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ABSTRACT

Joshi, Riddhi. M.S.M.E., Purdue University, August 2019. Design and Fatigue Anal-
ysis of an LWD Drill Tool. Major Professor: Hazim El-Mounayri.

Previous works suggest that 80% to 90% of failures observed in the rotary machines
are accounted to fatigue failure. And it is observed that cyclic stresses are more critical
than steady stresses when the failure occurred is due to fatigue. One of the most
expensive industries involving rotary machines is the Oil and Gas industry. The large
drilling tools are used for oil extracts on-shore and off-shore. There are several forces
that act on a drilling tool while operating below the earth surface. Those forces are
namely pressure, bending moment and torque. The tool is designed from the baseline
model of the former tool in Solidworks and Design Molder. Here load acting due to
pressure and torque accounts for steady stress i.e., Mean Stress and loading acting
due to bending moment account for fluctuating stress i.e., Alternating Stress. The
loading and boundary conditions have been adapted from Halliburtons previous works
for LWD drill tool to better estimate the size of the largest possible transducer. The
fatigue analysis of static load cases is carried out in Ansys Mechanical Workbench
19.0 using static structural analysis. The simulation is run to obtain results for total
deformation, equivalent stress, and user-defined results. The component is designed
for infinite life to calculate the endurance limit. Shigley guideline and FKM guideline
are compared as a part of a study to select the best possible approach in the current
application. The width of the imaging pocket is varied from 1.25 inches to 2.0 inches
to accommodate the largest possible transducer with compromising the structural
integrity of the tool. The optimum design is chosen based on the stress life theory

criteria namely Gerber theory and Goodman Theory.



1. INTRODUCTION

Oil well drilling is basically performed in making wells that broaden a few miles
into the earth covering which could be ashore or beneath ocean bed on account of
offshore boring [1]. There is a lot of unpredictability associated with drilling task
which among many includes dealing with the fatigue stresses while optimizing the
dimension changes from the baseline design. In the improvement or changes of the

design, endurance is probably the most crucial property.

1.1 LWD Downhole Tool

Logging while drilling (LWD) is a technology of introducing well-logging tools. It
goes into the borehole downhole. The whole arrangement is termed as the bottom hole
assembly (BHA). LWD tools give the measurement related to geological formation
downhole. The tool works as a system to transmit some or all measurements results
to the surface. These results are called real-time data as the LWD system is still
down-hole in the bore. And after the drill tool is pulled out of the bore down-hole the
complete measured results can be downloaded. They are called Memory Data [2] [3].

Though these techniques are sometimes risky and expensive it has the advantage
of being capable to measure the properties down-hole before drilling fluids reach deep
below. Seldom well-bores prove to be difficult to measure with conventional wireline
tools when the wells have highly deviated. These data are used so that the well-bore
remains within the most productive portion of a reservoir, by guiding the placement
of well. The LWD imaging technology helps deliver accurate models of the reservoir,
optimum placement of well and reverses estimation for maximum oil extraction [2].

Originally MWD (measurement- while- drilling) technique was used to collect and

record data downhole, LWD technique was an enhancement to the former technology



used to replace the wireline logging operation. Recently with the advancement in the
downhole drilling technology, the LWD is a commonly used technology for drilling as
well as formation evaluation [4].

To help gain better reservoir insights Logging-while-drilling (LWD) sensors record
formation evaluation data, helping to take a timely decision and more precise place-
ment of well [5]. A wide array of LWD sensors are offered by Halliburton Sperry
Drilling which is engineered to provide specific reservoir data for geomechanical anal-
ysis, including petrophysical analysis and reservoir fluid characterization, enabling to

enhance reservoir information and reduce the time of your drilling projects.
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Fig. 1.1. Basic setup of BHA



Weight, bending, and torque on bit (real-time) measurements are provided by the
tool to channelize energy from surface to the bit. Drilling parameters are optimized
using these measurements which facilitates the optimization to achieve maximum
performance and minimize wasted energy transfer and vibration. A full suite of
vibration measurements is delivered the DrillDOC tool containing several sensors
for providing the weight, bending moment and torque values and has a vibration
sensor [5]. The full movement of the BHA is measured through all aspects of the
drilling process which is ensured by this integration.

The sensor used for better imaging downhole is InSite AFR azimuthal focused
resistivity sensor. It provides high-resolution structural and stratigraphic borehole
images. This helps to precisely identify the fractures and pattern on the wall downhole
and precisely provide the information of the permeability barriers and its location. It
also provides information regards to borehole breakout, laterlog-type resistivity data,
and at-bit resistivity (ABR) measurements. This was very difficult to determine with
conventional logs. InSite AFR can provide high-resolution images, which are up to
the standards of any wireline tool with imaging facility, and records fractures and
formation while drilling [6].

The figure 1.2 below shows the application of the transducer in the LWD tool and
Wireline tool. The transducer is closer to the wall in LWD so there are less attenu-
ation and better signal transfer as compared to wireline tool where the transducer is

far from the wall which leads to more attenuation and weaker signal strength [7].

1.2 Properties LWD Technology

Moderating risks by responding to changing drilling conditions continuously and
rapidly identifying performance improvements to reduce downtime time and increase

the rate of penetration (ROP) [5].
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Fig. 1.2. Transducer application in the LWD tool and a Wire line tool

Recording what is beneath the subsurface can enable to recognize where hydrocar-
bons are situated in your store underground. Resistivity logging-while-drilling (LWD)
tools assemble information to figure out which formations are loaded up with water
(great transmitters of power) and those loaded up with hydrocarbons (poor transmit-
ter of power). The resistivity logs and porosity measurements help in assessing water
or oil immersion and assessing the producibility of formation. [3]

LWD resistivity tools offer various kinds of resistivity sensors to precisely distin-
guish varieties in resistivity around the borehole, from a couple of inches (centime-
ters) to several feet (meters) away. This enables to securely and certainly explore and
geosteer through complex geologic structures while increasing exposure of the well to

the most productive areas.

1.3 Acoustic Imaging

A single acoustic transducer is used both as the transducer and receiver, it func-

tions as an acoustic imaging device. The transducer produces a pulse from the tool



to the bore wall. This acoustic pressure pulse propagates radially towards the bore
wall. Once the signal is reflected the obtained images are interpreted to measure the
distance from the wall and reflectivity. There are many factors which account for the
limiting quality of the images obtained from the transducer. The mud and the diam-
eter of the borehole (the distance of the transducer from the formation) account for
the attenuation of the acoustic signal. Better image produced downhole helps better
decision making in order to further steer the drill tool downhole. Greater the attenu-
ation of the signal the poor result of the image which in turn leads to producing bad
judgments. There are several ways to improve signal strength and reduce attenuation.
One of them is by increasing the transducer size radially. The strength of the signal

is directly proportional to the size of the radial cross-section of the transducer [8].

Travel Time Image Amplitude Image

Healed Fracture in Manufactured Sandstone

Fig. 1.3. Two ultrasonic images are obtained by mapping the mea-
sured travel time and attenuation

1.4 Transducer

A transducer is a round disk of ceramic expanding in thickness when a voltage is
passed across it. When the acoustic energy produces a differential of pressure across

the thickness, the ceramic produces the voltage. To prevent the signal propagating



from the back side a backing material is attached below the ceramic. The major
concept in designing is gathering larger energy concentration in the smallest area
possible, which is too idealistic to achieve. If it were not for the attenuation of the
signal by the factors like mud, the design of the transducer would be much simpler.
Several experiments were conducted in order to obtain optimum transducer size.
According to the results, an increase in the diameter of the transducer reduces the
attenuation produced by signal hitting the wall and reflecting. Moreover, it could be
concluded from figure 1.4, that larger the diameter of the transducer the improved the

imaging quality and lesser attenuation of the signal than the smaller diameters [8].
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Fig. 1.4. Comparison of signal amplitude vs. borehole diameter

1.5 Project Scope and Layout

Design and fatigue analysis of an acoustic imaging section of LWD drill tool:

1. Literature research on fatigue failure and structural analysis of rotary machines

observing cyclic load.



