sample was not immersed in brine 

B denotes that sample was immersed in brine 

 

Table 3.4: Table of elastomer hardness after chemical exposure 

 
Before Aging 

All gases CH4 CO2 H2S 

Elastomer 

Type 

7 days, 120F 7 days, 120F 7 days, 120F 7 days, 120F 

V B V B V B V B V B 

NBR 65.7 65.8 64.8 64.3 56.7 56.5 63.6 63.9 58.2 61.2 

EPDM 70.2 69.8 66.4 66.4 61.8 63.6 67.0 67.0 63.6 64.6 

FKM 75.2 75.4 72.6 72.2 64.2 66.9 72.2 72.6 69.9 71.6 

PTFE 95.4 95.3 94.1 94.7 92.7 92.5 95.8 94.3 91.7 93.0 

V denotes vapor phase i.e. sample was not immersed in brine 

B denotes that sample was immersed in brine 

   

3.3 Sealability Tests 

A laboratory scale apparatus was constructed using two concentric transparent acrylic pipes with 

seal assembly consisting of two elastomer O-rings and three aluminum rings placed alternatively 

in annular space (Figure 3.7). The setup was created to mimic seal energization process of 

conventional liner hanger seal assembly. The setup consists of 10 in. outer acrylic pipe and 8 in. 

inner acrylic pipe. Transparent acrylic pipes were used to enable visual observation of seal 

energization and leakage. The annular space between the pipes is 0.7 in. The height of each pipe 
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is 3 ft. Two elastomer O-rings with cord thickness of 0.75 inch were placed alternatively between 

aluminum rings. 

 

    

Figure 3.7: EPDM elastomer O-ring (left) and close-up of sealability test apparatus (right) 

 

Figure 3.8: Elastomer sealability test apparatus  
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Photograph of the setup is shown in Figure 3.8. Seal energization was achieved by 

tightening six circumferentially equidistant threaded bolts using torque wrench (0, 120, and 180 

in-lbf). Magnitude of seal energization was quantified by measuring axial compression of ring 

using measuring scale attached to the pipe (Figure 3.7). Sealability of elastomer was evaluated by 

injecting N2 into the inner pipe and observing for leak through annulus at top of the setup. Water 

was poured on top of aluminum ring in annular space to enable visual detection of leakage. 

Because of the limited pressure rating of acrylic pipes, injection of N2 was limited up to 40 psi. 

Gas was injected using an automatic regulator until constant 40 psi pressure was achieved inside 

the inner pipe. Then, injection was stopped, and setup was observed for 30 minutes for any sign 

of leakage.  

Sealability tests were conducted with EPDM elastomer O-rings at three different 

energization (0, 120, and 180 in-lbf) before and after aging in CO2. Nitrogen injection was 

restricted to up to 40 psi because of the pressure rating of the acrylic pipes.  FEA model of the 

apparatus was also created to investigate additional scenarios not possible with the test setup. The 

primary goal of this sealability apparatus is to validate seal energization behavior and effect of 

material aging predicted by the FEA model.  
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Chapter 4: Finite Element Models  

4.1 FEA Model of Conventional Assembly 

Schematic of the axisymmetric FEA model developed to represent conventional liner hanger seal 

assembly is shown in Figure 4.1. The model consists of liner, casing, seal, and compression plates. 

The diameter of liner, and casing represents an actual offshore well construction design (BSEE 

2014). Length of liner and casing components is 40 in. The length was kept long enough to avoid 

end effects on seal energization process. The axial length (or height) of the seal component is 2.5 

in. and radial width is 0.6875 in. The initial clearance between seal and casing is 0.1 in. These 

three dimensions are realistic representation of an actual seal assembly. Seal length, width, and 

radial clearance were varied later as a part of assessing design scenarios.  

        

Figure 4.1: Conventional liner hanger seal assembly (left) and representative FEA model (right) 
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Conventional liner hanger is installed, and seal energized by engaging slips to previous 

casing and then applying compressive setting load on compression plate. This process has been 

mimicked in FEA model by assigning boundary conditions to the compression plates. Axial 

support boundary condition was assigned to the bottom compression plate. Liner and casing were 

also constrained axially at both ends. Seal was energized by applying fixed downward 

displacement boundary condition to the upper compression plate (Figure 4.2). If the displacement 

is sufficiently large to overcome radial clearance between seal and casing, then compressed seal 

will generate contact pressure at the seal-casing interface. This contact pressure value is indicative 

of amount of fluid pressure the seal can withstand without leakage. There are two reasons for 

selecting a displacement type boundary condition instead of specifying a compressive load to the 

upper compression plate. First, displacement boundary conditions tend to provide faster and more 

controlled numerical convergence. ANSYS guidelines indicate that force type boundary 

conditions are difficult to converge and may not be accurate in some cases. Second reason is that 

displacement boundary condition is less susceptible to convergence failure than the load type 

boundary conditions.  

 

Figure 4.2: Seal energization and boundary conditions in FEA model of conventional seal assembly 
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4.2 FEA Model of Expandable Assembly 

Schematic of the axisymmetric FEA model developed to represent expandable liner hanger seal 

assembly is shown in Figure 4.3. The model consists of liner, casing, and seal components. There 

are no compression plates like conventional liner hanger seal assembly. Dimensions of the base 

case model are same as the conventional assembly. The diameter of liner, and casing are from an 

actual offshore well construction design (BSEE 2014). Length of liner and casing components is 

40 in. The length was kept long enough to avoid end effects on seal energization process. The axial 

length (or height) of the seal component is 2.5 in. and radial width is 0.6875 in. Seal length and 

width have been varied as a part of assessing design scenarios and have been discussed in results 

section.  

      

Figure 4.3: Expandable liner hanger seal assembly (left) and representative FEA model (right) 
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Figure 4.4: Seal energization and boundary conditions in FEA model of expandable seal assembly 

Expandable liner hanger is installed, and seal is energized by reciprocating a solid mandrel 

through inner liner to plastically deform and expand it. Expansion of liner compresses seal element 

against host casing. Modern designs of hangers also have containment spikes on either side of the 

seal elements. The function of these spikes is to limit axial deformation of seal element and help 

achieve better seal energization and consequently higher contact pressure against host casing.   

This installation process of expandable liner hanger has been mimicked in FEA model by assigning 

boundary conditions to the liner, casing, and seal (Figure 4.4). Liner was assigned a radial 

displacement boundary condition. Host casing was restrained axially by applying support type 

boundary conditions. Containment spikes were represented by assigning a force support to axial 

ends of the seal. This force support is defined as pressure required for unit displacement of the 

boundary. For example, 5000 psi/in containment indicates that boundary of seal will deflect by an 

inch if 5000 psi stress is generated. The value of containment was varied to represent different 

quality of containment. Mandrel and plastic deformation of liner were not modelled to simplify 

the model and minimize computational time. Moreover, plastic deformation of liner is beyond the 

scope of this study and would require a separate study.  
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4.3 Material Properties  

The liner and casing components were modelled as isotropic linear elastic material and their 

material properties are provided in Table 4.1. Seal was modelled as liner-elastic or hyperelastic 

material depending on the type of elastomer being modelled. The material properties of different 

elastomer studied are listed in Table 3.1 and Table 3.2. 

Table 4.1: Material properties used for liner and casing in FEA models 

Property P110 Liner X80 Casing 

Young’s Modulus, psi 29 x 106 psi 29 x 106 psi 

Poisson’s ratio 0.3 0.3 

Yield Strength, psi 110,000 psi 80,000 psi 

Tensile Strength, psi 125,000 psi 90,000 psi 

4.4 Meshing, Model Setup, and Contact Formulation  

FEA models need to be carefully meshed and setup to achieve successful convergence. Achieving 

successful convergence with hyperelastic material behavior of seal is challenging. Some of the 

challenges in the FEA models of this study are – highly non-linear hyperelastic material behavior 

of seal element, incompressibility of elastomer, high computational requirement because of use of 

Ogden 3rd order material model, and non-linear contact formulation at seal-casing interface.  

 Element formulation is important for FEA modelling when analyzing hyperelastic 

elastomer seals where element locking could be a concern . Elastomers are nearly incompressible 

i.e. they have Poisson’s ratio close to 0.5. This can cause numerical difficulties and lead to overly 

stiff behavior caused by volumetric locking. Various methods of dealing with incompressibility 

suggested by Harish (2018) were followed to fix convergence problems.  
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  In FEA models of elastomers, shape and quality of mesh elements after deformation are 

more important than initial mesh elements. Therefore, it is often recommended to use low order 

mesh elements with triangular or tetrahedral elements. These elements are more stable and prevent 

excessive distortion. Finer mesh may not be useful in all scenarios as they are more prone to 

concentration of peak strain and extremely high distortions. Sometimes, auto rezoning and 

adaptive mesh controls are also needed in modelling high deformation scenarios. All these tricks 

were used as and when convergence issues arose in simulations. For majority of the cases, 

triangular elements with average size of 0.01 in were determined to be sufficient for meshing the 

FEA models (Figure 4.5). 

 

Figure 4.5: Fine mesh elements (approx. 0.01 in.) used for discretizing FEA models 

Contact between seal and casing is another challenging aspect of FEA modelling in this 

study. Contact is a changing status nonlinearity and its formulation can significantly affect 

simulation results. Therefore, it is the most critical aspect of this model. There are two contact 

surfaces in the model: seal-liner and the seal-casing interface. These contacting bodies can transmit 

compressive normal force and tangential frictional force but not tensile normal force. Realistically, 



107 

 

the contacting bodies do not penetrate each other. In finite element modelling, various contact 

formulations are available that enforce this contact compatibility to various degrees.  

The most common contact formulations are pure penalty and augmented Lagrange. As 

shown in Figure 4.6, a contact stiffness (similar to spring constant) is assigned to the contact 

surfaces. The higher the contact stiffness, the lower the penetration. Ideally, for an infinite contact 

stiffness, one would get zero penetration. This is not numerically possible, but as long as 

penetration is small or negligible, the solution results will be accurate. Because of the additional 

parameter λ, the augmented Lagrange method is less sensitive to the stiffness constant. Normal 

Lagrange formulation adds an extra degree of freedom in the form of contact pressure to satisfy 

the contact compatibility. This eliminated the need for contact stiffness. This method provides 

excellent penetration control but takes a longer time to converge.  

 

Figure 4.6: Pure penalty or augmented Lagrange contact formulation  

Various contact formulation and their pros and cons were carefully considered. Detailed 

description of contact formulation is out of the scope of this dissertation. However, a summary of 

options used in contact modelling are as follows: 

• Both contact surfaces (seal-liner and seal-casing) have been considered as frictionless 

unless otherwise mentioned.  
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• Because of significant difference between material properties of seal and casing/liner, 

asymmetric contact behavior has been selected. Based on ANSYS general guidelines, seal 

has been selected as contact body and the liner and casing as target bodies.   

• Either Augmented Lagrange with an optimized stiffness factor or a normal Lagrange is 

selected as the contact formulation in this work.  

• The nodal normal detection method has been selected as preferred method for contact 

detection as it provides less penetrations, particularly at the corners and edges.  

• Pinball radius is a sphere surrounding each contact detection point within which the solver 

considers all nodes to be “near” contact and monitors the relationship. Its value is ensured 

to be sufficiently larger than seal interference or displacement.  

• To ensure maximum accuracy, contact trimming - used for faster convergence, has been 

turned off. “Trim Contact” automatically reduces the number of contact elements generated 

within each pair, thereby speeding up processer time. 

4.5 Model Verification and Validation 

To improve reliability of the contact pressures simulated by the model, it is important to perform 

model verification and validation. Model verification is the process of confirming whether the 

finite element tool is solving the model correctly or not. Model validation is the process of 

confirming whether the model assumptions are true, and the results are representative of the reality.  

 Two steps were taken to verify the model. First, it was checked whether the displacement 

boundary conditions applied are indeed being observed in the simulation results. The second step 

was to perform a mesh sensitivity analysis. As mesh becomes finer, the numerical error reduces. 

However, it also increases computational requirements. To confirm that the results obtained in this 
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study are independent of mesh, contact pressures were examined as a function of mesh element 

size as shown in Figure 4.7. 

 

Figure 4.7: Contact pressure in middle of the seal-casing interface as a function of mesh element size  

 

Figure 4.8: Sensitivity of contact pressure and residual penetration to contact stiffness index 
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The most crucial verification is that of contact pressure as it is the target output from the 

simulations. One way to increase the accuracy and reliability of contact pressure is to minimize 

penetration as much as possible by increasing the contact stiffness index. As shown in Figure 4.8, 

the stiffness index was varied from 0.1 to 1000. Penetration decreased 100-fold over this range. 

Contact pressure values plateaued near 90 psi at a higher stiffness index. Residual penetration of 

the order of 10-4 in. is practically negligible. Moreover, normal Lagrange method independently 

yielded contact pressure of 91 psi at significantly low penetration of the order of 10-7 in. Thus, it 

can be estimated with reasonable certainty that contact pressure is approximately 90 psi. This 

provides further validation of model results.  It should be noted that increasing the stiffness index 

increased the time required for the solution to converge. Normal Lagrange was the most 

computationally intensive formulation as it has the most stringent requirement for contact 

penetration.   In summary, various model verification techniques discussed in this section indicate 

that the model is setup correctly and should produce reliable results. 

4.5.1 Analytical Validation 

The simulated contact pressure values are the most important items that require validation.  The 

contact pressure values were validated using two different analytical equations. It should be noted 

that only conventional liner hanger seal assembly with zero radial clearance could be verified 

analytically. For rest of the assembly configurations, no closely matching analytical solution is 

available. 

To validate the FEA model, analytical relationship between bulk modulus, volumetric 

compression, and pressure can be used. As shown in the Figure 4.9, conventional hanger seal 

model is constrained in radial and axial direction after energization. The pressure generate at all 
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four frictionless contacting surfaces should be same. This situation is similar to how bulk modulus 

is defined i.e. application of equal external pressure over the surface of a three-dimensional body 

to achieve bulk volumetric compression.   

