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ABSTRACT 
 
The purpose of this investigation is to determine the application opportunities of aluminum 
alloy drill pipe (ADP) in geothermal drilling environments.  The Geothermal Energy 
industry is at the tipping point of the global energy mix.  Geothermal offers the benefits of 
other clean, sustainable energies such as low emissions but also boasts a small 
environmental footprint, base-load power, and widespread distribution as related to EGS 
applications.  Additionally, with the improved development into ultra high energy 
extraction regions, the geothermal drilling industry is under high demand and is being 
tested to drill deeper, faster, and at reduced costs in order to make geothermal competitive 
economically and to satisfy energy demands.  The achievement of greater drilling depths 
requires the advancement of the drilling industry to address limitations in the weight 
capacity of the drill rigs and the temperature limitations of the drilling components.  
Aluminum alloy drill pipes (ADP), sometimes referred to as Lightweight Aluminum Drill 
pipes (LADP) have been used in the drilling industry in Russia for many years.  Due to 
ADP’s lightweight and high strength to weight ratio there are several advantages over 
conventional steel pipe.  These advantages include the use of larger diameter drill pipe 
with thicker walls which increase annular flow; reduced pressure loss inside the drill pipe, 
resulting in smaller pump requirements; reduced derrick loads and hook loads due to 
reduced weight per length compared to steel and increased buoyancy effects in drilling 
fluids, resulting in smaller rigs or greater depth penetrations with current rigs; and reduced 
stresses in a number of drilling design parameters.  The application ranges of ADP 
utilization will be studied in regards to temperature limitations, critical buckling loads and 
strength of materials, geothermal fluid chemistry, drilling fluid pressure losses and 
hydraulics, load comparisons, tool joint bonding, and economical cost analysis. 
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1 INTRODUCTION 

“The Light Alloy Improved Dependability Drill Pipe (LAIDP) application is a small step 
our industry can take to meet our responsibility to drill wells deeper and longer, safer, 
more effectively and more economically. The engineers today should have a little vision 
and [be] daring to look into the future. For too long we have been too conservative, failing 
to take calculated risks that are today becoming all too necessary. Aluminum Alloy (AA) 
tubulars are not a figment of someone’s imagination. They are products supported by 
careful engineering analysis and decades of field experience just waiting for an opening. 
Often, these products are truly a competitive alternative to more traditional products used 
much more widely. At times, they provide us with the only correct technical and 
commercial selection. They provide us with a real choice. Let’s assess this choice properly: 
with openness, honesty and sincerity”.  These words from Gelfgat et al. (2006) provide the 
motivation for this thesis.  This thesis will investigate the applicability, economic 
opportunities and temperature limitations of aluminum alloy drill pipe in the geothermal 
drilling industry.   
Continued global population growth has increased energy demand while at the same time 
requiring countries to look for non-fossil fuel based energy production options with base-
load capacities.  Geothermal energy is the viable alternative that is being looked to as the 
major source of energy production through hydrothermal reservoir utilization, enhanced 
geothermal systems (EGS) or Hot dry rock (HDR) development, and supercritical reservoir 
fluid extraction.  While research and development continue in many areas of geothermal 
energy production, implementation and extraction rely on the drilling operations in terms 
of drill rig availability, drill depth and temperature limitations, and costs.         
The geothermal drilling industry has based much of its technology and methodology on the 
experience gained and tested in the oil and gas industries.  Their drilling exploration has 
continued to meet challenges as deeper drilling wells are need to harness the available oil 
and gas resources.  Unlike the geothermal industry however, the economic benefits of 
striking an oil or gas reservoir are much greater per volume of extracted fluid.  This has 
prompted the geothermal industry to look into ultra high energy geothermal resources for 
greater energy production per well, increase geophysical and geochemical exploration for 
more effective drilling, and push the temperature and depth limits of drill rig components, 
all while being pressured to reduce costs and reduce work-schedule completion dates.  The 
geothermal drilling industry consumes a major percentage of the total cost of the 
development of a geothermal field, with geothermal wells representing 30-50% of the total 
cost (Thorhallsson, 2008).  Rising drilling costs have been a reflection of the increased 
depth requirements and harder drilling conditions. 

Back in the 1960’s and 70’s, Russia was conducting field tests with aluminum drill pipe to 
reduce the weight of coring and drill bit technology known as drilling without pulling out 
pipe (DWPP).  This research was the result of the Kola Peninsula Superdeep Borehole 
project, where depths of 12,262 meters (about 7.62 miles) were achieved (Chesnokov 
2008).  Due to its reduced weight per length as compared to steel, thereby reducing rig load 
and advancing the ability to achieve greater drilling depths, detailed studies were initiated 
on the strengths of aluminum alloys.  The extensive use of aluminum drill pipes has been 
implemented primarily in the Former Soviet Union with encouraging results.   