2. Experimental research on geometric design of the acoustic section of drill tool
in order to accommodate 4 largest possible transducers placed radially opposite

to each other along the central axis of the tool.

3. Material study of Nickel based alloy 718 for its application in drilling and cal-

culating its endurance limit.

4. Analyzing the experimental results and optimizing the width of the imaging

pocket using the study of stress theories and endurance limit calculations.

5. Submitting a report with respect to the guidelines of IUPUI and Purdue School
of Engineering and Technology with systematic documentation of product de-

veloped with results and data gathered.

Endurance limit can be calculated by various methods like S-N diagram, Shigley-
guideline, and FKM-guideline. For Inconel 718 the fatigue test data is not available
through data points so guidelines are used to calculate the endurance limit. In this
paper, two different approaches to be compared are Shigley and FKM guideline. The
best of the two methods will be selected to perform fatigue failure analysis. Based
on the analysis of 16 different design points, the feasible designs are nominated. Out

of the feasible designs, the optimum design is suggested based on the requirement.

1.6 Problem Statement

Design and Fatigue analysis of an LWD drill tool:

e Design Variables - The width of the imaging pocket on the drill tool is varied
from 1.25 inch to 2.0 inch and the radius of the fillet is varied from 0.08 inch to 0.1
inches.

e Design constraint - The alternating stress should be less than 50,000 Ksi; The
Gerber stress theorys user-defined value should be less than 1; The Goodman stress

theorys user-defined value should be less than 1.



e Result analyzation - To fit the largest possible transducer with reducing the
structural integrity of the tool. A drilling tool has a lot of forces acting on it which

results in fatigue failure of the tool. This project concentrates on imaging section of

the whole LWD drill tool.

1.7 Organisation of Report

The report is divided into five chapters. A preface and introduction to this thesis
are given in the first chapter, followed by a chapter briefly describing drilling oper-
ations and the applicability of LWD and MWD tools. The second chapter discusses
the previous works that are done in fatigue analysis and rotary machines. Then the
third chapter discusses the load applied on the drill tool which is generally described
with emphases on some key parameters such as pressure, bending moment and torque
in a medium. The fourth chapter described how the experiments were carried out,
the FEA setup and procedure of the prototype tool. In the fifth chapter, the results

and analysis of the design and fatigue analysis are presented.



2. LITERATURE REVIEW

A lot of research is conducted in the fatigue analysis of different types of equipment
which are used in drilling purposes. These drilling tools are dynamic in nature as to
drilling different types of ground terrain. While doing so a lot of stress is generated
and that ultimately leads to a lot of fatigue. Fatigue, in general, is defined as stress
that is developed due to repetitive applied loads which lead to localized stress and
structural damage [9]. Such kinds of failure can be harmful to the tool and can cause
damage to the work process and environment. Thus, tackling failure is an important
department in any mechanical process as it keeps the process safe. An analysis is the
first step to eradicate any failure occurrence and analysis is thus a major part of this
study. Failure analysis is defined as the process of overcoming localized stress which
leads to failure and can be done using computational methods, physical methods,
and laboratory methods. There are many reasons which lead to failure which can be
found out by proper analysis, these can be design flaws, material problems, improper
usage of standards, etc. Design adjustments can be done to keep the fatigue failure
caused by localized stress away, it also helps to reduce manufacturing cost, reduce

material cost, allows better efficient models to incorporate better results.

2.1 Studies on Turbine Blade

Recently a research was conducted by scientists of China Aero-Polytechnology
Establishment on turbine blades in the air cycle machine. The frequent damage in
air cycle machine MAG60 of the aircraft was the driving reason for them to conducting
a fatigue life analysis. In their analysis, centrifugal force and aerodynamic force were
the two loads causing equipment failure. After computing the boundary condition,

which is equivalent to real boundary conditions, two result analysis are carried out
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which are the fluid simulation and static force simulation. In Fluid simulation analysis
contours of static pressure and absolute pressure were examined and in static force
simulation fluid pressure, Von-mises stress, Max. Principal stress, Min. Principal
stress and total deformation were examined. Further through Goodmans theory life

of the blade was calculated [10].

000 50.00 10000 (mrr)
[ EEEEEa |

25.00 7500

(a) (b)

Fig. 2.1. CAD model and FEA model of a turbine blade

2.2 Failure Analysis of a Drill Pipe

Further, similar research was conducted in Iran on Failure analysis of a drill pipe.
It discusses the impact of loads and stresses which in turn raises the probability of fail-
ure by causing a reduction in fatigue strength. The primary form of loads and stresses
considered in this research was vibration and its impact. The stress concentration
in drill pipe is divided into four groups surface irregularities, upset area, corrosion
pitting, and threaded connections. With the help of Ansys Mechanical Workbench,
stress state was analyzed and found the weakest position of the drill pipe. As shown
in the figure below upset areas, threaded connections and holes are some of the critical

fatigue regions of the drill pipe. And with the analyses it was found that factors that
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have an impact on the number of induced stresses and vibrations are weight on bit
(W.O.B), rotating speed of drill string and bit (RPM), flow rate (GPM), pressure,
type and weight of mud, formation, rate of penetration (R.O.P), inclination(Inc),
dogleg severity(DLS), hole size, bit type, bottom hole assembly(BHA )arrangement ,

mass imbalance, stabilizer blades and using mud motors [11].

First and last engaged thread rools

Upset area /l]

>

Fig. 2.2. Critical fatigue regions of the drill stem and connection

In another research that was conducted in China, fatigue failure analysis of drilling
tools was performed. It primarily considered the impact of axial stress and bending
stress to ensure that the tool withstands the alternating load in the drilling direction.
In the result computation, the stresses were examined to analyze stress concentration
which was found near the corner of the shoulder. After applying a variable load, S-N
model was used to calculate fatigue life. The results showed that under high load, the
tool observed low fatigue life at stress concentration point. The research concludes
that the main cause of failure is fatigue damage due to large axial force, long corrosion
time and high temperature [12].

In a research conducted in 2009 need of a high-resolution LWD resistivity imaging
tool was discussed. It describes the requirement of a technology to log data and
store the image of surface downhole. The results of measurements are calibrated
resistivity images with resolution limits of 0.5-1 inch which depend upon the size of
the transducer. It also discusses the operating principle of the transducer and the

tool, their key design parameter and the environmental parameters that influence the
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result. An LWD drill tool, the AFR, has been introduced for solving a variety of

geological, petrophysical and operational problems in conductive boreholes [6].