∆𝑉

𝑉
= −

𝑃

𝐾
 ………………………………...………………………………………..…. (4.1) 

𝐾 =
𝐸

3(1−2𝜈)
 ……………………………………………………………….…………. (4.2) 

where P is pressure, K is bulk modulus,  is Poisson’s ratio, V is the original volume of elastomer 

seal, and V is change in volume as shown in Figure 4.9. All variables have consistent unit. 

 

Figure 4.9: Use of analytical equation of bulk modulus to validate contact pressure 

 

Figure 4.10: Schematic of the analytical model of Al-Hiddabi et al. (2015)  
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The second analytical equation that was used for validation was based on model developed 

by Al-Hiddabi et al. (2015) for predicting contact pressure in expandable liner hanger seals. This 

model is based on an elastomer seal that is radially confined between metal tubes with fluid 

pressures in an axial direction (Figure 4.10). Originally developed for a solid expandable tubular, 

this model assumes linear elastic material property and can predict contact pressure along the 

contact length as a function of the seal compression ratio, fluid pressures, and material properties. 

The model is discussed in detail in literature review (section 2.5.3.4).  

The maximum contact pressure in can be estimated by,  

𝑃𝑚𝑎𝑥 =
(2𝑟̅1+𝛿̅𝑟)𝛿̅𝑟𝐾

(2𝑟̅1+1)
 ……..…………………..……………………………………..…. (4.3) 

where 

𝑟̅1 =
𝑟1

𝑡
 , 𝛿𝑟̅ =

𝛿𝑟

𝑡
 ,    𝑎𝑛𝑑    𝐾 =

𝐸

3(1−2𝜈)
     

In the above equations, Pmax is the maximum contact pressure, K is bulk modulus, and  is 

Poisson’s ratio. As shown in Figure 4.10, 𝑟1 is the outer radius of the liner, t is the radial width of 

the seal, and 𝛿𝑟 is radial compression.  

Pressure calculated using above equations were compared with FEA simulated contact 

pressure for different compression ratio values. Compression ratio (CR) is defined as an axial 

compression of seal relative to axial length of the seal. For example, 0.25 inch of displacement 

relative to 2.5-inch seal length indicates CR of 10%. For the case of zero radial clearance, CR 

approximately equals volumetric compression. As shown in the Figure 4.11, good match was 

obtained between analytical and FEA predictions. Both analytical methods produced similar 

contact pressure results. Hence, separate datapoints have not been show for both methods. 
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Deviation from analytical calculation was 4% to 7% for low compression ratio (CR) of up to 5%. 

The deviation reduces to less than 3% at higher ends of compression ratio.  

The deviation between FEA and analytical calculation can be primarily be attributed to the 

minor differences between the boundary conditions of the FEA model and the analytical models. 

The seal energization in conventional liner hanger assembly with zero radial clearance does not 

completely match with the first analytical equation which represents perfectly uniform volumetric 

compression of material. The difference arise due to slightly rounded edges of elastomer seal 

component in the FEA model and minor radial ballooning of liner-casing annulus caused by seal 

compression. The second analytical equation was derived from the model which was originally 

developed for radial compression of seal with axial fluid pressure. Modifying that equation for use 

in axial compression of seal with solid support instead of fluid pressure likely introduced the 

deviation.  

 

Figure 4.11: Comparison between FEA predicted contact pressure and analytical calculation (for 

conventional liner hanger seal assembly with zero radial clearance) 
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4.5.2 Experimental validation 

As discussed in section 3.3, sealability test apparatus was used to validate finite element modelling 

approach. For this, a finite element model similar to experimental setup was developed. The 

schematic of the model with dimensions and boundary conditions is provided in Figure 4.12. The 

actual setup has two elastomer ring seals and three aluminum plates. Modelling that exact 

configuration would have resulted in too many contact regions and led to convergence issues. To 

mitigate the convergence issues, only one seal and two plates were used in the FEA model. This 

also helped reduce the simulation time.  

As shown in the Figure 4.12, seal energization was performed by applying displacement 

boundary conditions to the top of the aluminum plate. The displacement values used in the 

simulation were obtained from the setup by measuring the axial compression of seal using the 

measurement scales attached to the pipe. Figure 4.13 shows the FEA before and after seal 

energization process. Material properties used in the model are listed in Table 4.2.  

 

Figure 4.12: Schematic and dimension of FEA model of experimental setup in XZ plane (left) and top view of 

the model in XY plane 
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Figure 4.13: Graphical representation of FEA model of setup II before (left) and after (right) seal 

energization 

 

Table 4.2: Material properties used in the FEA model of experimental setup 

Property 
Cast Acrylic 

Pipes 

Aluminum Alloy NL 

Plates 

EPDM 

elastomer 

EPDM elastomer – after 

aging in CO2 

Young’s Modulus 

/ Elastic modulus 
0.4 x 106 psi 10.29 X 106 psi 277 psi 194 psi 

Poisson’s ratio 0.37 0.33 0.49 0.49 

 

  

Figure 4.14: Confirmation of FEA predicted contact pressure using sealability tests  
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EPDM elastomer O-rings were placed in the setup to measure contact pressure as a function 

of displacement (i.e. compression). Nitrogen injection tests were conducted to estimate contact 

pressure between seal and pipe. Elastic modulus of EPDM was measured and input into the FEA 

model to simulate contact pressure at different displacement values. For second scenario, EPDM 

elastomer aged in CO2 was used. The results of FEA simulation and sealability tests are 

summarized in Figure 4.14. As shown in the figure, FEA predicted contact pressure at zero 

displacement was approximately 48 psi. Sealability tests conducted at 40 psi did not indicate any 

leakage. For EPDM aged in CO2 the contact pressure prediction was approximately 30 psi and as 

expected, leakage was observed when sealability test was conducted at 40 psi. Presence of contact 

pressure even at zero displacement (i.e. no external compression). This is because the cross 

sectional diameter of O-ring was 1 mm larger than the annulus space between pipes. Hence, 

installing the ring inside the setup resulted in compression of the seal due to interference. The 

upper limit of contact pressure could not be validated experimental because the pressure rating of 

the setup was determined to be 40 psi. A pilot test at high Nitrogen injection pressure had resulted 

in failure of the setup.  

Overall, analytical and experimental validation of some assembly configurations and 

observations, combined with careful contact formulations and mesh sensitivity analysis, provide 

sufficient confidence in reliability of FEA modelling approach. Moreover, the major results 

discussed in this dissertation are based on relative comparison of contact pressure values. For 

making conclusions, only those observations have been considered that exhibit differences 

exceeding error margin of the FEA predictions as established by analytical validations.   
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Chapter 5: Leakage Model Development 

5.1 Introduction 

As discussed in previous section, sealability of liner hanger seal assembly or any other seal 

assembly for that matter can be quantified by contact pressure generated at the sealing interface. 

The contact pressure depends on various factors such as energization quality, method, seal 

dimensions, seal geometry, seal material behavior, operating pressure or thermal loads, etc. One 

major knowledge gap is lack of understanding of target seal energization. In other words, it is not 

fully understood how much seal energization is sufficient to seal variety of fluids at different 

operating conditions. The relationship between seal contact pressure, and actual fluid pressure it 

can hold without permitting leakage is not known.  

 

Figure 5.1: Surface defects on elastomer seal resulted in failed leakage tests (Ahmed et al. 2019)   

 

Various evidences suggest that surface characteristics of seal element can also influence 

its performance. For example, various manufactures recommend surface finishing of 32 inch for 

O-rings and elastomer components (Apple Rubber Products Inc. 2009). A recent study that 

employed the same experimental setup as used in this work, demonstrated that surface 

characteristics or defects on elastomer seal can impact its sealability (Ahmed et al. 2019b). For 

same elastomer material and energization conditions, elastomer O-rings (Figure 5.1) resulted in 

failure sealability tests whereas sample without any surface defects prevented leakage.  
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There have been many studies on microscopic seal modelling in the field of tribology. 

However, in Oil & Gas application, this research is very limited. Existing industry standards for 

seal equipment do not consider surface finishing in development of operating envelops for seal 

assemblies.  For example, API TR 6AF2 (2013) contains operating envelopes for various sizes of 

API flange-gasket connections under various loading conditions. The operating curves were 

generated using finite element modelling in which the gasket seal was modelled only as a support, 

and face separation (or zero contact stress) was considered as the leakage criteria. It has already 

been recognized that the leakage criteria of contact lift-off or zero contact stress, as used in 

API6AF2, is not accurate because leakage can be observed even when a contact is maintained and 

contact stress is non-zero. There is no clear understanding on whether a certain contact pressure 

value is able to hold the same amount of fluid pressure. In other words, can 1000 psi of contact 

pressure at seal-pipe interface prevent penetration/leakage of fluid at 1000 psi pressure? 

Understand the relationship between contact pressure and leakage rate is essential to identify true 

leakage capacity of a seal assembly.  

One way to address this research gap is to conduct real scale physical tests where surface 

topography of seal is also measured and monitored. However, it is often not physically possible 

and/or cost effective to conduct true scale experiments for various operating scenarios. Hence, use 

of verified computational modeling techniques is imperative. The existing FEA tools can 

accurately predict the contact pressure under various loading conditions. However, they assume 

perfectly smooth surfaces. The feature of simulating fluid penetration through contact nodes is 

also not accurate. It is not feasible for a macro scale FEA model to also consider microscopic 

characteristics of seal interfaces. Hence, it is necessary to develop an independent leakage 

modelling tool that can simulate fluid penetration at microscopic level. There have been some 



119 

 

studies on leakage modelling including the author’s (Patel et al. 2018). However, that study was 

focused on metal-to-metal seals, where the impact of surface is arguably much higher than 

elastomer seals.   

The objective of this task is to develop a leakage model that can consider surface 

characteristics of elastomer seal interface as an input and predict fluid penetration and leakage 

rates as a function of operating pressure, seal material properties, and fluid properties.   

5.2 Technical Approach  

The approach of developing the modelling tool was divided into three steps as shown in Figure 

5.2. The first step is to model surface topography of elastomer and casing surfaces. Second step is 

to model microscopic interaction between the two surfaces as they are coming together at 

microscopic scale. Modelling this interaction is called contact mechanics modelling. The contact 

mechanics model should predict contact load distribution and apparent contact pressure as a 

function of deformation and separation between the surfaces.  

 

Figure 5.2: Technical approach used to develop leakage modelling tool   



120 

 

The third step is development of fluid flow model which can take microscopic contact separation 

information as an input, predict fluid flow through it, and calculate total flow rate i.e. leakage rate 

coming out from the contact boundary. This leakage rate is a function of separation which has a 

unique contact pressure value associated with it. The information of contact pressure and 

respective leakage rates can be used to determine target contact pressure and consequently, amount 

of seal energization needed to seal certain fluid at certain pressure. The seal assembly design and 

installation can then be tailored to meet this contact pressure requirement. 

5.3 Surface Topography  

As shown in Figure 5.3 depending on the magnification, the surface topography of a seal 

comprises of complex features such as (i) out-of-flatness, (ii) crowning radius, (iii) waviness, and 

(iv) roughness (Pérez-Ràfols 2016). These features can greatly affect the way contact pressure is 

distributed. The microscopic gaps can facilitate leakage even when the sealing surfaces are in 

contact at macroscale. Out of flatness is also known as error of form which should generally be 

not present. This represents tilting in circumferential direction while crowning radius, as name 

suggests, represent tilting in radial direction. These two features can typically result from uneven 

energization of seal. Further magnification reveals waviness feature which is the often the result 

of turning process widely used in manufacturing these seals. The smallest features that are mostly 

random are termed as roughness. During examination of a surface, as magnification is increased 

smaller scales of roughness appear. It has been shown that roughness at smaller scales are similar 

to that of larger scale with only difference in length and height scales (Bora et al. 2005). This 

property is known as self-affinity. This self-affinity at different scales is a property exhibited by 

fractal surfaces. A fractal surface is difficult to describe in traditional geometric dimensions but it 

essentially has a structure that repeats itself throughout different scales.  
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Figure 5.3: Various levels of surface features on a seal surface (Pérez-Ràfols 2016)   

Since actual surface measurements of elastomer samples used in this work could not be 

measured, artificial surface topographies were generated, and parametric study was conducted to 

understand how surface feature influence leakage. Thorough literature review was conducted to 

develop or identify an appropriate function that can simulate various types of surface topographical 

characteristics depending on the scale and magnitude specified. The multivariate Weierstrass-

Mandelbrot (W-M) function as adopted by Bora et al. (2005) was selected to be the most 

appropriate solution for creating artificial surfaces: 

𝑧(𝑥, 𝑦) = 𝐶 ∑ ∑ 𝛾(𝐷−3)𝑛𝑛𝑚𝑎𝑥
𝑛=0

𝑀
𝑚=1 {𝑐𝑜𝑠𝜑𝑚,𝑛 − 𝑐𝑜𝑠 [

2𝜋𝛾𝑛(𝑥2+𝑦2)0.5

𝐿
cos (tan−1 (

𝑦

𝑥
) −

𝜋𝑚

𝑥
) + 𝜑𝑚,𝑛]} …………………………………………………………………………………(5.1) 

𝐶 = 𝐿 (
𝐺

𝐿
)

𝐷−2

(
𝑙𝑛𝛾

𝑀
)

0.5

 …………………………..……………………………………(5.2) 
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Where equation (5.1) is constructed by taking two-dimensional fractal profile as a “ridge” 

and then superimposing a number of ridges at different angles to achieve randomization. 𝜑 is a 

random number to generate random phase and profile angles. M is number of ridges. G is 

roughness coefficient that determines surface RMS. L is the length of surface domain being 

constructed. 𝛾 determines frequency and amplitude ratio of successive cosine shapes which 

indirectly represents relative frequency separation of successive terms in the function. Lmax is the 

sample size. nmax is the total number of cosine shapes added to generate the surface. For perfectly 

fractal surface, nmax would be infinite. However, for practical purposes, finite value of nmax is used 

such that cosine waves with periods large than L and smaller than Lmin are not required.  