There are many advantages to aluminum alloy drill pipe (ADP) that can improve the 
drilling operations and reduce costs.  The weight per meter of ADP without tool joints is 
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half that of steel and with tool joints ADP is approximately 58% the weight per meter of 
steel, which results in reduced derrick and hook loads.  Hook loads are also reduced as a 
result of the reduced drag forces from the reduced weight of ADP.  This can result in 
smaller drill rigs being used to drill deeper wells.  The lighter alloy pipe also allows for the 
use of larger diameter pipe with greater thickness, uncompromising the strength compared 
to steel.  The larger diameter drill pipe reduces the area of the annulus thereby increasing 
velocities and decreasing pressure losses inside the drill pipes.   This reduces the drilling 
fluid pump requirements thereby saving capital and fuel costs.  The reduced weight also 
improves the buoyancy effect of ADP which in a 10 lb/gal mud (1.19826 g/cm3) has been 
shown to be about half the weight in air.  This reduces the axial and bending stresses, 
allowing higher-angle doglegs to be drilled more safely.    

Although the advantages are impressive there are also several limitations that need to be 
studied in order to determine the suitability and applicability of ADP in geothermal drilling 
applications.  The temperature range for the use of ADP must be determined.  With a high 
coefficient of thermal conductivity compared to steel, problems will arise with the stability 
of the ADP at high temperatures and with overheating of the drill bit due to increased 
temperatures of the drilling fluid down the drill pipe.  While the light weight properties of 
ADP poses many advantages, the decreased weight reduces the burst strength of the drill 
pipe.  Steel is far superior to aluminum alloy when comparing critical buckling load under 
axial loading.  Though drilling procedures maintain tension on the drill pipe at all times, a 
50% reduction in aluminum for the critical buckling load should be a safety concern.  
Lastly, the behavior and chemical interaction of ADP in a range of geothermal fluid 
environments needs to be established.  The ability of ADP to withstand a highly corrosive 
geothermal brine environment and the determination of the drill pipes’ lifespan as 
compared to drilling requirement needs to be addressed.   

In order for the geothermal drilling industry to reduce costs, maximize drill rig efficiency, 
achieve greater drilling depths than ever before, and reduce the overall drilling time, the 
use of aluminum alloy drill pipes are one solution.  The benefits, limitations, and 
application ranges for ADP need to be established to accurately determine its use in the 
geothermal drilling industry.   

1.1 Thesis Statement 

Aluminum alloy drill pipe could be used in geothermal drilling applications to reduce 
costs, reduce drilling time, increase drilling depths while maintaining or even reducing drill 
rig size and capacity, and improve directional drilling.  The reduction of strength when 
using aluminum at elevated temperatures needs to be taken into account.  Geothermal wells 
are, however, cooled substantially by the drilling fluid while being drilled. Thus there are 
still possibilities for the use of aluminum drill pipes that will be explored.  This research 
thesis will study these issues and develop a temperature prediction model to assess the 
technical and economical issues associated with the use of aluminum drill pipe in the 
geothermal drilling industry.     
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2 WHY THE NEED FOR ALUMINUM ALLOY DRILL PIPES? 