Fig. 2.3. AFR model for the at-bit measurement

2.3 Fluctuating Stress Studies of a Dove-Tail Joint

In another research, conducted by Kaliyaperumal Anandavel, Raghu V. Prakash
and Antonio Davis, the effect of preloading on stresses, slip levels and contact traction
at dovetail blade-disc interface of an aero-engine using FEA. The effect of pre-stress
on a strip of specimen analyzed using structural analysis. The preloading of specimen
gives an impact on the cyclic stress amplitude. The model is analyzed with boundary
conditions and assuming cyclic symmetric loading conditions. The results are taken

over 10 load cases and angular velocity [13].
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Fig. 2.4. Dovetail Joint

2.4 Optimization and Fatigue Analysis of Differential

Previously an experiment has been conducted of optimization and fatigue analysis
of an automotive component. In order to perform fatigue analysis, two methods were
used one being quasi-static simulation with independent static cases and other being
transient analysis. The fatigue stress observed in the component was evaluated using
the stress-life approach. Later the two approaches are compared for the stress analysis.
Thus, in this study, the new differential design is evaluated for fatigue stresses using

a stress-life approach [14].

2.5 Previous Analysis of Baseline Tool

The drill tool in this project of 6.75inch diameter was developed from a baseline of
4.75inch diameter. Previous an analysis was carried out on the baseline model with
the three loads being applied on it. These loads were 30,000 psi of pressure, 35,000
Ibf.ft of torque and a bending moment of 15°/100f¢. The results were analyzed for

studying stress accumulation in the drill tool.
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ANSYS
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Fig. 2.5. Equivalent stress for rotating bending moment applied on the baseline tool

From the figure above it is understood that stress accumulation tends to occur
in an undesirable zone. Thus, while developing the design of 6.75inch diameter,

observations from the above analysis are carefully considered.

2.6 Summary of Previous Works

With the above research, it is concluded that since an LWD tool is a downhole
drill tool that faces rotational and cyclic loading and unloading it is most likely to
collapse under fatigue failure. Studies show that the impact of transducer size on the
results of the downhole image of the wall surface is significant. Larger the distance
of transducer from the surface, greater the attenuation of the transmitting signal.
And to accommodate geometry changes in a drill tool to fit in a larger transducer
it is required to perform fatigue analysis to ensure that the design optimized for the
larger transducer does not reduce the structural strength and integrity of the tool.
Thus, this study will be performed for an endurance limit calculation to compute
allowable alternate stress for the tool. Further stress-based life theory like Goodman

and Gerber theory will be used to confirm the safety of the tool from failure.
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3. METHODOLOGY

The following figure 3.1 shows the workflow for the analysis of fatigue stresses in the
drill tool. First, the component is designed from the baseline of the former drill tool of
4.75inch diameter using CAD software. Next, the FEA analysis is done using Ansys
Mechanical Workbench 19.0 which requires the geometry model of the component, the
material database of the chosen material to be used for the analysis and the loading
parameters such as the bending moment, pressure and torque are the forces acting
on the component. Further, the fatigue stresses are identified and analyzed from the
FEA analysis solution. The endurance strength with the endurance correction factors
are considered to get the feasible set of design points and finally, the solution of the

optimum design point is found out with the help of Goodman, Gerber and FKM

theory.
Loading Material Endurance Correction Modified
Parameters Database Strength Factors Goodman
Geometry - Fatigue Fatigue |
‘ Model |FE’E\ fAnatysis Stresses Criteria oot
A

:

Proportional
Loading KM

Fig. 3.1. Workflow of the project

3.1 The CAD Model

The prototype of the imaging section of the LWD drill tool consists is discussed in
this section. The tool is re-designed by keeping the previous member of the LWD tool

(4.75 in diameter) family as the base for design features. The geometry consists of a
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feature to hold the electronics like acoustic transducer and receiver. It has two holes
holding the bolts for the assembly. The geometric dimensions of the tool are 6.75-inch
major diameter and 2 inches of borehole diameter. The cross section of the tool is
shown below in the figure. The geometry of the tool and the application of loading

conditions are inspired by the project assigned by Halliburton as an internship task.

Fig. 3.2. Isometric View of imaging pocket

Fig. 3.3. Top View of imaging pocket

Fig. 3.4. Cross-sectional view along the XZ plane



17

The objective is to accommodate the four largest possible transducers placed
radially along the central axis without compromising its mechanical strength. In
order to achieve the above objective, the width of the imaging pocket is varied from
1.25 inch to 2.0 inch. Along with the width, the other parameter which is varied to
reduce stress concentration is the fillet of the imaging pocket. The forces acting on

the tool which leads to fatigue failure are pressure, bending moment and torque.

3.2 Types of Load Applied

There are three major types of load on the drill tool: Under the drilling action
downhole, the tool faces different types of forces like pressure, bending moment and

torque. These forces result in the tension and compression of the imaging pocket.

Fig. 3.5. Loads acting on the drill tool

Pressure load: The pressure load acts on the whole drill tool along with the
imaging pocket. The pressure applied is 30,000 psi in magnitude and the direction
of the load is normal towards the surface of the drill tool and the axial center of the
drill tool.

Bending Moment: As shown in figure 3.7 below, the magnitude of bending mo-
ment is 150/100 ft. This means for every 100 feet displacement; the drill tool can be
steered by 15 degrees. The bending moment acts on three directions but is restricted
to move axially in the x-direction and is free to move in the y-z plane. The flex tool is

used to calculate the appropriate face rotation for the 15 degrees of the bend. Also,
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Fig. 3.6. Tension and Compression on the tool

the value of face rotation can be obtained by the following equation: Assuming the

length of the drill tool as 50 in (4.17 ft), solving for X gives,

15
100ft  4.17ft

= 0.625ft/degree (3.1)

Fig. 3.7. Flex for deflection of the drill tool
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Torque: The torque acts on the end faces through the central axis of the drill

tool. The magnitude of the torque is 35,000 1b.ft.

Fig. 3.8. Rotational Torque acting on the tool

3.3 Material Properties

Inconel alloy 718 is a high-strength, vacuum-melted corrosion-resistant nickel
chromium material used at —423°F't01300°F'. The age-hardenable alloy can be promptly
prototyped even into complex parts. Its welding qualities, particularly its protection
from post-weld cracking and strain-age cracking, are exceptional. It is also readily
formable. Depending on the choice of temperature it has good oxidation resistance up
to 1300°F. The ease and economy with which Inconel alloy 718 can be manufactured,
joined with good tensile, fatigue, creep, and rupture strength, have brought about its
utilization in a wide scope of applications. These properties of Inconel make it an
ideal fit for the drilling application. The table 3.1 below shows the composition of
elements in Inconel alloy 718 [15].

Physical Properties:

e Tensile Strength: 150,000 psi

e Ultimate tensile strength: 180,000 psi

e Density: 0.296 1b/in?

e Melting Range: 2200-2450 F / 1210-1344 C
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Table 3.1.
Composition of metals in Inconel 718

Element Minimum | Maximum
Carbon - 0.08
Manganese - 0.35
Silicon - 0.35
Phosphorus - 0.015
Sulphur - 0.015
Nickel + Cobalt 50.0 55.0
Chromium 17.0 21.0
Cobalt - 1.00

[ron Balance Balance

Aluminium 0.35 0.80
Molybdenum 2.80 3.30
Titanium 0.65 1.15
Boron 0.001 0.006
Copper - 0.15
Cb + Ta 4.75 5.50

3.4 Design of an LWD Drill Tool

Design improvement is satisfying the project requirements along with the process
of finding suitable design parameters. Engineers mostly use the design of experiments
(DOE), measurements, and optimization methods to assess trade-offs and decide the
best plan to improve the design. Designing of a tool can involve various design ob-
jectives like minimum weight under allowable stress, minimum compression over a
particular area, to minimize or maximize one or more dimension avoiding stress ac-

cumulation, to optimize feature dimension to avoid weakening of the structure [16].
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Table 3.2.
Mechanical properties of Inconel at different temperatures

Temperature, °F | Young’s Modulus | Torsional Modulus | Poisson’ Ratio
100 28.8 11.2 0.291
200 28.4 11.0 0.288
300 28.0 10.9 0.280
400 27.6 10.8 0.280
500 27.1 10.6 0.275
600 26.7 10.5 0.272
700 26.2 10.3 0.273
800 25.8 10.1 0.271
900 25.3 9.9 0.272
1000 24.8 9.7 0.271

Characteristic of design problem:

e While designing it is to be considered that there exists more than one solution and
the best-suited solution needs to be determined.

e There are multiple objectives defined which are measured on the basis of how well
they are accomplished.

e Different kinds of constraints are imposed which could be hard or soft depending
upon the expected outcome.