D is fractal dimension of the surface. One of its definitions is a ratio of number of self-

repeating units to magnification factor. In simple terms, fractal dimension is an index that measures 

how details in a surface or pattern changes with the scale at which it is measured. For example, 

one counter-intuitive real-world example is measurement of coastline. As the length of scale used 

to measure the coastline reduces, the total length of coastline will increase (Mandelbrot 1967). 

 

D:  Fractal dimension =
log (No of self repeating units)

log (magnification factor)
  …………..……………………………(5.3) 

 

 Equations (5.1) and (5.2) were coded into MATLAB. Figure 5.4 shows various types of 

surfaces that can be generated by the function. In the figure, bottom two surface have smaller 

fractal dimension compared to the top two surfaces. The upper two figures have more roghness, 

lower minimum frequency, and more number of superimposed ridges.  
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Figure 5.4: Examples of various artificial surfaces generated by W-M function   

 

5.4 Contact Mechanics Model 

Contact mechanics is study of deformation of solids that touch each other at one or more points. 

In the field of tribology, a variety of contact mechanics model exists but mainly they can be 

classified into asperity based analytical models, fractal-based model, and fully numerical models 

(Pérez-Ràfols 2016).  

The basic idea behind asperity based analytical models is to describe a surface as a 

collection of discrete asperities of certain shape and solving individual contact problem at each of 
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the asperities. There are two types of asperity-based models: deterministic and statistical. 

Statistical models as name suggests only requires the asperity height distribution as an input and 

hence can be computationally faster and can also incorporate different scale of surface topography 

i.e. roughens, waviness, out of roundness etc. Some of the latest development in statistical model 

are discussed in Pérez-Ràfols (2016). Deterministic model on the other hand takes into 

consideration locations of asperities. Since, the goal of present work is to understand effect of 

surface topography on leakage, it becomes essential to consider the location information. 

Therefore, deterministic approach has been employed in the present work.  

A semi-analytical model such as one presented by Persson (2006) assumes isotropic 

surfaces which is not valid in case of a typical surface topography of a metal-to-metal seal. 

Commonly employed numerical models are computational structural mechanics (CSM) approach 

which is based on finite element method. This approach makes the fewest approximation but is 

extremely expensive in terms of computational power and memory. For these reasons, semi-

analytic and fully numerical approaches are out of the scope of the presented work. 

The oldest analytical model in contact mechanics is Hertz theory (Hearn 1997). Hertz 

considered only elastic contact between regular shapes such as spheres, cylinders and flat surfaces. 

The author considered a smooth frictionless surface and the model was only applicable to small 

strain values. The contact area is considered small and flat in comparison with radius of curvature 

of undeformed contact bodies. The Hertzian pressure is then solved as a contact of two spherical 

bodies.  

Greenwood and Williamson (1966) first introduced a model for nominally rough surfaces. 

The Greenwood and Williamson (G-W) model describes asperities as spheres with fixed radius 
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and Gaussian distribution for heights. Since then, various researchers have improved the original 

model and have led to increasingly better predictions of contact area and contact separation 

between two surfaces. Greenwood and Tripp (1970) later extended the G-W model to contact 

between two rough surfaces. Whitehouse and Archard (1970) introduced variable radius of 

curvature. Chang, Etsion, and Bogy or CEB model (1987) introduced concept of volume 

conservation of asperities and were able to provide accurate predictions of contact area. Zhao et al 

(2000) improved the G-W model further with incorporation of elastic-plastic deformation of 

asperities. 

 

Figure 5.5: 2D representation of elastic interactions between elastomer seal (black) and smooth casing surface 

The contact mechanics model developed in this model is a deterministic model. Height 

distribution of each asperity was calculated based on W-M function discussed in previous section. 

The model algorithm is as follows:  

1. As shown in Figure 5.5,  the model assumes that casing surface is perfectly smooth. Separation 

between seal and casing surface is defined as distance between the lowest valley on seal surface 
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to casing surface. Initial separation or would be equal to the height of highest peak on elastomer 

seal surface.  

Initial separation 𝑑0 = ℎ𝑚𝑎𝑥  …………..………………………………..……(5.4) 

Where ℎ𝑚𝑎𝑥   is the height of the highest peak on elastomer seal surface and 𝑑0 is separation 

at initial time.   

2. Separation is reduced gradually at a user-defined rate. At each separation case, location of 

asperities that have been contact are determined. For each contacted asperity, amount of 

indention is determined.  

Asperity i contacted if  ℎ𝑖 > 𝑑𝑡  …………..……………………………..……(5.5) 

Asperity indentation 𝜔𝑖𝑡 = ℎ𝑖 − 𝑑𝑡  …………..………………………...……(5.6) 

Where ℎ𝑖  is the height of asperity i, 𝑑𝑡 is separation at current load step, and 𝜔𝑖𝑡 represents 

indentation of asperity i at load step t. 

3. Each asperity can be represented by an ellipsoid and its tip can be characterized as spherical 

and represented by a radius of curvature. For each contact asperity, contact load and contact 

area can be calculated using Hertz theory. 

Contact load at asperity i  𝐹𝑖𝑡 =
4

3
𝐸∗𝑅𝑖

0.5𝜔𝑖𝑡  …………..……………………(5.7) 

Contact area at asperity i  𝐴𝑖𝑡 = 𝜋𝑅𝑖𝜔𝑖𝑡  …………..…………………………(5.8) 

Where 𝐹𝑖𝑡 is the load needed to deform asperity i at load step t. 𝑅𝑖 is radius of curvature at 

the tip of asperity i. It is calculated based on second order derivative of heights of adjecent 
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asperities. 𝐴𝑖𝑡 is the contact area generated by deformation of asperity i at load step t. 𝐸∗ is 

equvalent Young’s modulus of interacting surface. It is defined as,  

𝐸∗ =
𝐸𝑒𝐸𝑠

𝐸𝑒(1−𝜈𝑠
2)+𝐸𝑠(1−𝜈𝑒

2)
  …………..……………………………………………(5.9) 

 Where 𝐸𝑒 and 𝐸𝑠 are Young’s modulus of elasomer and steel casing respectively. 𝜈𝑒 and 𝜈𝑠 

are Poisson’s ratio of elastomer and steel respectively. Apparent contact pressure can then be 

calculated by summing all contact load values across contacted asperities and dividing it by 

apprent contact area.  

4. Now next step is to calculate porosity or porous volume between the elastomer and steel 

surfaces. It is assumed that volume of each asperity is being conserved while it is being 

crushed. Another assumption is lack of interaction between adjacent asperities. In other words, 

deformation of an asperity doesn’t exert additional loads on adjacent asperities.  

Porosity at asperity i and load step t: 𝜙𝑖𝑡 = 4𝑑𝑖𝑏
2 −

2

3
 𝜋ℎ𝑖𝑏2  ……………(5.10) 

Where b is the radius of asperity base as shown in Figure 5.6.  

 

Figure 5.6: Ellipsoid shape assumed for individual asperity  
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5. Once porosity becomes zero, then the contact load is calculated based on volumetric 

compression and bulk modulus equation. Moreover, the cell is no longer active for fluid flow 

model discussed in the next section.  

5.5 Fluid Flow Model 

The function of leakage model or flow mechanics model is to calculate the flow rate or leakage 

rate for a particular contact separation value. Leakage depends on many factors which can be 

classified into three primary categories: (i) properties of porous path, (ii) fluid properties, and (iii) 

operating parameters. Flow mechanics model is governed by Navier-Stokes equations which is 

simplified based on various assumptions. 

The leakage phenomena is similar to fluid flow in porous medium as studies in reservoir 

engineering. Using the same concepts as reservoir simulation, a leakage model was developed with 

following assumptions: 

• Fluid doesn’t deform porous medium (Fluid pressure << contact pressure)   

• No surface effects- surface tension, adsorption, drag  

• 100% saturation and single fluid 

• Steady state laminar flow 

• Isothermal flow 

• Incompressible Newtonian fluid 

For an incompressible Newtonian and laminar fluid flow, the Navier stokes equation can be 

simplified to, 

∇ ∙ [𝑣] = 0 ………………………………………………………………...…(5.11) 
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For a laminar flow, the velocity can be computed by a Darcy’s equation. Hence the above equation 

can be written as,   

∇ ∙ [(
𝐾𝐴

𝜇
) ∇𝑝𝑓] = 0 ……………………………………………………...……(5.12) 

 

Where K is hydraulic conductivity, A is area,  is Newtonian viscosity, and Pf is fluid pressure 

gradient. Above equation in two dimensions can be written as 

𝜕

𝜕𝑥
(

𝐴𝑥𝐾𝑥

𝜇
(

𝜕𝑝𝑓

𝜕𝑥
)) ∆𝑥 +

𝜕

𝜕𝑦
(

𝐴𝑦𝐾𝑦

𝜇
(

𝜕𝑝𝑓

𝜕𝑦
)) ∆𝑦 = 0 ………………………...……(5.13) 

       

Figure 5.7: Boundary conditions for fluid flow calculations   

The boundary conditions used for fluid flow calculations are shown in Figure 5.7.  Fluid 

flow direction is from south to north. The south and north boundaries are constant pressures 

boundaries - PS and PN  respectively. The east and west boundary conditions are no-flow boundary 

conditions. This assumption should not affect the total flow rate calculation over the contact area 



130 

 

because even if fluid traverses in circumferential direction, eventually, it has to come out in axial 

direction.  

To solve the governing equation (5.13), information on hydraulic conductivity is required. 

Porosity values output by the contact mechanics model can be used to estimate the hydraulic 

conductivity value. For this, the simplest form of Carman-Kozeny equation has been used, 

Hydraulic conductivity (K) =
𝑟2∅

8𝜏
 …………………………………….……(5.14) 

Where r is hydraulic radius, Φ is porosity, and τ is tortuosity which is assumed to be 1. All variables 

are in consistent unit. The hydraulic radius r is calculated by assuming that the asperity when 

deformed is being packed downwards in form of a rectangular rhombohedral. The pore volume is 

then compared to the same volume of a cylinder (Figure 5.8) and the radius of that cylinder 

becomes the hydraulic radius (r) to be used in the equation (5.14).  

 

 

Figure 5.8: Pore space between casing and deformed asperity is assumed to be made of capillaries    

Additionally, hydraulic conductivity should also depend on the flow capacity of adjacent 

cells. This has been achieved by calculating four different types of hydraulic conductivity for each 
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cell: North, south, west, and east. Each K is evaluated at the corresponding boundary by harmonic 

average of connecting cells K. For example, as shown in Figure 5.9, for block 5, K at the north 

boundary (KN) is harmonic average of K of cell 1 and cell 5. Because of harmonic averaging the 

resultant K would be dictated by the smaller K. Additionally, if one of the connected cells has zero 

K then the K at the boundary would be zero as well.    

 

 

Figure 5.9: Flow path selection through harmonic hydraulic conductivity estimation at asperity boundaries     

To calculate the leakage rate, information of fluid pressure distribution is required. This is achieved 

by solving equation (5.13). To solve the equation, finite different approximation was used.  

For, Ax = Ay , ∆x = ∆y, and μ = constant   

∂

∂x
(Kx (

∂pf

∂x
)) +

∂

∂y
(Kx (

∂pf

∂y
)) = 0………………………………………..……(5.15) 

For a certain gridblock x, the finite different approximation of x component of equation (5.15) can 

be written as, 
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∂

∂x
(Kx (

∂pf

∂x
)) =

{Kx(
∂pf
∂x

)}
x+1/2

−{Kx(
∂pf
∂x

)}
x−1/2

∆x
  

=
{Kx}x+1/2{(

∂pf
∂x

)}
x+1/2

−{Kx}x−1/2{(
∂pf
∂x

)}
x−1/2

∆x
  ……………………………….……(5.16) 

First derivatives can be approximated by, 

{(
∂pf

∂x
)}

x+
1

2

=
PfE−Pfc

∆x
         and       {(

∂pf

∂x
)}

x+
1

2

=
PfW−Pfc

∆x
 ……………………...…(5.17) 

As discussed in previous section, the hydraulic conductivity is calculated as, 

{Kx}
x+

1

2

= KE =
2

1

Kx+1
+

1

Kx

     and     {Kx}
x−

1

2

= KW =
2

1

Kx−1
+

1

Kx

    ………………..…(5.18) 

Simplifying,  

KW(PfW
n+1 − Pfc

n+1) + KE(PfE
n+1 − Pfc

n+1) = 0 …………………………..……(5.19) 

Where PfE and PfW are pressures in east and west side block respectively. Pfc   is pressure in current 

block for which the equation is being written. Unknown values are represented by superscript  n +

1 which is a common annotation used in numerical schemes.   

Simplifying the above equation for two dimensions, 

KW(PfW
n+1 − Pfc

n+1) + KE(PfE
n+1 − Pfc

n+1) + KN(PfN
n+1 − Pfc

n+1) + KS(PfS
n+1 − Pfc

n+1) = 0   

……………………………………………………………………………………………(5.20) 

Equation (5.20) is written for all cells in the model domain and then all the equations are solved 

simultaneously to obtain the pressure values.  
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Once the pressure distribution is known, the leakage rate can be easily calculated using the Darcy’s 

equation. As shown in the Figure 5.7. Total leakage rate is the summation of individual flow rates 

calculated at either north (or south) boundary of the domain.  

Qtotal = ∑
AKNi

μ
(

Pfi − PN

∆y
)                            … … … … … … … … . . (5.21) 

n

i=1

 

Where n is number of gridblocks at the north boundary of the domain. 
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Chapter 6: Assembly Design Results 

6.1 Overview 

This chapter discusses results related to seal assembly design. Specifically, it discusses differences 

in conventional and expandable type assembly, and effects of - energization method, seal 

dimensions, elastomer material, and seal geometry. Performance of seal assembly has been 

evaluated in terms of contact pressure generated at the seal-casing interface.  

       

                (a)                                                               (b) 

Figure 6.1: Boundary conditions and terminology used for conventional (a) and expandable (b) seal assembly 

model  

Following are definitions of important variables frequently used in this chapter:  

• Compression Ratio (CR, %): This term is relevant only for conventional seal assembly. 