The Oil and Gas industry has been surviving for decades with steel drill pipe and has been 
very successful thus far.  Billions of dollars are invested in geophysical surveys, modeling, 
and enhanced oil recovery (EOR) procedures.  As EOR has become more popular, deeper 
wells are needed and due to the weight limitations of onshore and offshore drill rigs and oil 
platforms, alternatives to heavy steel drill pipe are of interest.  In recent years, drill pipe 
technology has improved, resulting in horizontal wells, steering technology, and many 
other innovations.  But there has not been a major change in drill pipe composition to help 
with the depth limitations encountered while using steel drill pipe.  The young geothermal 
industry has relied heavily on the techniques acquired from the oil and gas industry in 
order to implement them in geothermal well drilling.  However, the world has come to a 
critical point for all the energy industries.  Oil and gas companies must drill deeper, under 
harsher conditions to exploit the rich crude resources within the earth.  Over the past year 
the price of oil has taken the financial markets and the industrial markets on a ride.  Our 
dependence is clear from the whiplash effects felt when oil prices surge or fall.  In a battle 
to cut the dependence on oil, either at the national or global level, renewable and 
sustainable energy organizations have been striving for technological innovations which 
will provide society with both the means to meet the current energy demand and a cost 
effective competitive price with fossil fuels.  Geothermal energy is one of these energy 
players that when developed and maintained in a sustainable manner can generate base 
load power, reduce CO2 emissions, and reduce the reliance on fossil fuels.   
The terms renewable and sustainable are often used interchangeably although their 
meaning is significantly different.  The terms are best defined by Stefansson and Axelsson: 
“renewable describes a property of the resource, namely the ability of the resource to 
replace what is taken out of the resource, whereas the term sustainable describes the mode 
of utilization of the resource” (2005). Therefore, while the heat supplied by the earth’s core 
is renewable, the geothermal reservoir is sustainable when it “involves utilization at a rate, 
which may be maintained for a very long time (100-300 years)” (Axelsson 2005).  There 
has been pressure on governments around the world to increase energy production in 
“clean energy” technologies.  The MIT report on Geothermal energy states, “Based on 
growing markets in the United States for clean, base-load capacity, the panel thinks that 
with a combined public/private investment of about $800 million to $1 billion over a 15-
year period, EGS technology could be deployed commercially on a timescale that would 
produce more than 100,000 MWe or 100 GWe of new capacity by 2050.” (U.S. DOE/MIT 
2006 p. 1-6).  This is equivalent to 200 new Coal power plants with a capacity of 500 
megawatts of electricity (MWe).  (See Appendix A for cost comparison of geothermal and 
coal power plants)  While some argue that this level of investment is not supported and is 
overly optimistic (D.O.E 2008, p. 8), the continuation of technological improvements and 
R&D in the field is critical to evaluating geothermal energy’s future limitations and 
opportunities.     

When oil and gas prices are high, thereby making geothermal energy more cost 
competitive, the geothermal industry battles the oil industry for drill rigs and other drilling 
materials.  This correlation was clearly shown in MIT’s report on “The Future of 
Geothermal” (U.S. DOE/MIT 2006, p. 6-13) where the increase in drilling costs occurred 
as a “response to the drastic increase in the price of crude oil, which resulted in increased 
oil and gas exploration and drilling activity, and a decrease in drilling rig availability.  By 
simple supply-and-demand arguments, this led to an increase in the costs of rig rental and 
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drilling equipment”. “Unfortunately, the recent rise in oil and gas prices has caused an 
increase in demand for rigs, triggering a corresponding increase in their day rates, which 
has made it uneconomical to use oil and gas drilling rigs for geothermal applications”. 
(Teodoriu & Falcone 2008).  Likewise, while the oil and gas industry is having to drill 
deeper to extract the fossil resource, the geothermal industry is having to drill deeper for 
both conventional hydrothermal reservoir and for Enhanced Geothermal Systems (EGS 
formally known as Hot Dry Rock (HDR) systems) to generate substantial base load power 
and achieve economies of scale with larger power plants.  Drilling to greater depths results 
in exponential cost increases as can been seen in Table 2-1 (U.S. DOE/MIT 2006, p. 6-33) 
below.   
 
Table 2-1 Average cost of oil and gas onshore wells drill in the United States in 2004 

Drilling Interval (feet) Average Depth 
(meters) 

Average Depth 
(feet) 

Average Cost (Year 
2004 U.S. M$) 

1,250-2,499 549 1,801 0.304 

2,500-3,749 965 3,165 0.364 

3,750-4,999 1,331 4,367 0.416 
5,000-7,499 1,913 6,275 0.868 
7,500-9,999 2,636 8,649 1.975 

10,000-12,499 3,375 11,074 3.412 
12,500-14,999 4,103 13,463 5.527 

15,000-17,499 4,842 15,886 7.570 
17,500-19,999 5,629 18,468 9.414 

        
This is where aluminum alloy drill pipe can become a benefit.  ADP can allow smaller 
drilling rigs to achieve greater depths without out sacrificing drilling performance and rate 
of penetration.      

While ADP is new to the geothermal industry, Russia has been extensively using ADP 
since the 1960’s.  ADP was widely used in the USSR in the 1960’s and 70’s and 
represented nearly 50% of the drill pipe in use.  The tool joint connections were not 
satisfactory and as drilling depths increased, the tool joints on ADP began to cause a 
number of failures.  This resulted in steel drill pipes securing 85% of total drill pipe in use 
until Russia undertook the Kola ultra deep drilling project, which took place from 1970 
until its completion in 1983 (Gelfgat et al. 2003).  As a result of the greater depth goals 
(goal of 15,000 meters) and the limitations of drill rig hook loads, ADP was revitalized 
with more secure steel tool joints (Chesnokov 2008).  Currently, more than 120,000 meters 
of ADP are being used in Russia and Western Siberia.  The supply of ADP and its 
continued engineering has been mostly due to Aquatic Company, Russia’s premier 
aluminum alloy product fabricator and supplier.  As a result, “the experience of Aquatic 
Company in development, production and use of ADP became the basis for international 
standard ISO 15546 ‘Aluminum alloy drill pipe for use in petroleum and natural gas 
industries’, which was put in force in 2003” (Aquatic Company 2008).   
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3 DRILLING AND WELLBORE BASICS  