There could exist many variables which influence and impact the measurable perfor-
mance. It can either improve or worsen the performance and violate the constraints.
The problem statement of this project has only two variables which makes it rela-
tively simpler. Thus, designing can be defined as a problem where there are certain
parameters, also can be design variables, defined to attain best measurable perfor-

mance while satisfying the specified constraints.
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Formulation of the design problem can involve the following steps: [16]
1. State design objectives,
2. State design constraints,
3. Identify design variables.
4. Provide a feasible set of solution

Objective is to accommodate 4 largest possible transducers placed radially oppo-
site to each other along the central axis of the tool.

Design Variable is also called a control variable as it is a decision maker and has an
impact on the solution of the design problem. Each combination of design variables
represents a unique design [16]. For this project, the width of the imaging pocket on
drill tool is varied from 1.25 inch to 2.0 inch and the radius of the fillet is varied from
0.08inch to 0.linch.

Design constraint are:

1. The alternating stress should be less than 50,000 psi (endurance limit)
2. The Gerber stress theorys user-defined value should be less than 1.

3. The Goodman stress theorys user-defined value should be less than 1.

The feasible set of design points are provided in chapter 4. And the optimum
design suggestion is discussed in the results section following the graphical method

of solution.

3.5 Fatigue Life

It is evaluated that somewhere in the range of 50 to 90 percent of product failures
are brought about by fatigue and reliant on this fact, fatigue analysis ought to be a

part of all product enhancement.
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While testing the properties of materials very often a condition arises where the
load applied, and stress generated vary depending on time. The types of load which
result in similar stresses are variable, repeated and alternating stress. Fatigue is de-
fined as loss of strength of material by repeatedly applied loads over a definite or
indefinite number of cycles. Especially when the material is under cyclic loading (al-
ternating stress) it results in localized stress in critical zones. Loading and unloading
of forces result in fatigue in the material. And often components fail under the fatigue
caused by the alternating stresses. On analysis, it is known that the actual maxi-
mum stress noted was far below the ultimate strength of the component material.
But what is typical was the stress that was repeated a large number of times. Thus,
failure caused under such situations is called fatigue failure. Fatigue failure normally
occurs in the form of brittle fracture even when stresses are well below the static
strength of the materials, it is highly dangerous when such failure occurs [17] [18].

The fatigue analysis of the drill tool was performed using ANSYS workbench
mechanical. As the S-N curve information of the material used is not accessible
another methodology should be adopted for analyzing the fatigue in the drill tool.
The fatigue life of a part relies upon mean and alternating stress that part encounters.
The pressure load due to torque and pressure are considered as stresses acting as
mean stress on the drill tool. As we know fatigue is a time-dependent property so a
fluctuating load is required to provide for alternating stress which applied in the form
of bending moment. Out of the three possible methods available for time-varying
load which are static analysis, transient analysis, and modal based transient analysis,
the static structural approach is adopted in this paper [14].

In the world of material science, engineers widely follow three methods to predict
fatigue life using materials mechanical properties. Those methods are the stress-life
method, the strain-life method, and the linear-elastic fracture mechanics method.

The situations which exceed more than 10* life cycles are given more importance [19)].
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3.5.1 Stress-Life Method

The approach in this paper follows the stress-life method to solve for fatigue
limit. The stress-life method is used specifically where a large number of life cycles are
involved. It is also called Infinite life design. Wherever the stresses observed are elastic
it is recommended to use the stress-life method. It is based on the endurance/fatigue
limit. It was the first approach used in an attempt to understand and measure metal
fatigue. The mechanical properties of the material are modified for surface conditions,
like notches, and loading conditions are computed. This method does work well
where the applied stress has a substantial elastic component. In the laboratory, the
material, usually shaft, is exposed to repetitive stress while counting cycles to failure.
As it starts to rotate the alternating stress starts to fluctuate between the same
magnitude of different direction i.e., tension and compression. This is known as a
completely reversed stress cycle. Depending upon the nature of material and failure,
maximum principal stress is recommended for brittle failure and Von-mises stress is
recommended for ductile materials. The Goodman stress theory is used to obtain the

equivalent alternating stress with zero mean stress [20].

3.5.2 Endurance Limit Calculation

Endurance limit is the expression used to describe a property of materials which
define the failure point. The maximum alternating stress that can be applied to
the material without causing fatigue failure is known as Endurance limit. Endurance
limit, fatigue strength and fatigue limit are all quantities describing a similar property
of the material. In other words, endurance limit, S,, is the stress value below which
failure never occurs even for a large or infinite number of cycles. The determination
of endurance limit is important for material which is subjected to high-cycle fatigue
to ensure that the stress produced in the element is always below the endurance limit
of the material. Usually, strain testing is not preferred when the endurance limit is

being calculated. When endurance tests of some parts are not available through the
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S-N diagram, approximations are made by using Shigley - guideline or FKM guideline
to the endurance limit. The value of endurance limit largely depends on the surface
quality of the material. As a notched material has a significantly lower value of the
endurance limit [21].

Endurance Limit - Shigley guideline: Industries involving high cycle fatigue largely
follow Shigley - guideline for calculating endurance limit. The Shigley guideline is
predominantly based on test data recorded earlier than the 60s. Recently in 2014, a
new revision was proposed for some of the endurance limit modifying factors and rest
remained unchanged. Based on the two guidelines from 1983 and 2014, the endurance

limit is calculated and compared for better decision making. For steels, the endurance

limit is estimated as S; =(Cg* SutS; = {
100 ksi S, > 200ksi

Thus S, = 90, 000psi

Endurance limit §°, kpsi

0
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Tensile strength 5, kpsi

Fig. 3.9. Data from Fatigue Design Handbook, SAE, 1968

S! is the endurance limit of rotating-beam specimen used in the laboratory and
is prepared very carefully and tested under monitored-controlled conditions. It is
not realistic that the endurance limit of a mechanical component will match the val-
ues obtained in the laboratory. Factors like material composition, manufacturing

methods, environmental conditions, and design dimension affect that value [22] [21].
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Shigley-guideline identifies and quantifies those factors as following:

Se:ka*kb*kc*kd*ke*kf*S;(BB)

Where k, : surface condition modification factor
kp, : size modification factor
k. : load modification factor
kg . temperature modification factor
k. : reliability factor
k¢ : miscellaneous-effects modification factor
S’ : rotary-beam test specimen endurance limit
Se : endurance limit at the critical location of the geometry

Cg : Endurance limit factor for materials

1. Surface factor, k,:
The equation of the surface correction factor is given by the following equation:
ko = a* (Su)’ (3.4)

where S,; is the ultimate tensile strength and a and b are found from table 3.3.