It is defined as an axial compression (displacement in Figure 6.1a) of seal relative to length 

of the seal. For example, 0.25 inch of displacement relative to 2.5-inch seal length indicates 

CR of 10%.  

• Radial clearance (Rc, inch): This term is only applicable to conventional seal assembly. 

It is defined as initial annular space between seal and casing before energization (Figure 

6.1a).  
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• Expansion Ratio (ER, %): This term is relevant for expandable seal assembly. It is the 

amount of radial compression of seal (or amount of displacement of liner) relative to initial 

radial width of the seal (Figure 6.1b). For example, 0.1-inch displacement of liner relative 

to 0.6875-inch seal width indicates ER of 14%. Typically, expandable tubular can have ER 

up to 20% to 30%.  

• Containment (C, psi/in): This term is only applicable to expandable seal assembly. It is 

defined as the amount of pressure needed for a unit deflection of axial boundaries of seal 

(Figure 6.1b). For example, containment of 5000 psi/in indicate that during seal 

energization if 1000 psi stress is generated at the axial boundary of seal, then the boundary 

would deflect by 0.2 in.  Higher containment represents better seal containment in axial 

direction. This will consequently generate higher seal compression against host casing.  

• Energization coefficient (Ec, psi): This term is applicable to both conventional and 

expandable type assemblies. It is defined as contact pressure generated per unit CR (or ER 

in case of expandable assembly). It is the slope of contact pressure vs CR or ER curve once 

contact between seal and casing has been establish. 

6.2 Equipment and Energization  

In this section, differences in various configurations of conventional and expandable type seal 

assemblies are compared. Specifically, contact pressure profile generated at seal-casing interfaces 

have been examined for various magnitude of energization (CR vs ER). Relevant variables and the 

range of values investigated are listed in Table 6.1. 

.  
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Table 6.1: Simulation cases for studying effect of equipment design and seal energization method 

Variable 

Values 

Conventional assembly Expandable assembly 

Elastomer FKM FKM 

Seal radial width 0.6875 in 0.6875 in 

Seal axial length 2.5 in 2.5 in 

Radial clearance (Rc,in) 0, 0.025, and 0.1 in - 

Compression ratio (CR) 0 to 20% - 

Containment (C) - 0, 5, and 10 ksi/in 

Expansion ratio (ER) - 0 to 20% 

Temperature 212°F 212°F 

Chemical exposure - - 

 

 

  

       (a)                                                                                          (b) 

Figure 6.2: Shape of contact pressure profile in (a) conventional and (b) expandable seal assembly  
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Distribution of contact pressure profile generated due to seal energization in both types of 

assemblies is shown in Figure 6.2. Both assemblies have distinct shape of contact pressure profile. 

In conventional assembly (Figure 6.2a), contact pressure remains practically constant along the 

seal-casing interface regardless of radial clearance. This flat shape can be attributed to two factors 

– (i) frictionless assumption of seal and casing surfaces, and (ii) energization method of 

compressing seal axially while constraining it on either side by compression plates. In case of 

expandable assembly, the profile is elliptical with a peak in the middle of the contact length 

(Figure 6.2b). The shape here depends on quality of seal containment. Increasingly stiffer 

containment spikes (0 to 10,000 psi/in) yield flatter contact pressure profiles.  Elliptical shape can 

be attributed to the fact that the seal is not completely restrained in axial direction as in the case of 

conventional assembly. 

If seal-casing interface is considered as a frictional contact then the shape of contact 

pressure profiles notably changes (Figure 6.3). The profile in conventional assembly is no longer 

flat. It peaks near compression side and drastically reduces towards supporting plate. This indicates 

that because of friction, axial compression load is not effectively transferred along the length of 

the seal. It can be extrapolated that longer seal further magnifies the impact of friction. Higher CR 

also increases the deviation in profile due to friction (Figure 6.3a). This dip in contact pressure 

near support side could increase the risk of fluid penetration (further discussed in Chapter 9). 

Unlike conventional assembly, expandable assembly retains the general shape of contact profile. 

With increase in friction coefficient, the peak contact pressure increases, and the profile becomes 

narrower at the middle (Figure 6.3b).  
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       (a)                                                                                          (b) 

Figure 6.3: Change in contact pressure profile due to friction in (a) conventional and (b) expandable seal 

assembly 

 

  

       (a)                                                                                          (b) 

Figure 6.4: Seal energization curves in (a) conventional and (b) expandable assembly  

 Next, effect of energization magnitude on the contact pressure was assessed. The 

energization curves in conventional and expandable assemblies are compared in Figure 6.4. 

Contact pressure shown in Y axis is the peak contact pressure measured at the middle of contact 

length. In both types of assembly, the relationship between peak contact pressure and energization 

magnitude (CR or ER) is practically linear. Contact pressure increases with increase in seal 

compression. In case of conventional assembly, the onset of contact pressure depends on the radial 
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clearance (Rc) of the assembly. For example, assembly design with clearance of 0.025 in (or 4% 

relative to seal width) and 0.1 in (or 14% relative to seal width) require approximately 4% and 

14% compression ratio to first establish the contact with casing (Figure 6.4a). Thereafter, the 

energization curve is a straight line. In case of expandable assembly, since there is no radial 

clearance, the energization curves build up from the beginning (Figure 6.4b). Regardless of 

containment magnitude, energization curves can be considered linear in practical application range 

of 0 to 20% ER. It is clear that these assemblies differentiate from each other in terms of the slop 

of energization curves i.e. energization coefficient.   

 

Figure 6.5: Effect of assembly design on energization coefficient  

Difference in energization coefficient of different assembly designs is summarized in 

Figure 6.5. It is clear that regardless of specific configuration, conventional type assembly is likely 

to exhibit significantly higher energization coefficient than expandable type assembly. Improving 

quality of seal containment by reducing radial clearance (in conventional) or increasing stiffness 

of containment spikes (in expandable) can improve energization coefficient of the assembly. 
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Higher energization coefficient would generate higher contact pressure at a given seal compression 

and consequently provide better sealability. If seal-casing interface has high friction coefficient, 

then conventional assembly may not provide robust contact pressure distribution despite higher 

contact pressure values as shown in Figure 6.3a.   

6.3 Seal Dimensions  

In this section, effects of seal dimensions in various configurations of conventional and expandable 

assemblies are discussed. Specifically, contact pressure and energization coefficients have been 

evaluated at different seal lengths and widths. Relevant variables and the range of values 

investigated are listed in Table 6.2. 

Table 6.2: Simulation cases for studying effect of seal dimensions 

Variable 

Values 

Conventional assembly Expandable assembly 

Elastomer FKM FKM 

Seal radial width, in 0.25, 0.68, and 1 in 0.25, 0.68, and 1 in 

Seal axial length, in 1.25, 2.5, and 5 in 2.5, 5, and 10 in 

Radial clearance (Rc,in) 0, 0.025, and 0.1 in - 

Compression ratio (CR, %) 0 to 20% - 

Containment (C, psi/in) - 0, 5, and 10 ksi/in 

Expansion ratio (ER, %) - 0 to 20% 

Temperature, °F 212°F 212°F 

Chemical exposure - - 
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       (a)                                                                                          (b) 

Figure 6.6: Effect of seal length on (a) seal energization curve (a) and energization coefficient (b) in 

conventional assemblies  

Energization curve and energization coefficient of conventional assemblies with different 

seal lengths are shown in Figure 6.6. The linear nature of energization curves is retained despite 

of changing seal lengths (Figure 6.6a). Interestingly, the onset of seal energization has not been 

influenced by change in seal length. In other words, increasing the seal length does not provide 

early establishment of contact with casing. The slope of curves i.e. energization coefficient is 

certainly influenced by seal length. The influence is more pronounced in case of assembly with 

high radial clearance (Rc) of 0.1 in compared to 0.025 in and 0 in (Figure 6.6b). At high Rc, 

increase in seal length results in higher energization coefficient and consequently better sealability. 

This can be attributed to the fact that longer seal can compensate seal extrusion through high radial 

clearance and hence, provide better seal containment. For complete volumetric constraint i.e. case 

of zero clearance, the influence of seal length can be considered significant as the variations are 

within FEA error margin (Figure 6.6b). 
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       (a)                                                                                          (b) 

Figure 6.7: Effect of seal length on seal energization curve (a) and energization coefficient (b) in expandable 

assemblies 

 

Energization curve and energization coefficient of expandable assemblies with different 

seal lengths are shown in Figure 6.7. For the realistic range of ER up to 20%, energization curves 

are linear. Unlike conventional assembly, the influence of seal length is distinctly clear here. As 

shown in Figure 6.7b, higher seal length results in significantly higher energization coefficient 

and hence, better sealability. Similar to conventional assembly, the influence of length slightly 

diminishes for assembly with better containment. The influence remains significant, nonetheless.  

Energization curve and energization coefficient of conventional assemblies with different 

seal widths are shown in Figure 6.8. As indicated in Figure 6.8a, unlike seal length, change in 

seal width changes the onset of seal energization. This is because radial clearance is changing 

relative to the seal width and consequently, different amount of volumetric fill is required to 

establish contact of seal with casing. The onset of energization curve occurs at CR equal to radial 

clearance as a percentage of seal width. For example, in case of radial clearance of 0.025 in, 

energization curve initiates at 2.5% CR, 4% CR, and 10% CR for seal width of 1 in, 0.6875 in, and 

0.25 in respectively. This is because 0.025 in clearance is equal to 2.5%, 4%, and 10% of seal 
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widths of 1 in, 0.6875 in, and 0.25 in respectively. Expectedly, in case of zero radial clearance, the 

energization curves of different seal widths originate at the same point i.e. 0% CR.  

  

       (a)                                                                                          (b) 

Figure 6.8: Effect of seal width on seal energization curve (a) and energization coefficient (b) in conventional 

assemblies 

   

       (a)                                                                                          (b) 

Figure 6.9: Effect of seal width on seal energization curve (a) and energization coefficient (b) in expandable 

assemblies 

Comparison of energization coefficient (Figure 6.8b) indicates similar trend as variation 

in seal lengths. For the same radial clearance, increase in seal width increases the energization 

coefficient and consequently improves sealability. The influence of seal width is more pronounced 



144 

 

in high radial clearance scenario of 0.1 in. For complete volumetric constraint i.e. in the case of 

zero clearance, the influence of seal width is not significant as the variation is within FEA error 

margin (Figure 6.8b).  

Energization curve and energization coefficient of expandable assemblies with different 

seal widths are shown in Figure 6.9. Energization curves retain their linearity in practical range of 

ER (up to 20%) despite changing seal width (Figure 6.9a). The slopes of energization curves have 

certainly changed. As presented in Figure 6.9b, for the same containment design, thinner seal 

element yields significantly higher energization coefficient. This means that at a given expansion 

of liner, a thin seal will provide higher contact pressure compared to a thick seal. This is because 

despite of same ER, the effective volumetric containment of seal is more effective in case of thin 

seal compared to a thick seal. To confirm this, an example simulation cases were run where perfect 

containment (i.e. no axial movement of seal), similar to conventional assembly with zero 

clearance, was applied. The effects of seal width were observed to be negligible.  

6.4 Elastomer Material   

In this study, different type of elastomer materials were input into various conventional and 

expandable seal assemblies to understand the influence of elastomer material properties. Total six 

different commonly used elastomer were studied – NBR, EPDM, FKM, FEPM, FFKM, and PTFE. 

As discussed in material properties measurement (section 3.1), these elastomers were categorized 

into two groups based on availability of various tests data. Fist group of elastomers (NBR, EPDM, 

FKM, and PTFE) were modelled as liner elastic material since their compressive stress-strain 

behavior was linear up to 20% strain (section 3.1).  For second group of elastomers (FKM, FEPM, 

and FFKM, uniaxial, biaxial, and shear test data was available and hyperelastic characterization 
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was possible. They were modelled as Ogden 3rd order hyperelastic material. In addition to 

changing elastomer material type, a sensitivity analysis was performed on elastomer bulk modulus 

and shear modulus. Purpose of this analysis was to understand which parameter is more important 

for designing/selecting elastomer material appropriate for liner hanger applications. List of 

variables and range of values investigated are listed in Table 6.3.  

Table 6.3: Simulation cases for studying effect of elastomer material  

Variable 

Values 

Conventional assembly Expandable assembly 

Elastomer (Linear elastic) NBR, EPDM, FKM, and PTFE   NBR, EPDM, FKM, and PTFE  

Elastomer (Hyperelastic)  FKM, FEPM, and FFKM FKM, FEPM, and FFKM 

Elastomer (Bulk modulus) 174, 342, and 406 ksi 174, 342, and 406 ksi 

Elastomer (Shear modulus) 174, 287, and 328 psi 174, 287, and 328 psi 

Seal radial width, inch 0.6875 in 0.6875 in 

Seal axial length, inch 2.5 in 2.5 in 

Radial clearance (Rc,in) 0, 0.025, and 0.1 in - 

Compression ratio (CR, %) 0 to 20% - 

Containment (C, psi/in) - 0, 5, and 10 ksi/in 

Expansion ratio (ER, %) - 0 to 20% 

Temperature, °F 212 212 

Chemical exposure - - 
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       (a)                                                                                          (b) 

Figure 6.10: Seal energization curves (a) and energization coefficient (b) for NBR, EPDM, FKM, and PTFE 

elastomers in conventional assemblies 

 

       (a)                                                                                          (b) 

Figure 6.11: Seal energization curves (a) and energization coefficient (b) for NBR, EPDM, FKM, and PTFE 

elastomers in expandable assemblies 

Seal energization curves and energization coefficient for the first group of elastomers 

(NBR, EPDM, FKM, and PTFE) in conventional assembly is presented in Figure 6.10. The 

energization curves exhibit linear relationship with CR and the onset of curve depends on radial 

clearance. As demonstrated in Figure 6.10b, PTFE exhibits the highest energization coefficient 

indicating that it would provide highest contact pressure compared to other elastomer for the same 

assembly and energization conditions. NBE and EPDM do not have significantly different 
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performance. For expandable assembly, energization curves and coefficients of this group of 

elastomers (Figure 6.11) display similar trends as conventional assembly. The only difference is 

in magnitude of Pc and Ec.  