Geothermal drilling requires the same equipment and drill rigs as the oil and gas industry.  
A comparative drill pipe analysis will focus on modern drill rig technology.  Only the 
equipment necessary to understand this thesis will be introduced in order to simplify the 
drilling mechanisms on a modern drill rig. 

3.1 Drill Rig 

Modern geothermal drill rig developers have made an effort to increase safety and 
efficiency by automating many of the features on the rig.  This reduces the workforce 
necessary to achieve the drilling depth, thereby saving overhead costs of salaries and 
insurance coverage for rig related accidents.  For instance, the main components of the rig 
include:   
      

• Derrick/Mast 
• Hook 
• Top Drive 
• Rotary Table 
• Drill pipe 
• Drill collar 
• Drill Bit 
• Mud Pumps 
• Mud Coolers 

       
The Derrick or Mast, shown in Figure 3.1 (modified from Tosaka 2008) is the rigid 
structure that supports all the equipment needed to lower and raise the drill pipe into the 
well bore.  The height of the mast dictates the number of drill pipe joints, which in turn 
dictates the typical length of a drill pipe that can be tripped (drilled) at a time.  Two joints 
require heights in excess of 18 meters while three pipe joints require a derrick/mast height 
in excess of 27 meters.   
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Figure 3.1 Drill Rig Components 
The hook is a J-shaped structure that hangs from the mast and is able to move up and down 
with the use of hydraulic drill lines and draw-works.  The hook is responsible for 
supporting the entire drill string assembly including the drill pipe, drill collar, drill bit, and 
the top drive.  The ultimate load that a rig can handle is often rated based on the maximum 
load that the hook can withstand, thereby it is called the hook load.   

The top drive hangs from the hook and is connected directly to the drill pipe below.  The 
drilling fluid is pumped through the top drive and down the drill pipe.  Simultaneously, the 
top drive rotates the drill pipe thereby producing the torque and rotations per minute (rpm) 
that drive the drill bit into the rock formation at the bottom of the well bore.  The rotary 
table was the primary rotational element for the drill string in conventional drill rigs, but in 
modern rigs it is used to continuously rotate the drill pipe during connection and during 
tripping out (removing drill pipe from the hole).      

The drill pipe is typically made of steel with a steel tool joint.  A tool joint is the 
connection element used to connect one pipe to another.  There is a female end, the box, 
and a male end, the pin.  It is enforced with thicker walls to handle the frequent threading 
of one pipe to another.  Due to the increased thickness, the tool joint usually has a greater 
outside diameter than the drill pipe and therefore exhibits more wear from rubbing on the 
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wellbore wall.  There are certain drill pipes available with greater diameters in the middle 
of the pipe to protect the pipe from wear.   
The drill collar is the pipe section just above the drill bit and is responsible for supplying 
most of the force, or weight on the bit (WOB), that helps the bit to penetrate the rock.  
Typically the drill collar is made of steel to provide the necessary weight, has a much 
larger diameter than the drill pipe, and has thicker sides than the drill pipe.  The drill collar 
and drill pipe hang from the hook and it’s the weight of the drill collar that helps to apply 
the tension to the drill pipe to keep them structurally sound.   
The most common drill bit used in the geothermal industry is the tungsten carbide-based 
tri-cone roller bit.  Although based on an older technology with a slower rate of penetration 
(ROP) than newer drill bits used in the oil and gas industry, such as the Polycrystalline 
diamond compact (PDC) drill bit, the tri-cone bit has proven to be the only drill bit, to date, 
suitable for the harder formations encountered in geothermal drilling (U.S. DOE 2008, 
U.S. DOE/MIT 2006).  
Mud pumps are responsible for circulating the drilling fluid through the well bore, down 
the drill pipe and drill collar, through the drill bit, and up the annulus (the space between 
the outside of the drill pipe and inside of the wellbore wall).  The pump power (pressure) 
must be strong enough for the fluid to flow up the annulus at a high enough velocity to 
move the drill cutting up to the surface.  