Table 3.3.
Surface Correction Co-efficient ’a’ and b’
Surface finish Factor ’a’ (S, in ksi | Factor 'b’
Ground 1.34 -0.085
Machined or cold-drawn 2.70 -0.265
Hot-rolled 14.4 -0.718
As - forged 39.9 -0.995

Thus, for Inconel 718 (machined surface), we know S,; = 180,000 psi, a = 2.70
and b = (-0.265) k, = 0.681
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2. Size factor, ky:

The size factor is calculated with the help of 133 sets of data points [21]. The

equation is expressed as following for bending and torsion

1983 Guideline:

1 d <0.3in
ky = (3.5)
0.869d7%%97 0.3 < d < 10in

For d = 6.75 in, k, = 0.722 (1983);
2014 Guideline:

0.91d-0157 2< d < 10in
= (3.6

(d/0.3)70107 = (0.8794) %197 0.11 < d < 2in
For axial loading, there is no size effect, kb = 1. For d = 6.75 in, kb = 0.674

(2014).

3. Load modification factor, k. :

For bending load applied kc is always unity i.e., k. = 1.

4. Temperature modification factor, k, :
In 1983 edition, the equation for correction factor is given as follows, when T
<842°F k; = 1 The revised edition (2014) equation is given as follows, when
70 <T°F <1000°F

kg = 0.975+0.432(10—3)Tr—0.115(10—5)T5+0.104(10—8)T5—0.595(10—12) T
(3.7)
For T = 392°F, kg = 1.016
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5. Reliability factor, k. :
There is no recommendation provided in Shigley - guideline for reliability. Its
dependent on the users decision. For simplification, the reliability factor is used

for 97.5% .Thus, from the table below k. = 0.843.

Table 3.4.
Reliability Factor as given in Shigley book of Machine Design
Reliability | k.

0.5 1.000
0.90 0.897
0.95 0.868
0.975 0.843
0.99 0.814
0.999 0.753
0.9999 | 0.702
0.99999 | 0.659

6. Miscellaneous factor, ky :
Since the Inconel shaft is not sensitive to a notch, the miscellaneous factor is
unity ie., ky =1
Thus, the endurance calculated using the guidelines of 1983 and 2014 revision
is as follow,
For 1983 edition, S, = 0.681* 0.722*1*1*0.843*1= 37,296 psi
For 2014 edition, S, = 0.681*0.674*1*1.016*0.843*1= 35,379 psi

FKM guidelines:
The FKM guideline was initially developed in Germany in 1994 and are updated
periodically since then. This guideline was a collaboration between an expert group

Strength of Components of the Forschungskuratorium Maschinenbau (FKM) with
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financial support by BMW, Arbeitsgemeinschaft industrieller Forschungsvereinigun-
gen, Otto von Guericke, and Forschungskuratorium Maschinenbau, etc. FKM guide-
lines are well accepted in the US manufacturing industries and widely used in German
industries. Moreover, these guidelines are widely adopted by commercial software
companies like KissSoft, ANSYS, ADIANA, AutoFENA 3D and many more [23].

The modification factor for calculating the corrected endurance limit is as follows:

Se:CE*CT*CR*Cq*CD*Cs*Sut (38)

Where,

Se the endurance limit at the critical location of the specimen with consideration of
geometry and condition in use.

S, the endurance limit obtained from the rotating beam test.

Cgr Endurance limit factor for materials

Cr Temperature correction factor

Cgr Reliability factor

C, Roughness correction factor

Cp Size correction factor

Cs Surface treatment/condition correction factor

For Inconel 718 and the geometry shown in figure 3.1-3.3:

S, = CE x Sy (3.9)

Therefore, for Inconel 718:
S, = 0.45*180,000 = 81,000 psi
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Table 3.5.
Endurance Limit factor

Material Type Cer

Case hardening steel 0.40

Stainless Steel 0.40
Forging steel 0.40
Steel casting 0.34

Other types of steel 0.45

Ductile iron 0.34

Malleable cast iron 0.30

Gray cast iron 0.30

Wrought aluminum alloys | 0.30

Cast aluminum alloys 0.30

1. Temperature correction factor:
For T' > 100°C,
Cr=1—-14%10—-3(T — 100), (3.10)

At T = 200°C, Cp = 0.85384

2. Reliability factor:

Note: FKM-Guideline specifies that the ultimate tensile strength of a compo-
nent for material should be based on the probability of a 97.5% survival rate
ie., Cp = 0.843.

Table 3.6 provides values for reliability factor at assumption of different per-

centage of reliability of the specimen.
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Table 3.6.
Reliability correction factor (FKM guideline)
Reliability | Cr

0.5 1.000
0.90 0.897
0.95 0.868
0.975 0.843
0.99 0.814
0.999 0.753
0.9999 | 0.702
0.99999 | 0.659

3. Size Correction Factor:

For the element shown in the following table 3.7:

After referring relevant literature material, it is determined that Inconel 718

falls under steel, quenched, and tempered category [24].

Now, for steel, quenched, and tempered from the table:

CD = 1.0f07”deff S deff,min (3.11)

Cp =

[1 —0.7686 * aq * log(dess/7.5mm)]

[1 —0.7686 * aq * log(def f.min/T-5mm

)]fOTdeff > deff,mm (312)

Calculation of the effective diameter d.fr (Adopted from FKM-Guideline):

For the specimen shown in figure 3.1-3.33,the cross-section suggests

(0.D—1.D.)

§ =" 2 —— 2 375in = 60.325mm (3.13)

2



Table 3.7.
Size Correction Factor (FKM guideline)

Material Type defpmin in mm | ag | Case of deyy
Plain carbon steel 40 0.15 Case 2
Fine-grained steel 70 0.2 Case 2
Steel, quenched and tempered 16 0.3 Case 2
Steel, normalized 16 0.5 Case 2
Steel, case hardened 16 0.5 Case 1
Nitriding steel, quenched and tempered 40 0.25 Case 1
Forging steel, quenched, and tempered 250 0.2 Case 1
Forging steel, normalized 250 0.2 Case 1
Steel casting 100 0.15 Case 2
Steel casting, quenched and tempered 200 0.15 Case 1
Ductile iron 60 0.15 Case 1
Malleable iron 15 0.15 Case 1
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(Figure 3.10) Thus, d.f f = 60.325 mm and deffmin, = 16 mm, dess > deffmin-

Also, ag = 0.3.

Accordingly, after all the substitution of coefficients with respect to the speci-

men, the value of the size correction factor is:

Cp = [1 — 0.7686 % 0.3 * log(60.325/7.5)] /[1 — 0.7686 * 0.3 x log(16/7.5)]

Cp = 0.856187.

4. Roughness correction factor:

According to FKM-Guideline, the roughness correction factors for stresses de-

veloped in the rotating element is obtained from following equation:

Cy=1—agrxlog(Rz) *1og(2 * St.u/Stumin)

(3.14)
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Fig. 3.10. Effective diameter for different cases
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For machined surface assume roughness value R, = 125 m and az=0.22. Thus,

after all the substitutions, C; = 0.7942.



Table 3.8.

Material Type ar | Stumin
Steel 0.22 | 400
Steel Castings 0.20 | 400
Ductile iron 0.16 | 400
Malleable cast iron 0.12 | 350
Gray cast iron 0.06 | 100
Wrought aluminum alloys | 0.22 133
Cast aluminum alloys 0.20 | 133

5. Surface correction factor:

34

For the Inconel shaft, the surface correction factor is Cs = 1.1, as its surface

treatment is shot peened.