Seal energization curves and energization coefficients for the second group of elastomers 

(FKM, FEPM, and FFKM) in conventional and expandable assemblies are presented in Figure 

6.12 and Figure 6.13 respectively. Despite hyperelastic (Ogden 3rd order model) representation of 

these elastomers, the energization curves exhibit linear relationship with CR or ER. As expected, 

the onset of curves in conventional assembly is dependent on radial clearance. Comparing Figure 

6.12b and Figure 6.13b, it can be concluded that FKM elastomer provides the highest contact 

pressure followed by FEPM and FFKM. The difference among these three elastomers decreases 

as seal containment during energization is improved (i.e. radial clearance is reduced in 

conventional assembly or containment stiffness improved in expandable assembly).  

Compared to first group of elastomers (Figure 6.10 and Figure 6.11), these hyperelastic 

elastomer materials exhibit significantly higher contact pressure values. This is probably due to 

more realistic modelling of incompressibility in hyperelastic models. Elastomer material tend to 

exhibit nearly perfect incompressibility i.e. Poisson’s ratio close to 0.5. However, the first group 

of elastomers were modelled using Poisson’s ratio of 0.49. This can significantly impact contact 

pressure values as a portion of energization load gets wasted in compression of the seal component 

and volume change. Hyperelastic model used 3rd order Ogden characterization. The equivalent 

Poisson’s ratio for all three elastomer sis close to 0.4995. Hence, hyperelastic material yields high 

contact pressure values.  This can be further confirmed by the observation that when seal assembly 

had better volume containment (e.g. no radial clearance in conventional or 10 ksi/in containment 

in expandable), the difference in performance among these elastomers slightly reduces. 
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       (a)                                                                                          (b) 

Figure 6.12: Seal energization curves (a) and energization coefficient (b) for FKM, FEPM, and FFKM 

elastomers in conventional assemblies 

 

 

       (a)                                                                                          (b) 

Figure 6.13: Seal energization curves (a) and energization coefficients (b) for FKM, FEPM, and FFKM 

elastomers in expandable assemblies 

 The difference in performance of elastomers could be because of one or more of their 

specific properties such as bulk modulus, shear modulus, incompressibility, etc. Hence, to identify 

which material property is the dominant predictor of elastomer’s performance, bulk modulus (K) 

and shear modulus (G) of elastomers were individually varied keeping the other parameter 

constant. Fixing these two parameters also fix elastic modulus and incompressibility or Poisson’s 
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ratio of the elastomer. Hyperelastic FKM was considered as the base case, and its bulk modulus 

was varied from 174 ksi to 406 ksi keeping its shear modulus constant. Next, keeping its bulk 

modulus constant, shear modulus was varied from 174 psi to 328 psi. The equations for calculating 

K and G for hyperelastic Ogden 3rd order model is discussed in section 2.1.2.2. 

 

       (a)                                                                                          (b) 

Figure 6.14: Effect of elastomer bulk modulus on seal energization curve (a) and energization coefficient (b) 

in conventional assemblies 

 

 

       (a)                                                                                          (b) 

Figure 6.15: Effect of elastomer bulk modulus on seal energization curve (a) and energization coefficient (b) 

in expandable assemblies 
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       (a)                                                                                          (b) 

Figure 6.16: Effect of elastomer shear modulus on seal energization curve (a) and energization coefficient (b) 

in conventional assemblies 

 

       (a)                                                                                          (b) 

Figure 6.17: Effect of elastomer shear modulus on seal energization curve (a) and energization coefficient (b) 

in expandable assemblies 

Effect of bulk modulus on performance of conventional and expandable seal assemblies 

are presented in Figure 6.14 and Figure 6.15. As shown in Figure 6.14b, increasing bulk modulus 

while keeping shear modulus constant, significantly increases energization coefficient of 

conventional assembly. However, for expandable assembly (Figure 6.15b), the change in Ec 

caused by variation in bulk modulus is outside accuracy of FEA models, indicating that the 
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conclusion cannot be made. The energization curves of different bulk moduli (Figure 6.15a) also 

overlap with each other.  

Effect of shear modulus of elastomer on performance of conventional and expandable seal 

assemblies are presented in Figure 6.16 and Figure 6.17. Opposite to the influence of bulk 

modulus, influence of shear modulus is negligible in case of conventional seal assembly (Figure 

6.16b). But for expandable seal assembly, effect of changing shear modulus is notable.  Importance 

of bulk modulus in conventional assembly can be attributed to a restrained seal housing where 

elastomer component undergoes volumetric compression except near the extrusion gap. On the 

other hand, in expandable assembly, despite of containment spikes, seal is not as restrained in axial 

direction as conventional assembly. Hence, shear behavior of elastomer become more important.  

In summary, to achieve high contact pressure, the first group of elastomers can be ranked 

in decreasing order of preference as - PTFE > FKM > EPDM  NBR. Similar ranking for second 

group of elastomers is – FKM > FEPM > FFKM. Considering that FKM is the common elastomer 

in both groups, if properties of these elastomers are scaled accordingly, then the elastomer material 

can be ranked as – PTFE > FKM > FEPM > FFKM > EPDM  NBR. Bulk modulus of elastomer 

is critical for conventional type assembly while shear modulus is important for expandable seal 

assembly. Additionally, it was observed that hardness values do not always provide accurate 

indication of contact pressure or sealability. Although the ranking of fluoroelastomers in terms of 

energization coefficient was observed to be FKM > FEPM > FFKM, their ranking in terms of 

hardness values was FFKM > FEPM > FKM. This indicates that hardness measurements alone are 

not sufficient for elastomer selection or qualification. Deformation behavior is important to 

measure for accurate prediction of elastomer’s equipment level performance.  
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6.5 Seal and Housing Geometry  

Elastomer components in liner hanger seal assembly are typically rectangular with rounded edges 

as modelled in this work. Sometimes, they can also have tapered edges. Use of O-rings is almost 

not common in such high pressure seal equipment. However, O-rings type samples are frequently 

used in laboratory scale standard tests. The sealability test apparatus used in this work also utilized 

O-ring shaped elastomer samples. Hence, it is important to understand the difference between seal 

energization and contact pressure generated by rectangular vs O-ring type elastomer components.  

                      

Figure 6.18: Contact pressure distribution along seal boundary in (a) conventional and (b) expandable liner 

hanger seal assemblies  

 Contact pressure distribution along rectangular seal components of conventional and 

expandable liner hanger seal assemblies are shown in Figure 6.18. The seal component has better 

overall fit within the conventional assembly and hence, seal energization generates uniform contact 

pressure along seal-casing, seal-compression plate, and seal-liner boundaries. Only near extrusion 

gap, the contact pressure varies and reduces to zero at the tip of extruded portion (Figure 6.18a). 

Overall, conventional seal assembly has robust profile with low risk of fluid pressure penetration. 

In expandable assembly (Figure 6.18b), contact pressure only exists at seal-casing interface. Seal-

liner boundary is bonded interface and should theoretically be free from the risk of fluid 
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penetration. The seal component is not restrained in axial direction and free to deform. Hence, 

towards the axial ends of seal component, contact pressure decreases to zero and it can pose risk 

of fluid penetration.  

For O-ring type seal component, as used in scaled laboratory tests,  contact pressure profile 

along the seal geometry is presented in Figure 6.19. It should be noted that there are four contact 

interfaces with the seal – two with compression plates and one each with liner and casing. The X- 

axis in the figure, represents the location on seal in terms of degree angle 0, 90, 180, 270, and 

360 which corresponds to seal-casing, seal-bottom plate, seal-liner, and seal-upper plate 

interfaces respectively. The Y-axis represents the corresponding contact pressure.  

 

Figure 6.19: Contact pressure distribution along circular cross section for EPDM seal at various amount of 

compression  
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 It is clear from the distribution that contact is not established along the entire seal boundary. 

Zero contact pressure locations can pose risk of fluid pressure penetration and compromise the 

sealability. Contact pressure at all points may only establish at extremely high compression which 

is not likely to be achieved because of risk of compression-set failure.  

 Based on the comparison among conventional, expandable, and O-ring seal assemblies, it 

can be concluded that conventional assembly has the most robust contact pressure distribution 

followed by expandable assembly. O-ring type seal component would theoretically pose the 

highest risk of fluid penetration.  

 As discussed in section 6.2, the rectangular seal component in both conventional and 

expandable assemblies generate linear energization curves i.e. peak contact pressure is linearly 

dependent on compression ratio. However, with the O-ring type seal assembly, the relationship 

may not be linear as shown in Figure 6.20. The energization curve for seal with perfect fit to 

housing appears to be linear (red points in Figure 6.20). However, at higher compression ratio, 

contact pressure appears to increase exponentially with increase in CR.  

     

Figure 6.20:  Effect of compression and interference on contact pressure in O-ring type seal assembly  
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Cross sectional diameter of molded EPDM elastomer O-rings used in setup II were 

identified to have diameter approximately 1 mm greater than the annulus gap. Hence, the effect of 

seal interference or seal annular fit on contact pressure was examined. The presence of interference 

leads to pre-stress condition and results in an intercept value at zero displacement. Inserting the 

seal into the setup led to a pre-stress condition and the system was observed to be gas tight when 

a 40 psi injection test was performed in the absence of an external displacement application via 

bolts. This is confirmed by the FEA model which predicts contact pressure of 48 psi for the EPDM 

seal with 1 mm interference and 0 mm displacement application (Figure 6.20).   
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Chapter 7: Failure Scenarios Results 

7.1 Extrusion and Energization Failure 

Extrusion of elastomer seal component is a common failure mode for seal assemblies. Extrusion 

can be caused by various factors such as over-energization of the seal during assembly installation, 

thermal expansion of seal, swelling of seal due to chemical absorption, softening of the seal due 

to temperature or chemical exposure, etc.    

Table 7.1: Simulation cases for studying effect of extrusion/over-energization failure 

Variable 

Values 

Conventional assembly Expandable assembly 

Elastomer FKM, FEPM, and FFKM FKM, FEPM, and FFKM 

Seal radial width 0.6875 in 0.6875 in 

Seal axial length 2.5 in 2.5 in 

Radial clearance (Rc,in) 0, 0.025, and 0.1 in - 

Compression ratio (CR) 0 to 30% - 

Containment (C) - 0, 5, and 10 ksi/in 

Expansion ratio (ER) - 0 to 60% 

Temperature 212°F 212°F 

Chemical exposure - - 

 

In this study, extrusion of elastomer was studied by applying high energization condition 

to the model. Different simulation scenarios investigated are listed in Table 7.1. The failure of seal 

due to extrusion or over-energization was determined based on Tresca shear stress criteria. 

According to the criteria, when maximum shear stress at any location within seal component 
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exceeds the limiting strength of elastomer, the seal is considered as failed. The limiting Tresca 

stress of FKM, FEPM, and FFKM elastomers are listed in Table 7.2.  

Table 7.2: Limiting Tresca shear stress of elastomers. Values obtained from Elhard et al. 2017   

Elastomer Critical Tresca Stress, psi 

FKM 5457 

FEPM 4443 

FFKM 6773 

 

 FEA simulation results indicated that regardless of energization amount, for conventional 

assembly, the highest Tresca shear stress occurs near the extrusion gap and compression plate 

region as highlighted in Figure 7.1a. In case of expandable assembly, the concentration of Tresca 

shear stress occurs at the edges of seal-liner bond (Figure 7.1b).  

        

                      (a)                                                          (b) 

Figure 7.1:  Distribution of Tresca stress in conventional (a) and expandable assembly designs 

 Tresca stress at these high failure-risk locations were monitored for various seal 

energization as listed in Table 7.1. The seal was termed failed when the maximum Tresca stress 

in the failure prone region exceeded limiting strength of the elastomer listed in Table 7.2. Seal 



158 

 

energization as represented by CR or ER was increased until the failure point was reached. The 

limit of seal energization until extrusion failure occurs for various conventional and expandable 

assemblies is presented in Figure 7.2 and Figure 7.3. It is difficult to provide a general 

recommendation regarding elastomer material selection based on the results. Appropriate selection 

of elastomer would depend on contact pressure requirement (Pcmax) and/or maximum energization 

load available (CRmax or ERmax).  

 

Figure 7.2:  Limits of seal energization in conventional liner hanger seal assemblies 

 For conventional assembly, if achieving high contact pressure is the selection criteria,  then 

FKM elastomer provides the highest amount of contact pressure before energization failure occurs. 

This is despite the fact that FFKM has highest limiting strength. If achieving high compression 

ratio or robustness to over-energization is the selection criteria then FFKM should be the preferred 

material, followed by FKM and FEPM which have practically similar energization limits. These 

observations are true for assembly with low clearance (Rc = 0). For assembly with high radial 

clearances, the differences in performance of these three elastomers diminish. For the highest 

radial clearance (Rc = 14%), all three elastomers have practically similar energization limits and 

any one of them could be selected.  
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Figure 7.3:  Limits of seal energization in expandable liner hanger seal assemblies 

 For expandable assembly, as shown in Figure 7.3, if robustness to high expansion ratio is 

the selection criteria, then FEPM provides the highest amount of ER before extrusion failure 

occurs. FFKM fails at low expansion ratios. This is despite the fact that FFKM has the highest 

limiting strength. This discrepancy is likely due to different shear deformation behavior of the 

elastomer materials. If achieving highest contact pressure is the selection criteria then the 

elastomer material can be ranked as FKM  FEPM > FFKM. Above observations are true 

regardless of seal containment quality.  

7.2 Chemical Exposure 

Exposure to downhole chemicals is expected to be one of the most detrimental factors causing 

failure of  seal assemblies. Using the aging tests data and material properties measurements 

discussed in section 3.2, simulations were run to understand degradation in performance of seal 

assemblies after exposure to various chemical conditions. The conditions and simulation scenarios 

investigated are listed in Table 7.4. The temperature, exposure period, and gaseous conditions 

studied were prescribed by the regulatory agency BSEE (project# E17PC00005). Degradation in 
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seal’s performance has been discussed in terms of change in energization coefficient. For both 

conventional and expandable assemblies, similar percentage reduction in Ec were observed and 

hence, following results are independent of assembly design.  

Table 7.3: Simulation cases for studying effect of downhole chemical conditions 

Variable 

Values 

Conventional assembly Expandable assembly 

Elastomer NBR, EPDM, FKM, and PTFE NBR, EPDM, FKM, and PTFE 

Seal radial width 0.6875 in 0.6875 in 

Seal axial length 2.5 in 2.5 in 

Radial clearance (Rc,in) 0, 0.025, and 0.1 in - 

Compression ratio (CR) 0 to 20% - 

Containment (C) - 0, 5, and 10 ksi/in 

Expansion ratio (ER) - 0 to 20% 

Temperature 120°F and 180°F  120°F and 180°F  

Chemical exposure 
1 day and 7 days 

CH4, CO2, H2S, and their mixture 

1 day and 7 days 

CH4, CO2, H2S, and their mixture 

 

  
       (a)                                                                                        (b) 

Figure 7.4:  Change in energization coefficient of conventional and expandable seal assemblies after exposure 

to mixture of CO2, CH4, and H2S with brine (a) and without brine (b)  
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 Figure 7.4 prsents the effect of mixture of gases (50% CH4 with 500 ppm H2S + 50% CO2) 

with and without presence of brine on energization coefficient of seal assemblies. Elastomer 

materials were exposed to the gases for two different exposure period (1 and 7 days) at two 

different temperatures (120F and 180F). The results indicate that regardless of the aging 

condition, in general, NBR elastomer had the highest deterioration in performance followed by 

EPDM, and FKM. The highest chemical resistance was exhibited by PTFE. Degradation in 

assembly level performance of the seal ranged from about 40% in case of NBR to as low as 3% in 

case of PTFE. No clear trend can be established regarding the influence of exposure duration and 

temperature. Interestingly, elastomers submerged in brine seemed to exhibit slightly less 

degradation than samples exposed to just gas (Figure 7.4a vs Figure 7.4b).  

 

  
       (a)                                                                                        (b) 

Figure 7.5:  Change in energization coefficient of conventional and expandable seal assemblies after 

individual exposure to CO2, CH4, and H2S with brine (a) and without brine (b)  

 

 Figure 7.5 presents comparisons among individual gases and mixture. It is clear that CO2 

exerts the highest amount of degradation in seal’s performance followed by mixture of gases. Next 

is H2S, and the least effect was observed in case of CH4. However, it should be noted that the 

concentrations of each gas was not equal and hence, it is difficult to comment on rank the gases in 
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terms of impact on elastomer. Change in energization coefficients due to various downhole 

conditions are summarized in the Table 7.4.  

Table 7.4: Average percentage reduction in energization coefficient of conventional and expandable seal 

assemblies after exposure to various downhole conditions. Reference for degradation is room condition.   

Elastomer Type 

All gases CH4 CO2 H2S 

1 day, 120F 7 days, 120F 1 day, 180F 7 days, 180F 7 days, 120F 7 days, 120F 7 days, 120F 

V B V B V B V B V B V B V B 

NBR -41% -38% -36% -35% -36% -31% -30% -29% -16% -13% -40% -38% -14% -11% 

EPDM -26% -21% -24% -21% -19% -17% -25% -22% -10% -4% -29% -27% -16% -8% 

FKM -22% -14% -20% -13% -14% -7% -17% -11% -4% -6% -31% -28% -9% -6% 

PTFE -5% -4% -6% -3% -10% -3% -5% -1% -3% -2% -2% -5% -6% -1% 

V denotes vapor phase i.e. sample was not immersed in brine 

B denotes that sample was immersed in brine 

 

Difference in the degradations can be attributed to various physico-chemical conditions. In 

presence of brine, CO2 and H2S can create acids and react chemically with elastomers. H2S can 

dissociate into H+ and HS- ions. H+ causes hydrolysis of the CN group in NBR while HS- attacks 

C=O. This results in C=S and C-C=S groups. In homolysis, mercapto radicals from H2S (H• and 

HS•) causes reaction with elastomer polymer and results in macromolecule radical. This radical 

then reacts with another mercapto radical. This chain reaction continues, dissociates triple and 

double bonds, and eventually results in saturated C-S-C bonds. These processes notably alters 

physical properties of elastomer.  

CO2 can form carbonic acid in presence of brine. In large quantities, this weak acid can 

become corrosive and cause chemical reactions with elastomers. This irreversible reaction is 

caused by dissociation of weak CN bond in NBR and results in amine groups. The C=C double 

bond in EPDM exhibits relatively higher resistance to dissociation. The C-F bond in Fluorocarbon 
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elastomer is highly stable bond with very high dissociation energy and hence, FKM exhibits more 

resistance to CO2 degradation.  

 

Figure 7.6:  Blistering on FKM elastomer sample after aging tests (Salehi et al. 2019) 

Effect of H2S and CO2 on elastomer samples not submerged in brine can be attributed to 

predominantly physical interaction in form of molecular invasion. Influence of CH4 can also be 

attributed to physical interaction rather than chemical reaction. All elastomer samples, regardless 

of whether they are submerged in brine or not, exhibited volumetric swelling as well. The swelling 

was higher in case of vapor phase compared to brine phase (Salehi et al. 2019). Moreover, some 

samples (including FKM) also demonstrated blistering on the surface. These two factors could 

further influence the equipment level performance of the seal.  

Table 7.5: Average percentage reduction in elastomer hardness after exposure to various gases at 7 days, 120F. 

Reference for degradation is room conditions.    

Elastomer 

Type 

Gas Mixture CH4 CO2 H2S 

vapor brine vapor brine vapor brine vapor brine 

NBR -11.4% -7.0% -1.4% -2.3% -13.7% -14.1% -3.2% -2.9% 

EPDM -9.4% -7.4% -5.4% -4.9% -12.0% -8.9% -4.6% -4.1% 

FKM -7.0% -5.0% -3.5% -4.2% -14.6% -11.3% -4.0% -3.7% 

PTFE -3.9% -2.4% -1.4% -0.6% -2.8% -2.9% -0.4% -1.0% 
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The hardness changes in elastomers due to these aging tests are listed in Table 7.5. It can 

be observed that degradations trend in elastomer hardness do not correlate with degradation trends 

in assembly level performance of seal discussed in this section. For example, degradation of 10% 

in hardness does not necessarily indicate 10% reduction in energization coefficient of seal 

assembly. This observation shows that hardness measurements alone may not provide accurate 

indication of elastomer performance degradation in downhole environment. Measurements of 

elastic moduli or deformation characteristics of elastomers need to be performed for reliable 

estimation of loss of sealability.  

 

Figure 7.7: Contact pressure as a function of compression as simulated by finite element model 

Reliability of the FEA model in predicting aging effect was verified by sealability test 

apparatus. As discussed in section 4.5.2 and reiterated in Figure 7.7, aging test and FEA 

predictions matched with the experimental sealability tests. With un-aged EPDM O-ring the 
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system was observed to be gas tight when a 40 psig pressure injection test was performed. This is 

confirmed by the FEA model which predicts contact pressure of 48 psi for the EPDM seal with 

same energization condition as experimental test (1 mm interference and 0 mm displacement). 

However, after exposure to CO2, as per the FEA model, EPDM seal generated 30 psi contact 

pressure. This is in line with the experimental observation where leak was observed at 40 psi 

injection pressure.  

7.3 Thermal Degradation  

In previous discussion, the effect of temperature could not be isolated because of the presence of 

gases and 100 psi pressure. In this discussion, effects of temperature on performance of both 

conventional and expandable liner hanger seal assemblies are presented. The material properties 

used are discussed in experimental setup (section 3.1). As listed in the simulation matrix (Table 

7.6), performance of FKM, FEPM, and FFKM elastomers were compared at 212°F and 350°F. 

Additionally a third scenario where elastomer transitions from 212°F to 350°F was also examined. 

The transition would result in thermal expansion of elastomer in addition to changes in material 

deformation behavior. This scenario is represented as 350°F with thermal expansion.  

Tresca failure criteria was employed to evaluate energization limit and failure of seal 

assemblies. Critical Tresca stress or limiting strength of FKM, FEPM, and FFKM elastomers are 

listed in Table 7.7. As shown in the table, increasing temperature from 212°F to 350°F causes 

35%, 48%, and 54% reduction in limiting strengths of FKM, FEPM, and FFKM respectively. 
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Table 7.6: Simulation cases for studying effect of downhole temperature 

Variable 

Values 

Conventional assembly Expandable assembly 

Elastomer FKM, FEPM, and FFKM FKM, FEPM, and FFKM 

Seal radial width 0.6875 in 0.6875 in 

Seal axial length 2.5 in 2.5 in 

Radial clearance (Rc,in) 0, 0.025, and 0.1 in - 

Compression ratio (CR) 0 to 20% - 

Containment (C) - 0, and 10 ksi/in 

Expansion ratio (ER) - 0 to 20% 

Temperature Scenarios  

212°F, 350°F,  and 212°F to  

350°F transition (with thermal 

expansion) 

212°F, 350°F,  and 212°F to  

350°F transition (with 

thermal expansion) 

Chemical exposure - - 

 

   

Table 7.7: Limiting Tresca stress and thermal expansion coefficients of elastomer material. Values obtained 

from Elhard et al. (2017).   

Elastomer 

Critical Tresca Stress, psi 
Thermal expansion coefficient 

(1/F) 
212F 350F 

% 

change 

FKM 5457 3582 35% 1.2910-4 

FEPM 4443 2351 48% 1.3610-4 

FFKM 6773 3175 54% 2.3910-4 
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       (a)                                                                                        (b) 

Figure 7.8:  Effect of temperature on seal energization curve of FKM (a) and comparison of energization 

coefficients of FKM, FEPM, and FFKM (b) in conventional assemblies 

 Energization curves for the three elastomer samples in conventional seal assemblies at 

three thermal scenarios are presented in Figure 7.8. It is clear from Figure 7.8a that energization 

curve maintains linearity regardless of thermal conditions. For a specific assembly design, at high 

service temperature of 350°F, slope of the energization curve (i.e. energization coefficient) is lesser 

compared to low operating temperature of 212°F (compare solid lines with dashed lines in Figure 

7.8a). However, the onset of seal energization remains the same. The reduction in energization 

coefficient is significant for FKM elastomer compared to FFKM while FEPM elastomer remains 

practically unaffected by the temperature hike. Rank of elastomers in terms of contact pressure 

changes from FKM > FEPM > FFKM at 212°F operating temperature to FEPM > FKM > FFKM 

at 350°F operating temperature. If elastomer temperature changes from 212°F to 350°F during 

service then thermal expansion of seal component also needs to be considered. As shown in Figure 

7.8a (dotted curves), thermal expansion shifts the energization curve up with a positive intercept 

on y axis. This means that because of thermal expansion of elastomer, contact pressure would be 

generated even in absence of external energization load. The slope of this new energization curve 

remains same as the curve for 350°F which means energization coefficient is not affected. 
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 Effect of temperature on expandable seal assembly is presented in Figure 7.9. Similar to 

conventional assembly, the only difference between energization curve at 212°F and 350°F is slope 

i.e. energization coefficient. Unlike conventional assembly, here, FKM retains highest 

energization coefficient even at 350°F. The thermal degradation in energization coefficient for 

FEPM and FFKM is within error margins of FEA prediction while for FKM degradation is notable 

but significantly less compared to conventional assembly. In the third scenario of temperature 

transition, the energization curve shifts up to reflect volumetric swelling of elastomer component. 

The energization coefficient however remains unaffected.  

  

       (a)                                                                                        (b) 

Figure 7.9:  Effect of temperature on seal energization curve of FKM (a) and comparison of energization 

coefficients of FKM, FEPM, and FFKM (b) in expandable assemblies 

It is important to consider degradation in limiting strength of elastomer and corresponding 

energization limits while evaluating effects of temperature. Comparison of energization 

coefficients alone may not provide the true performance capabilities of the elastomer seal 

assemblies. Figure 7.10 presents energization limits of elastomers in conventional liner hanger 

assemblies at studied temperature conditions. An important observation is that at 350°F, the 

maximum CR permissible and corresponding maximum Pc are lesser compared to 212°F. For 
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example, in assembly with Rc = 4%, at 212°F, FFKM elastomer has energization limit of 13% CR 

and corresponding Pc of 6600 psi. However, at 350°F, the limits reduce to 10% CR and 3400 psi. 

That is about 3% reduction in CR and 46% reduction in maximum achievable contact pressure. 

For temperature transition scenario of 212°F to 350°F, the limits further reduce to 8.5% CR and 

1600 psi. It is difficult to provide general ranking for elastomer material based on robustness to 

thermal degradation. The selection of appropriate elastomer would depend on assembly design, 

service temperature, likelihood of temperature changes during service, desired contact pressure 

values, and operational constraints on energization.  

 

 

Figure 7.10:  Seal energization limits of conventional liner hanger seal assemblies at different thermal 

conditions 

Figure 7.11 presents energization limits of elastomers in expandable liner hanger 

assemblies at different temperature conditions. Similar to conventional assembly, robustness to 

energization failure reduces at 350°F compared to 212°F. For example, FKM elastomer in an 

assembly with 10 ksi/in containment and at 212°F has energization limits of 52% ER, and 3500 
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psi Pc. At high temperature of 350°F, the limits reduce to 45% and 2900 psi. For temperature 

transition from 212°F to 350°F, the limits further reduce to 39% and 2700 psi. Similar reduction 

trends are observed for FEPM and FFKM elastomers and other containment design. Unlike 

conventional assembly, the trends are clear, and a general ranking of elastomers can be determined. 

In general, FKM has the highest energization limit for any given condition, followed by FEPM 

and FFKM.  