The surface correction factor for the various components is as follows: There-

fore, the corrected endurance limit after substitution of all the factors is as

follows:

Se = (0.45*0.85384*0.843%0.794264*0.856187*1.15*180,000) = 45,595.3 psi.

Comparison of Shigley vs FKM guideline:

On comparing the endurance limit obtained by three different guidelines, we can con-

clude from table 3.8 FKM guideline allows more alternating stress as endurance limit

than the Shigley both the edition.

Thus, after careful comparison, it is concluded that the FKM approach will be se-

Table 3.9.

Comparison of Guidelines for Endurance Limit

Guideline

Shigley (1983)

Shigley (2014)

FKM

Endurance limit,

S, (psi) 37,292

37,202

45,595.3
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Unnotched Notched
Surface treatment components components
Steel
Chemo-thermal treatment
Nitriding depth of case 1.10-1.15 1.30-2.00
0.1-0.4 mm, surface (1.15-1.25) (1.90=3.00)
hardness 655-926 HB
Case hardening depth of 1.10=1.50 1.20=2.00
case 0.2-0.8 mm, surface (1.20-2.00) (1.50-2.50)
hardness 628=701 HB
Carbo-nitriding depth of (1.80)
case (0.2-0.8 mm., surface
hardness 628=701 HB
Mechanical treatment
Cold rolling 1.10-1.25 1.30-1.80
(1.20-1.40) (1.50=2.20)
Shot peening 1.10-1.20 1.10-1.50
(1.10-1.30) (1.40-2.50)
Thermal treatment
Inductive hardening, 1.20-1.50 1.50-2.50
Slame hardening depth of (1.30-1.60) (1.60-2.8)
case (.9-1.5 mm, surface
hardness 495-722 HB
Cast iron materials
Nitriding 110 (1.15) 1.3 (1.9)
Case hardening 1.1 (1.2) 1.2 (L5)
Cold rolling 1.1 (1.2) 1.3 (L5)
Shot peening LD 1.1 (1L4)
Inductive hardening, 1.2 (1.3) 1.5 (1.6)
flame hardening

Fig. 3.11. Surface correction factors

lect for endurance limit value. The reasons for the conclusion are that the Shigley
guideline is based on test data acquired in the 60s and are not updated periodically
where FKM guideline is updated periodically since 1994. The temperature correction
factor is very general for Shigley whereas it is very specifically provided in FKM to
the requirement of this project. The size correction factor doesnt exist for dimensions
beyond 10 inches which is a concern for developing the new tools of larger diame-
ter. On the contrary, there is no maximum dimension limit for size factor provided
by FKM. From the figure 3.11-3.13, we can observe the trend of correction factors

amongst each other.
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Roughness Correction Fa

Fig. 3.12. Trend of roughness correction factor against Material tensile
strength using Shigley 2014 and FKM guideline

Size Correction Factor (/)
° o °

Fig. 3.13. Trend of size correction factor against diameter using
Shigley 1983, Shigley 2014 and FKM guideline

Temperature Correction Factor (/)
2

Fig. 3.14. Trend of temperature correction factor against temperature
using Shigley 1983, Shigley 2014 and FKM guideline
3.5.3 Fatigue Failure Theories

Fatigue stress is defined as the weakening of any material caused due to cyclic

loading. Fatigue causes localized structural damage. A proper design is thus nec-



37

essary to avoid failure due to fatigue. A generalized stress condition can be defined
by combining purely reversing stress (a) with steady stress (m) [20]. If the stress is

varying between o,,ax 0,,in, then:

Om = (Umam + Umzn)/Q & Oq = (Umax - O-min)/2 (315)

The diagram figure 3.14 for o,, # 0, depicts an ideal case for stress representation of
the LWD drill tool. On the x-axis, there is the number of life cycles and on the y-axis
is the stress observed in the component. Here o, is mean stress acting due to torque
and pressure and o, is stress amplitude for alternating stress acting due to bending
moment.

e Ultimate Strength (S,;): Stress level required to fail with one cycle

e Yield Strength (S,;): Dividing line between elastic and plastic region

e Endurance Limit (S.): If all cycles are below this stress level amplitude then no

failures occur for infinite cycles

Og Goodman

/Gerber

Stress Amplitude (o)

/

Soderberg

Mean Stress (o,,)

Fig. 3.15. Combined alternating and mean stress
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As mentioned earlier there is no S-N data available for Inconel 718 and hence
many stress theories can be considered to discover the danger zone that can lead to
fatigue failure. To evaluate the design for alternating and mean stress, various stress
theories are available. Depending upon the properties of the theories and its best
fit to the situation for the given material and component, the following theories are

discussed:

Where,

Ca A

Fig. 3.16. Comparison of Soderberg, Goodman, and Gerber models

O, Mmean stress

0, - stress amplitude/alternating stress
Syt tensile strength

S.t ultimate tensile strength

S. endurance limit

e Soderberg’ s line:
When there is just reversing stress o, present, at that point for safe design Soderberg’s
line is used. Which means o, can go up to S, when ¢, = 0. Soderberg Line is ac-

quired by joining these two points. As shown in the figure, the Soderberg region is
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contained between the combination of stresses and is defined by the Soderberg line,
if the part lies in the contained region, it means it is unsafe [20]. The Soderberg’ s

equation is given by:

o< (3.16)

e Goodman’s Line:
Goodman’s relation is defined as the equation to quantify the way mean and alter-
nating stress behave together where n is the fatigue life of a material. Goodman’s
line came into existence because of the brittle nature of the failure. As shown in the
figure, Goodman suggested extending to S,; instead of Sy in Soderberg’s equation.
The resulting equation is:
0o  Om

— 4+ —<1 1
Se+5m_ (3.17)

As can be seen from the equation, the Goodman Equation can be obtained easily
from the Soderberg equation, by replacing S,; with S,;. Although Goodman's ap-
proach was valid when the magnitude of steady stress, m becomes more than S, the
part fails due to plastic deformation (the area is portrayed by the unsafe region). To

eliminate this Modified Goodman’s relation was introduced.

e Modified Goodman's Relation: A line is drawn at an angle of 45° angle from
the S, point on the x-axis as shown in figure 3.12. A modified type of the Goodman
relationship is suggested for general application under states of high-cycle fatigue. It
is extremely conservative theory is advised to make the judgment of failed elements
using more relaxed theory.

Mathematically, the Modified Goodmans equation should satisfy both the equations
below:

g, 0, g, 0,
e Im e L™ d
Se+ 5. & Se+ 3, (3.18)

e Gerber Parabola:

Gerber came out with a parabolic approach to solve the S-N curves. The Gerber
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parabola joins the X-axis, S, with the Y-axis, Sy in a parabolic form as shown in
the figure 3.16. The points show failure points which are test data points. Gerber

equation is a parabolic equation given by:

Oq O, 2
g tg, =l (3.19)
Se Sut
AT,
S,
}-'-.ﬁm[-:
Points % Yield line
|
Selat e e Gerber line

Stress amplitude ——»

Soderberg line

S, B
U Mean stress ——» W Su

Fig. 3.17. Failure point depiction in the design of cyclic load

Observations:
Most real test data tend to fall between the Goodman and Gerber curves. For ductile
material, the outcome of mean stress is improved from the Gerber line reflection. It
is required to have a conservative approach for fatigue failure criteria along with the
relaxed one. Thus, it is best suited to consider Goodman Line along with Gerber
Line in order to make the decision for fatigue failure. Soderberg’s equation Modified
Goodman equation is seldom considered as it too conservative. If the coordinate
obtained by the steady stress and the fluctuating stress falls under the arc given by

the stress theory equations of Gerber and Goodman, then the part will survive.
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4. FEA MODEL SETUP
4.1 FEA Model Set-up for Fatigue Analysis of the Drill Tool

The loading location and load magnitude details for the drill tool were provided by
Halliburton. The loading provided is for static loading so static structural is selected

for performing analysis.