 

Figure 7.11:  Seal energization limits of expandable liner hanger seal assemblies at different thermal 

conditions  

7.4 Equipment Failure 

Conventional liner hanger assembly has many moving parts such as slips, compression plates, 

energization mandrel, etc. Function of slip is to restrain compression plates axially and maintain 

seal under compression. However, due to various factors (such as excessive 

mechanical/pressure/thermal loads, corrosion, lack-of centralization, extrusion, shearing, etc.) 

slips and compression plates may get damaged. The movement in slips or a partial failure in 

compression plate can reduce seal energization. For example, as shown in Figure 7.12, localized 
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failure in compression plate can lead to varying contact pressure distribution along circumferential 

direction of the seal-casing contact. Lower contact pressure along failed region (position A in 

Figure 7.12b), can be a potential risk for fluid pressure penetration. Figure 7.13, shows percentage 

reduction in energization coefficient for varying partial support provided by the compression plate. 

If compression support fails completely, then contact pressure would effectively reduce to zero 

resulting in complete lack of seal.   

     

                  (a)                                                                          (b) 

Figure 7.12: Example of (a) non-uniform contact pressure distribution caused by (b) failure in support 

component (image courtesy Hu et al. 2017)  

                

Figure 7.13: Change in seal energization coefficient of conventional hanger assembly due to failure in support 

component  



172 

 

Unlike conventional seal assembly, expandable assembly has no complex moving parts. 

Hence, it is less prone to structural failure compared to conventional liner hanger assembly 

(Walvekar and Jackson 2007). However, it is still prone to failure in seal containment. The spikes 

designed to contain elastomer axially, may get deformed during installation, lack of centralization, 

or excessive load concentration causing plastic deformation. However, as shown in Figure 7.14, 

even if complete seal containment is lost, the assembly will still maintain about 50% of original 

energization coefficient. Thus, although conventional assembly provides higher energization 

coefficient and consequently better sealability (section 6.2), expandable assembly is more robust 

to equipment related failure.    

 

 

                  (a)                                                                          (b) 

Figure 7.14: Change in (a) energization curve and (b) energization coefficient due to failure in seal 

containment in expandable assembly  
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Chapter 8: Sensitivity Analysis  

8.1 Overview  

Sensitivity analysis was conducted on different configurations of conventional and expandable 

assembly to identify major performance predictors. Design parameters varied and the range of 

values investigated are listed in Table 8.1. For each assembly configuration, sensitivity of 

energization coefficient to seal dimension, material properties, and temperature were investigated.  

  

Table 8.1: Simulation cases for sensitivity analysis  

Variable 

Values 

Conventional assembly Expandable assembly 

Elastomer (Bulk modulus) 174, 342, and 406 ksi 174, 342, and 406 ksi 

Elastomer (Shear modulus) 174, 287, and 328 psi 174, 287, and 328 psi 

Seal radial width, inch 0.25, 0.68, and 1 in 0.25, 0.68, and 1 in 

Seal axial length, inch 1.25, 2.5, and 5 in 2.5, 5, and 10 in 

Radial clearance (Rc,in) 0, 0.025, and 0.1 in - 

Containment (C, psi/in) - 0, 5, and 10 ksi/in 

Temperature, °F 212°F and 350°F 212°F and 350°F 

Chemical exposure - - 

 

8.2 Conventional Assembly  

Results from sensitivity analysis for conventional liner hanger assembly are presented in Figure 

8.1, Figure 8.2, and Figure 8.3. As shown in Figure 8.1, for conventional assembly with no radial 

clearance, bulk modulus of elastomer has the highest influence on energization coefficient. 
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Temperature is the next important parameter. Seal dimensions (width and length) and shear 

modulus of elastomer have practically negligible influence.  

 

Figure 8.1: Sensitivity analysis of conventional assembly with no radial clearance    

 

 

Figure 8.2: Sensitivity analysis of conventional assembly with 4% radial clearance    
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Figure 8.3: Sensitivity analysis of conventional assembly with 14% radial clearance    

 

 

Table 8.2: Summary of sensitivity analysis of conventional liner hanger seal assembly  

Seal assembly configuration Influence of Parameters  

Conventional (Rc = 0) K > T >>> (w  l  G  insignificant) 

Conventional (Rc = 4%) K > T > w > l >> (G  insignificant) 

Conventional (Rc = 14%) l  K  G  T > w  

G: shear modulus of elastomer, K = bulk modulus of elastomer 

l: axial length of seal element,   T: operating temperature 

w: radial width of seal element 

 

 Sensitivity plot for conventional assembly with 4% radial clearance is shown in Figure 

8.2. Bulk modulus closely followed by temperature are the most dominant predictors of 

energization coefficient. However, unlike previous assembly configuration, seal dimensions have 

notable influence on assembly performance. This is likely due to the presence of extrusion gap 
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which makes seal dimensions and volume-fill important factors. Shear modulus of elastomer has 

negligible influence on seal performance.  

Sensitivity plot for conventional assembly with 14% radial clearance is presented in Figure 

8.3. Increase in radial clearance compared to previous two cases have significantly increased 

sensitivity to seal dimensions. For this assembly, bulk modulus, seal length, and temperature are 

approximately equally dominant performance predictors. Next important parameter is shear 

modulus and seal width. Increased importance of shear modulus compared to previous assembly 

configurations can be attributed to high extrusion gap making shear behavior important. Ranking 

of variables in terms of their influence on energization coefficient of conventional assemblies is 

listed in  Table 8.2. 

8.3 Expandable Assembly  

Results from sensitivity analysis for conventional liner hanger assembly are presented in Figure 

8.4, Figure 8.5, and Figure 8.6.  

Sensitivity plots for all three expandable assemblies exhibit similar trends except few 

minor differences. The base case energization coefficient increases with increase in containment 

(3500 psi in Figure 8.4 vs 7000 psi in Figure 8.6). This is because of reduced extrusion and 

consequently better compression as discussed in section 6.2. Slopes of seal length and seal width 

curves also increases slightly with increase in containment  (Figure 8.4 vs Figure 8.6). This 

indicates diminishing influence of seal dimensions as seal containment improves (detailed 

discussion in section 6.3).  
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Figure 8.4: Sensitivity analysis of expandable assembly with no seal containment  

 

 

Figure 8.5: Sensitivity analysis of expandable assembly with 5000 psi/in containment   
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Figure 8.6: Sensitivity analysis of expandable assembly with 10,000 psi/in containment  

 

Table 8.3: Summary of sensitivity analysis of expandable liner hanger seal assembly  

Seal Assembly   Influence of Parameters 

Expandable (C = 0) w > l > G > T (K  insignificant) 

Expandable (C = 5000 psi/in) w > l > G > T (K  insignificant) 

Expandable (Rc = 10,000 psi/in) w > l > G > T (K  insignificant) 

G: shear modulus of elastomer, K = bulk modulus of elastomer 

l: axial length of seal element,   T: operating temperature 

w: radial width of seal element  

 

The sensitivity plots of expandable assemblies are different from conventional assembly. 

In expandable assembly, seal element is not restrained completely in axial direction and the 

energization load comes from liner expansion in radial direction. Hence, shear modulus of 

elastomer material is more important in determining assembly’s performance compared to bulk 
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modulus. This is opposite from conventional assembly where bulk modulus is dominant predictor. 

Seal width followed by seal length have the highest influence on expandable assembly’s 

performance. They have higher influence than even shear modulus and operating temperature. This 

is in stark contrast to conventional assembly where importance of seal dimensions depend on 

amount of extrusion gap. The ranking of parameters in terms of importance in performance 

prediction is summarized for all three expandable assembly configurations in Table 8.3. 
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Chapter 9: Leakage Modelling Results 

9.1 Base Case 

A novel leakage model was developed to simulate fluid penetration and leakage through elastomer-

casing interface. The model algorithm details are discussed in Chapter 5. The goal of this 

modelling tool is to correlate contact pressure predicted by FEA model with leakage rates for given 

contact characteristics and operating conditions. The model is capable of taking surface finishing 

of elastomer seal as an input. The input parameters for the model are listed in Table 9.1.  As shown 

in the table, elastomer material, seal surface finishing as represented by root-mean-squared (RMS) 

value, and microscopic surface features were varied and their impact on leakage rates were 

examined. The data presented in this chapter is scheduled for publication (Patel and Salehi 2020). 

 

Table 9.1: Input parameters used for leakage modeling simulations 

Parameter Value 

Seal assembly 9-5/8” liner hanger  

Elastomer material  NBR, FKM-75*, FKM-90 

Elastomer Poisson’s ratio  0.499 

Surface RMS, inch 16, 32*, 64  

Surface type 

Roughness dominant* 

waviness dominant I,  

waviness dominant II 

Target surface Young’s modulus, psi 3107 

Target surface Poisson’s ratio 0.3 

Differential fluid pressure, psi 1000  

Fluid type water 

* values used in base case simulation  
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(a) 

 
(b) 

 
(c) 

Figure 9.1: Surface topography used in simulations: (a) roughness dominant, (b) waviness dominant I, (c) 

waviness dominant II. Z-axis represent height in micron 
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Three types of seal surface topographies considered in this study are shown in Figure 9.1. 

First surface (Figure 9.1a) has roughness dominant features and lack higher scale waviness. This 

surface represents elastomer component manufactured by molding. The other two surface types 

(Figure 9.1b and Figure 9.1c) exhibits patterns and waviness features on surface. Such surface 

characteristics are representative of machined seal components.  

9.2 Effect of Elastomer Type 

Effect of elastomer material on leakage curves was examined by keeping the surface topography 

of seal constant. NBR and FKM elastomer material were compared. In case of FKM, two samples 

having different durometer shore A hardness (75 and 90) were compared. Leakage rates as a 

function of contact pressure at seal-casing interface are plotted in Figure 9.2. As shown in the 

figure, leakage rate rapidly decreases as contact pressure (i.e. seal compression) increases. 

Eventually complete seal i.e. zero leakage rate is achieved at a certain critical contact pressure.   

 

Figure 9.2: Leakage rate as a function of contact pressure for different elastomer material but same surface 
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The results indicate practically similar critical contact pressure for NBR and FKM despite 

the fact that FKM has 20% higher elastic modulus than NBR. Comparison between FKM 75 and 

FKM 90 indicate that higher hardness elastomer requires significantly higher contact pressure to 

achieve complete seal. FKM-90 required greater than 15,000 psi contact pressure to achieve 

sealability while FKM-75 achieved sealing at approximately 9000 psi contact pressure.  

 

9.3 Effect of Surface RMS 

Next, influence of seal surface finishing as represented by RMS was investigated. Commercially 

available seal components often have roughness of approximately 32 inch (API 6AF2). Keeping 

the surface topography and asperities distributions constant, surface RMS was varied from 16 to 

64 inch. FKM 75 was selected as the elastomer material in the simulations. Influence of surface 

RMS on leakage curve is presented in Figure 9.3.  

 

Figure 9.3: Leakage rate as a function of contact pressure for surfaces with different RMS but similar 

topographical characteristics   
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As shown in the figure, the critical contact pressure needed to achieve complete seal is 

practically similar in all three cases. However, the leakage rates values at a given contact pressure 

are significantly higher for a surface with higher surface RMS. This can be better visualized in 

Figure 9.4 which presents leakage rates as a function of contact area. The contact area needed to 

achieve complete seal are same regardless of surface RMS but leakage rates at a given contact area 

is higher for surface with high surface RMS. This is an expected trend because higher surface RMS 

indicate higher differences between peaks and valleys and consequently provide more contact gaps 

for fluid to leak through.  

 

Figure 9.4: Leakage rate as a function of contact area for surfaces with different RMS but similar 

topographical characteristics   

 

  

9.4 Effect of Surface Type 

In this simulation scenario, three surface types (shown in Figure 9.1) were compared keeping the 

surface RMS and elastomer material properties constant. These surfaces are representative of 

different manufacturing processes and surface characteristics.  
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 As shown in Figure 9.5, these surfaces requires significantly different critical contact 

pressure to achieve complete seal. Roughness dominant surface (Figure 9.1a) had random 

distribution of peaks and valleys. Therefore, it requires higher contact pressure than waviness 

surface I, to achieve complete seal (Figure 9.5). As shown in Figure 9.1b, Waviness dominated 

surface I has uniform bands of peaks and valleys that lie perpendicular to the flow direction. 

Therefore, even at low contact area and contact pressure, the peaks are able to block the fluid flow 

(Figure 9.5). In case of waviness dominant surface II (Figure 9.1c), the bands of peaks and valleys 

are located oblique to the fluid penetration direction. Hence, significantly high compression of seal 

(i.e. contact pressure) is needed to achieve zero leakage rate (Figure 9.5). These observations can 

be further confirmed by evaluation leakage rates as a function of seal contact area (Figure 9.6).  

Another interesting observation from Figure 9.5, is that these surfaces do not exhibit 

significantly distinct leakage rates at a given contact pressure. This is likely due to the fact that the 

three surfaces despite of different topographic features, have similar surface finishing as 

represented by same RMS values.  

Sealing process in these surfaces is visually presented in Figure 9.7, Figure 9.8, and 

Figure 9.9. These figures show distribution of porosity over the contact surface at different level 

of seal compression i.e. contact pressure. The plots can also be used to understand leakage path of 

the fluids.  
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Figure 9.5: Leakage rate as a function of contact pressure for different types of surfaces with similar RMS 

 

 

Figure 9.6: Leakage rate as a function of contact area for different types of surfaces with similar RMS 
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Figure 9.7: Roughness dominant surface: evolution of contact gap distribution with increasing contact 

pressure. Flow direction is bottom to top.  
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Figure 9.8: Waviness dominant surface I: evolution of contact gap distribution with increasing contact 

pressure. Flow direction is bottom to top. 
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Figure 9.9: Waviness dominant surface II: evolution of contact gap distribution with increasing contact 

pressure. Flow direction is bottom to top. 
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Chapter 10: Summary 

This dissertation work investigates six elastomer materials commonly used in the oil & gas well 

construction. This includes – NBR, EPDM, FKM, FEPM, FFKM, and PTFE. Hardness and elastic 

moduli of the elastomers were measured in variety of downhole conditions. Both linear elastic and 

hyperelastic type material behavior were examined. Material data includes variations with 

temperature (75F, 212F, and 350F), and effect of chemicals exposure (CO2, CH4, H2S, and 

mixture of the gases; with and without presence of brine, 1 and 7 days, 120F, and 180F, 1000 

psi).  