4.2 Meshing of Elements

Meshing in a CAD system is the triangularization of a model to export it to other
packages (render package, animation, etc.), discretization of a model into elements
suitable for a FEM package and meshing of u- and v-parameter isocurves to let the
user check the quality of a surface visually. The first step in meshing is an idealization
of the CAD geometry. In most cases, this involves simplifying the model, removing
details that are not relevant to the analysis, or that are likely to have a marginal
impact on the results. It also involves cleaning-up or healing any defects in the CAD
model.

Once the simulation model is ready, the next step is to use it to create the mesh. In
the case of FEA, the mesh is embedded within and fitted to the body of the sim-
ulation model. There are different types of mesh elements, they can be 1D, 2D or
3D. The elements are mostly tetrahedral (3-sided pyramids), hexahedral (hexes or
bricks), polyhedral (with any number of sides), prisms, or pyramids (with 5 sides).
In this paper, as the whole tool is symmetric, only one pocket is selected to fine
mesh. There are two mesh sizing selected for the meshing. And since the critical area
is relatively simpler a simple face mesh is applied for meshing the imaging pocket.

The auto-generated mesh from Static structural with a face sizing mesh size of 0.1 in
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Fig. 4.1. Meshing of the LWD drill tool

and 0.05 in has been applied considering all the parameters like most accurate stress
distribution, geometry dimensions, solver time and solver performance. The two sets

of faces are as shown below:

Face sizing: The pocket is given finer mesh as compared to rest of the body as we
need better results in that zone. Also, a finer mesh gives more symmetrical results

after post-processing. There are 40 faces with the size of each element being 0.1 inches.

(a)
[=l| Scope
Scoping Method ‘ Geometry Selection
Geometry ‘48 Faces
[=I| Definition
Suppressed No
Type Element Size
Element Size | 0.1in
1=/ Advanced
Defeature Size ‘ 1.e-002 in
Behavior ‘ Soft
(b)

Fig. 4.2. Face sizing of one imaging pocket in tension
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Face sizing 2:
As can be seen from the figure 4.3, a finer mesh is created on the imaging pocket
edges in comparison to the face sizing done. As known from the initial simulation
that the selected face have critical stress accumulation. These faces require a higher
level of mesh detail for generating proper results of stress. The number of faces which

have such face sizing is 20 and the size of the elements is 0.05 inch.

ANSYS

R19.0
Academic

(a)
|-l Scope
Scoping Method ‘ Geometry Selection
Geometry ‘20 Faces
[=| Definition
Suppressed No
Type Element Size
Element Size | 5.e-002 in
[=I| Advanced
Defeature Size ‘ Default
Behavior ‘ Soft
(b)

Fig. 4.3. Face sizing 2 of one imaging pocket in tension

Named Selections:
This feature allows choosing any set of 3D entities. It helps to study the stress
affected area of geometry more accurately. Taking advantage of symmetry, the result
for various stresses and user-defined results are studied and scoped for only one named
selection i.e. StressSurfaces for only one of the imaging pockets which is under tension.
Following are the faces which are selected for studying fatigue failure and stress

accumulation.



0.000 3.500 7.000(in)
1.750 5.250

44

ANSYS

R19.0
Academic

Fig. 4.4. Assignment of pocket through named selection

Remote point:

Remote points are a method of establishing a connection to the geometry, it can be

in the form of a vertex, edge, face, body or a node, to a specific location in space.

This association prevents an over-constraint situation that is likely to occur when

multiple loads are applied to the same component or geometry. This greatly reduces

the possibility of over-constraint. Here, one of the faces through which torque and

bending moment are to be applied is selected for creating remote point as shown in

figure 4.5.

[-/| Scope
Scoping Method Geometry Selection
Geometry 1 Face
Coordinate System Global Coordinate System
X Coordinate -15.in
Y Coordinate 4.8208e-017 in
Z Coordinate -3.6156e-017 in

Location

Click to Change

(a) (b)

Fig. 4.5. Assignment of remote point through face selection
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Environment:

The figure 4.6 represents the environmental condition of the analysis.

[=| Definition
Physics Type Structural
Analysis Type Static Structural
Solver Target Mechanical APDL
=/ Options
Environment Temperature 392, °F
Generate Input Only No

Fig. 4.6. Environmental Condition in Workbench Simulation

4.3 Boundary Conditions

e Pressure Only:
In this simulation, as shown in the figure, one end of the drill tool is applied for fixed
support and a pressure load of 30,000 psi is applied throughout the tool as normal to

the surface. The pressure here is steady stress and hence has a constant magnitude.

ANSYS

R19.0
Academic

(a)

= Scope
Scoping Method ‘ Geometry Selection
Geometry ‘ 288 Faces

[~/ Definition
Type Pressure
Define By Normal To
Applied By Surface Effect

Magnitude | 30000 psi (ramped)
Suppressed No
(b)

Fig. 4.7. Boundary condition for pressure only simulation
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e Bending Moment Only:
As shown in the figure 4.8, one end of the drill tool is applied as frictionless support.
Frictionless support provides support such that the body is free to rotate and deform
along tangential direction but not normal direction. A bending moment of 15°/100 f¢
is applied through tabular data 4.1 on the opposite face. The bending moment is
the fluctuating stress here which acts only in Y-direction in the 1st time step, it
acts in both Y and Z -direction at an angle of 450 to each of the axes [25]. For 2md
time step and it acts only in the Z-direction for the 3rd time step 0.625 inches is
the displacement of the face with respect to the central axis (x-axis) when a bending
moment of 15°/100ft is applied, with the property of symmetry only first quadrant
of the Cartesian coordinates is studied whereas in 2" time step the magnitude is

received by multiplying 0.625 with sin4bo i.e. 0.4419.

ANSYS

R19.0
Academic

i

Fig. 4.8. Boundary condition for rotating bending simulation

0,000 10.000

5.000 15.000

20.000 (in)

Table 4.1.
Load steps for Alternating Stress applying through Bending Moment

Steps | Time[s] | RY[?] | RZ[’]
1 1 0.6250 0
2 2 0.4419 | 0.4419
3 3 0 | 0.6250
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e Torque Only:
In this simulation, as shown in the figure, one end of the drill tool is selected for
fixed support. And a torque of 35,000 lbf.ft is applied through a remote point on the

opposite face. The torque is the steady stress here.

ANSYS

R19.0
“Academic

T o
0.000 1.000 2.000 (ft)
]

0.500 1.500

Fig. 4.9. Boundary condition for torque only simulation

e Global Model:
In the global model, all the three loads (pressure, bending moment and torque) are
acting together. In the figure below it is seen in the side view that one end of the
tool acts as fixed support and on the other end torque is applied via the remote point
created earlier. Along with that pressure is applied to normal effect to surface (as
shown in the figure 3.10) and bending moment is applied via a tabular data as a
remote displacement to the face. The magnitude of forces acting is as follows 30,000

psi of pressure, 35,000 1bf.ft of torque and a bending moment of 15° degree/ 100ft.
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ANSYS

R19.0
Academic

.F

[B] Pressure: 30000 psi

(b)

Fig. 4.10. Images/Side view and Front view of boundary condition
acting of the LWD tool for all three loads

4.4 Parameterization

The parameterization is done using ANSYS Workbench where various stress the-
ories are calculated on the tool from the width ranging from 1.25 inch to a width of
2 inches (0.625 to 0.999 inches). Parameterization allows calculating the results for
the manually entered design points without having to run a separate analysis for each
design. The user-defined result like Gerber Theory, Goodman theory and factor of
safety can be obtained for all 16 design points by the medium of parameterization.
The values obtained are the maximum values for each design point and parameteri-
zation helps in finding all those values. Thus, the objective is achieved by performing
the design of experiments (DOE). The above data in table 4.2 represents the result

of fatigue stresses, stress theories, total deformation, and safety factor.
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1. The graph below shows the alternating stress characteristics of the imaging
pocket with respect to the width of the imaging pocket. The endurance limit of
the imaging pocket calculated from the FKM guidelines is found out to be 45595
psi, so any stress above the limit would result in fatigue of the pocket resulting
in failure due to stress. In the graph, it is evident that the imaging pockets with
width radius 0.625 in and 0.825 in will cause failure as their endurance limit is

reached above 45595 psi.

Alt Stress vs. Width
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Fig. 4.11. Alternating stress vs Width of Imaging Pocket

2. The graph below shows the total deformation of the imaging pocket with respect
to the width of the imaging pocket. The total deformation of the imaging pocket
calculated from Ansys Workbench is found out to be more for alternating stress
than mean stress. From the graph, it is evident that the total deformation is

distinctively different for different design points.
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Fig. 4.12. Total Deformation vs Width of Imaging Pocket

3. The figure 4.13 below shows the Gerber and Goodman values in the Y-coordinate
with respect to the width radius of the imaging pocket. As can be seen from
the graph, all the values of Gerber and Goodman are above 0.8. The values are
computed using Ansys Workbench and are complying to the respective relations

of Gerber and Goodman criteria.

4. The figure 4.14 below shows the factor of safety with respect to the width radius
of the imaging pocket. As can be seen from the graph, plastic failure occurs
above a factor of safety of 1.5 and ultimate failure occurs at about a FOS of
2 for most of the radius. The factor of safety is a very important criterion in

determining the fatigue of any component.
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Fig. 4.13. Stress Life Theory vs Width of Imaging Pocket

Factor of Safety
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5. USER-DEFINED RESULTS AND CONCLUSION

The objective of this project of accommodating the largest possible transducer is
achieved by varying the width of the imaging pocket. After analyzing the graphs
of parameterization for width against alternating stress, stress theories, the factor
of safety and total deformation, it can be concluded that the largest width possible
without compromising its mechanical strength is 1.95 inches. To study the contour of
stresses for the selected width, the 14" design point is set as current and the analysis

is carried out using Workbench 19.0.

5.1 Global Model (Von — Mises Stress)
5.1.1 Equivalent Stress

As seen in the figure 5.1 the maximum stress observed in the imaging pocket is
93054 psi. As we know from the previous studies of 4.75 drill tool that stress concen-
tration near the top surface chamfer of the imaging pocket should be avoided as it is
a critical zone. It is evident in the figure below that the maximum stress no longer
lies in the critical zone of the pocket. And, that the maximum stress is below the

yield and ultimate strength of the material.

5.1.2 Total Deformation

As shown in the figure 5.2, due to the application of three types of loads which are
pressure, bending moment and torque a deformation in the global loading condition

takes place. The maximum deformation at the end opposite to the fixed support.
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Fig. 5.1. Equivalent Stress due to Global loading condition
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Fig. 5.2. Total deformation due to global loading

5.2 Torque Only Load
5.2.1 Equivalent Stress

The figure 5.3 below shows the equivalent stress due to torque on the imaging
pocket. The torque is applied on the remote point of the free end and the maximum

stress occurs on the threaded hole for the bolt as shown in the figure.
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Fig. 5.3. Equivalent load due to torque only load (mean stress)

5.2.2 Total Deformation

Due to torque, there is a maximum total deformation occurring on the edge of
the imaging pocket at the free end. The total deformation is inches in magnitude as

shown in the figure below.

Fig. 5.4. Total deformation due to torque load
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5.3 Bending Moment Only

5.3.1 Equivalent Stress

As shown in the figure below, the equivalent stress due to the bending moment,
which is alternating stress, has a maximum value of 43654 psi on the threaded bolt
region. This value is below 45595 psi which is the constraint of endurance limit.
This means the product never fails as the value of equivalent stress is less than the

endurance limit.
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Fig. 5.5. Equivalent stress due to alternating load by bending moment

5.3.2 Total Deformation

The total deformation due to bending moment is maximum at one end and mini-
mum at another end as shown in the figure. This change is for every time step as this
is an alternating type of stress, so there will be a change in the total deformation as

well. For t=3s, the maximum total deformation is 0.2481 inches.
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Fig. 5.6. Total deformation due to alternating load by bending moment

5.4 User Defined Results
5.4.1 Goodman Theory

If the coordinate given by the mean stress and the alternating stress lies under the
curve given by the Goodman equation, then the part will survive. If the coordinate
is above the curve, then the part will fail for the given stress parameters. Also from
the equation, when rearranged in the form o,/((1 — (0,)/(Sut))Se) < 1, should be

less than or equal to 1 for a safe design.

Fig. 5.7. Simulation result for the user-defined result of Goodman Theory
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5.4.2 Gerber Theory

If the coordinate given by the mean stress and the alternating stress lies under
the curve given by the Gerber equation, then the part will survive. If the coordinate
is above the curve, then the part will fail for the given stress parameters. Also from
the equation, when rearranged in the form o,/((1 — (0,,)/(Sut))Se) < 1, should be

less than or equal to 1 for a safe design.

Fig. 5.8. Simulation result for the user-defined result of Goodman Theory
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Fig. 5.9. Graphical Solution
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5.5 Pressure Only

5.5.1 Equivalent Stress

As shown in the figure below, the minimum equivalent stress concentration due
to pressure load is approximately 2.5e-03 psi and the maximum equivalent stress
concentration is 23.162 psi. However, the stress concentration is more inclined towards
minimum stress in the imaging pocket which is a negligible quantity with respect

to the steady stress generated by torque load. Hence the stress due to pressure is

insignificant for the calculation of failure due to fatigue.

u
1 L l
aRa FE:"] 3

Fig. 5.10. Simulation result for the user-defined result of Goodman Theory

5.5.2 Total Deformation

The figure represents the total deformation occurring due to the pressure load.
The end with the minimum deformation is fixed support and the opposite end is free,
acting as a cantilever. Thus, the minimum deformation of 1.06e-02 inches occurs near

the fixed support and maximum deformation of 1.4e-02 inches occurs at the free end.



Fig. 5.11. Simulation result for the user-defined result of Goodman Theory

5.6 Limitations

There are few limitations to this fatigue analysis of the LWD drill tool. The

Limitations are discussed below:

1. Vibration Analysis: Vibration fatigue is not considered in this analysis. Only
Static Fatigue is analysed in this situation as vibration is a dynamic load and
requires static dynamic loading for the solving the setup. PSD, dynamic power

spectral density is used for analysing fatigue caused due to vibration.

2. Validation: Validating the process through experimental comparison requires
data from industry and research institutes which are of proprietary values.
Building a physical prototype can included as future work with support of lab

resources.

3. Prototype: This project is limited in terms of building large scale prototype of
the drill tool.

4. Loading: Non-Proportional loading is beyond the scope of this project as FKM

guideline does not support the particular type of loading.
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