Performance of the elastomers were investigated at equipment level using FEA models of 

conventional and expandable liner hanger seal assemblies. Analytical calculations were performed 

to validate contact pressures at seal-pipe interface as predicted by the FEA models. Sealability 

tests were conducted using a scaled laboratory setup to further verify FEA observations.  Validated 

FEA models were used to investigate performance of elastomer seals in various design, 

operational, and failure scenarios. Sensitivity analysis was conducted to identify critical 

parameters influencing the performance of elastomer seal assemblies.  

A novel modelling tool was developed to predict fluid leakage rate through elastomer seal 

interface as a function of surface characteristics, seal properties, and operating fluid conditions. 

Parametric analysis was performed to examine effects of surface characteristics and elastomer 

properties on leakage rates.  

Following is the summary of important results and observations from this dissertation 

work: 
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10.1 Energization Design 

• In conventional seal assembly, contact pressure value remains constant along the seal 

length. For frictional condition, contact pressure value decreases along the seal length from 

the compression side towards the support side. In expandable seal assembly, regardless of 

friction condition, contact pressure peaks at the center of the seal length and declines 

towards either sides of the axial ends. The profile becomes flatter with increase in elastomer 

seal containment. For both assemblies, above profile observations remain true regardless 

of elastomer type and material behavior (linear-elastic or hyper-elastic).  

• Regardless of assembly design (energization method, geometry, and elastomer material) 

the relationship between contact pressure generated by seal energization and 

compression/expansion ratio is practically linear. The slope of this linear energization 

curve, termed as energization coefficient, is a unique value for each assembly design.  

• For the same elastomer material, regardless of geometric design, energization coefficient 

of conventional seal assembly will always be higher than energization coefficient of 

expandable seal assembly. 

10.2 Seal Dimensions and Geometry   

• For conventional assembly, importance of seal dimensions depends on the initial radial 

clearance or extrusion gap of the assembly. Effect of seal dimensions on energization 

coefficient diminishes as radial clearance or extrusion gap reduces. In presence of extrusion 

gap, longer and thicker seal yields higher energization coefficient and consequently better 

sealability.  
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• For expandable assembly, seal dimensions are important design considerations regardless 

of assembly configuration. Thicker and longer seal elements produce higher energization 

coefficient and consequently higher contact pressure at a given expansion ratio.  

10.3 Elastomer Material 

• For similar assembly design, studied elastomer materials can be ranked in terms of 

increasing order of energization coefficient as – NBR < EPDM < FFKM < FEPM < FKM 

< PTFE.  

• Regardless of assembly design, type of material model used for elastomer characterization 

does not impact the shape of contact pressure profile. However, hyper-elastic 

characterization yielded significantly higher energization coefficient than the linear elastic 

representation. Therefore, it is important to measure true elastomer material behavior over 

the range of operating strains and use appropriate model in simulations. 

• For conventional assembly, bulk modulus of elastomer material is the dominant predictor 

of energization coefficient and consequently, sealability. Shear modulus of elastomers has 

relatively insignificant influence on contact pressure.  

• For expandable assembly, energization coefficient is not dependent on bulk modulus of 

elastomer. However, shear modulus has some influence on contact pressure. Both moduli 

are not as important as they are in case of conventional assembly.  

10.4 Failure Scenarios 

• Expandable energization is more robust to energization failure than the conventional 

assembly. Even if both elastomer containment spikes completely fail, the expandable seal 

assembly would still maintain about 50% contact pressure. However, in conventional 
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assembly, complete failure in slips or compression plate will result in complete loss of 

contact pressure.  

• Conventional seal assembly generates significantly higher Tresca stress and consequently 

it is more prone to failure compared to expandable assembly.  

• To minimize the risk of failure by over-energization, radial clearance should be minimized 

in case of conventional assembly and quality of containment spikes should be improved in 

expandable assembly.  

• Although ranking of elastomers in terms of limiting Tresca stress is - FFKM > FKM > 

FEPM, it is difficult to rank them in terms of risk of extrusion failure. Selection of 

appropriate elastomer depends on type of assembly, type of geometry, and target 

compression ratio or expansion ratio.  

• Based on chemical aging tests, and corresponding energization coefficients for seal 

assemblies, elastomers can be ranked in decreasing order of chemical resistance as – PTFE 

> FKM > EPDM > NBR.  

• Simulation results and experimental observation indicate that degradation in energization 

coefficient of seal assembly due to chemical exposure can be approximated by degradation 

in elastic properties of elastomer. Hardness alone is not an accurate indicator of elastomer 

performance in downhole conditions.   

• Comparison between performance at 212F and 350F indicate that FKM exhibits highest 

reduction of sealability at higher temperature. Change in performance of FEPM, and 

FFKM due to increase in temperature was insignificant.  However, it is difficult to 

recommend elastomer based on thermal resistance alone. Elastomer selection depends on 
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assembly design, temperature induced changes in limiting Tresca stresses, thermal 

expansion, and operating constraints. 

10.5 Sensitivity Analysis 

• For conventional assembly, bulk modulus of elastomer seal is the primary predictor of 

energization coefficient followed by temperature and seal dimensions. Having small radial 

clearance or extrusion gap reduces the effect of seal dimensions. Shear modulus of 

elastomer seal is not an important factor.  

• For expandable assembly, seal radial width followed by seal axial length are the dominant 

predictors of energization coefficient. Next important parameters are shear modulus of 

elastomer and temperature. Bulk modulus of elastomer has negligible influence on 

energization coefficient.  

10.6 Leakage Model 

• Contact pressure generated by seal energization does not represent fluid pressure that it can 

withstand without permitting fluid leakage. Microscopic surface characteristics of seal 

interface determines the target contact pressure required to seal various fluids at different 

operating pressures.    

• For same surface characteristics, elastomer material with higher elastic modulus and higher 

hardness require higher contact pressure to achieve complete sealability or target leakage 

rates.  

• Target contact pressure required to achieve zero leakage rate is primarily dependent on 

type of surface topography of seal. Surface topography i.e. asperities distribution does not 

have notable influence on amount of leakage rate at a given microscopic separation.  



195 

 

• Roughness of seal surface (as represented by RMS) determines the amount of leakage rate 

at a given contact pressure. However, surface RMS does not have significant impact on the 

target contact pressure required to achieve zero leakage rate.  
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Chapter 11: Conclusions, Recommendations, and Future Work 

This dissertation work investigates performance of six elastomer materials commonly used in the 

oil & gas industry. Hardness and elastic moduli of the elastomers were measured in variety of 

downhole conditions and input into FEA models of conventional and expandable liner hanger seal 

assemblies. The FEA models were verified by analytical calculations and scale laboratory tests. 

Validated models were used to investigate performance of elastomers in various design, 

operational, and failure scenarios.  A novel modelling tool was developed to predict leakage 

through elastomer seal interface considering surface characteristics, seal properties, and operating 

fluid parameters.  Following are the major conclusions and recommendations from this research 

work:  

11.1 Conclusions 

1. Appropriate selection of elastomer for a given application not only depends on downhole 

conditions but also on equipment type, seal design, and installation and operational 

constraints.  

2. Hardness alone is not an accurate indicator of elastomer’s performance in downhole 

conditions. It is essential to measure elastomer deformation behavior (i.e. elastic, bulk ,and 

shear moduli) for accurate prediction of sealability.  

3. In general, bulk modulus of elastomer is important for conventional seal assembly design 

while shear modulus is important for expandable seal assembly. In general, elastomers 

studied can be ranked in decreasing order of chemical resistance as - PTFE > FKM > 

EPDM > NBR. 
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4. Dimensions of elastomer component are important for expandable assembly. For 

conventional assembly, importance of seal dimensions depends on extrusion gap in 

housing design.  

5. Surface characteristics of elastomer and target surface significantly influence contact 

pressure required to seal various fluids at different operating conditions. 

6. Elastomer with higher elastic modulus and higher hardness require higher target contact 

pressure to seal same fluid pressure. 

7. Surface finishing as represented by RMS determines the absolute values of leakage rate at 

a given contact pressure. For same surface RMS, target contact pressure needed to achieve 

zero leakage rate primarily depends on the surface topographical features or patterns.  

8. Conventional liner hanger seal assembly outperforms expandable liner hanger seal 

assembly in terms of magnitude of sealing contact pressure. However, expandable seal 

assembly is more robust to failure by extrusion, over-energization, and faulty supporting 

components compared to conventional seal assembly. 

11.2 Recommendations  

1. Elastomer seal qualification criteria should vary depending on end-application, and design 

of seal component and equipment. Hardness alone is not an accurate indicator of 

elastomer’s performance. Qualification testing should also include other material 

properties (e.g. elastic modulus, bulk modulus, shear modulus, etc.) depending on end-

application. For example, as identified in this work, bulk modulus of elastomer is critical 

for conventional liner hanger seal assembly design while elastomer dimensions and shear 

modulus are important for expandable liner hanger seal assembly.  



198 

 

2. Fitness-for-service assessment of elastomer seal should not be limited to material testing. 

The assessment process should also leverage true scale FEA models and leakage modelling 

tools to evaluate actual equipment level performance of elastomer material.  

3. Surface characteristics or defects on elastomer material and target surface can have notable 

impact on seal quality. Hence, surface finishing or damage should be considered as an 

important parameter during seal design, selection, evaluation, and installation processes.  

4. Seal design and selection workflow should include microscopic leakage modelling studies. 

Leakage modelling tool can help in determining target contact pressure needed to seal 

various fluids at different operating pressures. Seal assembly should be designed to provide 

sufficient energization to achieve this target contact pressure.  

5. Expandable seal assembly is typically more robust to failure than conventional assembly. 

Hence, it should be preferred unless significantly high contact pressure is required which 

can only be achieved through conventional type energization method.  

11.3 Future Work  

1. Lab scale experiments are needed to validate the developed leakage model. 

2. Leakage model is currently only applicable to Newtonian and incompressible fluid. Further 

upgrades are needed to model flow of compressible and non-Newtonian fluids such as 

gases, oil, drilling fluids, etc.  

3. Interactions between adjacent asperities were ignored in the contact mechanics model. 

Additionally, fluid mechanics and contact mechanics models have been assumed to be 

decoupled. Eliminating these two assumptions will be an important future upgrade to the 

leakage modelling tool.  
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4. Additional influential parameters that require further investigation using sophisticated 

modelling techniques are – effect of dynamic loads, chemical interactions, geo-mechanical 

factors, transient leakage and failure modes, etc. 

5. More research should be directed at developing database of elastomer material properties 

at various HPHT downhole conditions. Such material library is essential for fitness-for-

service evaluation of elastomer seals in various downhole applications.   

6. Another important area of future research work is development of reliable 

models/techniques that can use accelerated aging tests data and predict elastomer 

performance over service life spanning several years. Identifying appropriate conditions 

for accelerated laboratory aging tests is also an important research gap.  

7. Research should also advance in the area of alternative sealing solutions such as metal-to-

metal seals, spring loaded seal elements, swelling elastomer material, pressure sensitive 

seal materials, composites materials, etc.  
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Nomenclature 

Acronyms 

ALT  : Accelerated Life Testing 

API  : American Petroleum Institute 

ASTM  : American Society of Testing and Materials  

BOP  : Blowout Preventer  

BSEE  : Bureau of Safety and Environmental Enforcement 

CR  : Compression ratio, % 

DfR  : Design for Reliability  

EPDM  : Ethylene Propylene Diene Monomer 

ER  : Expansion ratio, % 

FEA  : Finite Element Analysis  

FEPM  : Tetrafluoroethylene Propylene 

FFKM  : Perfluorocarbon Elastomer 

FEA  : Finite Element Analysis 

FKM  : Fluorocarbon Elastomer 

HPHT  : High Pressure High Temperature  

HNBR  : Hydrogenated Nitrile Butadiene Rubber 

ID  : Internal Diameter 

ISO   : The International Organization for Standardization petroleum industry 

LOWC  : Loss of Well Control  

M2M  : Metal-to-Metal 

MIL-SPEC : Military Specifications 
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NACE  : National Association of Corrosion Engineers 

NBR  : Nitrile Butadiene Rubber 

NORSOK  : Norsk Sokkels Konkuranseposisjon (Standards by Norwegian Petroleum 

Industry)   

PTFE  : Polytetrafluoroethylen 

RGD  : Rapid Gas Decompression 

RMS  : Root Mean Square 

SEM  : Scanning Electron Microscope  

SSSV  : Subsurface Safety Valve 

 

Symbols 

b : Radius of asperity base, L, m   

d : Contact gap or separation, L, m  

d0 : Initial contact gap or separation, L, m  

h : Height of asperity, L, m 

hmax : Height of highest asperity, L, m 

r  : Hydraulic radius, L, m  

A : Contact area (contact mechanics model) / flow area (leakage model), L2, m2 

D : Fractal dimension, dimensionless 

E* : Equivalent Young’s modulus of contact pair (gasket and flange), m/Lt2, Pa  

Ee : Elastic modulus of elastomer, m/Lt2, Pa  

Es : Young’s modulus of casing or target surface, m/Lt2, Pa  

F : Contact load, mL/t2, N 
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H : Gasket hardness, m/Lt2, Pa 

K :  Hydraulic conductivity, L2, m2 

Pi : Flange internal pressure, m/Lt2, Pa 

Pe : Flange external pressure, m/Lt2, Pa 

Pf : Fluid pressure at a given location in model domain, m/Lt2, Pa 

R : Radius of curvature at the tip of asperity, L, m 

v : Fluid velocity, L, m 

 

Greek Symbols 

μ : Fluid Newtonian viscosity, m/Lt, Pa.s 

e  : Poisson’s ratio of elastomer, dimensionless 

s  : Poisson’s ratio of steel casing, dimensionless 

τ  : Tortuosity, dimensionless 

ω : Indentation of asperity, L, m 

 : Porosity, dimensionless  
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