Due to the high temperatures encountered at the bottom of the borehole, mud coolers are 
necessary to cool the drilling fluid before reentry – both for the safety of the crew and to 
cool the drill bit.  While temperatures encountered at the bottom of the borehole are 
dangerously high for the drill crew (U.S. DOE/MIT 2006, p. 6-6), the fluid rising up the 
annulus is partly cooled from the drilling fluid that flows down the drill pipe.  Therefore 
the cooler the drilling fluid is at the top of the drill pipe, the cooler the annulus water will 
be at the top of the well.   

3.2 Wellbore Basics 

The terms wellbore and borehole are often used interchangeably.  They both refer to the 
hole drilled into the earth for either geological exploration or resource extraction (oil, gas, 
or water).     

4 HEAT TRANSFER AND TEMPERATURE MODEL 

A heat transfer and temperature model was developed in Excel to simulate the heat transfer 
from the formation to the annulus and from the annulus through the drill pipe to the fluid in 
the drill pipe.  In thermodynamic terms this is a very complicated system.  Without 
simplifying the elements, this would be a non-Newtonian fluid – because drill mud does 
not have the same viscous properties as water – (Bourgoyne et al. 1991, Moore 1986, 
Santoyo et al. 2003), turbulent flow, single pass counter-flow heat exchanger that is not 
insulated and has a varying heat flux to the “surroundings” along the length of the pipe (i.e. 
at one end of the heat exchanger the surroundings is hotter than the fluid in the pipes and at 
the other end could be cooler). 
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4.1 Model Approach and Methods 

The accuracy and validity of the model is vital to replicating the real world drilling 
scenarios in order to test the temperature limits in a well, thereby determining the ultimate 
application range for ADP.  This model was based on the STAR model, developed by Mr. 
Sverrir Thórhallsson and Dr. Árni Ragnarsson at Iceland GeoSurvey (ISOR) and as 
presented in Huang Hefu’s UNU report (2006).  While the basic premise behind this model 
follows the STAR model, there have been several changes made to the approach of certain 
values and in several equations.  

As a well is being drilled, there is a full circulation system down the drill pipe and back up 
the annulus for the primary purpose of removing the rock cuttings from the bottom of the 
borehole to the surface, and secondarily to cool the drill bit, lubricate the drill pipe, 
maintain subsurface pressures, and evaluate formation geology (Bourgoyne et al. 1991, 
Hole 2006, Moore 1986).  The circulation fluid, or drilling fluid, can be water, mud (either 
water or oil based), air, or an aerated fluid.  This fluid can be applied in either a direct 
circulation system or a reverse circulation system.  A direct circulation system consists of 
the fluid flowing through the top drive, down the drill pipe, through the drill bit nozzles, 
and up the annulus to the mud pit, bringing with it the cuttings from the drilling operations 
in the bottom of the borehole.  The reverse circulation system, which is used in shallow 
borehole applications, pumps the fluid down the top of the annulus to the bottom of the 
borehole where it entrains the cuttings, flows through the orifice in the drill bit, up the 
inside of the drill pipe, and returns to the mud pit (Lyons et al. 2001).  See Figure 4.1 and 
Figure 4.2 for a schematic of direct and indirect circulation methods.   

       

 
Figure 4.1 Direct circulation mud system (Lyons et al. 2001, p. 1-8) 
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Figure 4.2 Reverse circulation mud system (Lyons et al. 2001, p.1-10) 
This model will only focus on the direct circulation method.  The temperature is known at 
the standpipe, Ts [°C], and is assumed to be the same temperature as at the top of the drill 
pipe at a depth of zero (0) meters.  The temperature of the drilling fluid flowing down the 
inside of the drill pipe, Tt [°C], will increase as the depth increases, and is influenced by 
the heat transfer coefficient of the drill pipe and the temperature of the annulus at that 
depth in the well.  The annulus temperature, Ta [°C], reduces as the drilling fluid flows up 
the annular space in the borehole.  The temperature in the annulus is affected by the 
formation temperature and the cooling fluid inside the drill pipe.   It should be noted that 
temperature (°C, °F, K), in the simplest of terms, is a measure of the degree of hotness 
within a body or system, while heat (Joules) is the quantity of hotness within a system.  
The temperature of the annulus and the drill pipe fluid are assumed to be equal at the 
bottom of the borehole where the fluid flows from inside the drill pipe through the drill bit 
to the annulus.  The well will be divided into hundreds or thousands of cells depending on 
the depth interval chosen, dz [m], and the depth of the well, z [m], being analyzed.  Within 
each cell the properties of the fluid are assumed to be constant.  Figure 4.3 shows a 
schematic of the wellbore temperature model parameters.     
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Figure 4.3 Temperature Model Wellbore circulation system 
The model is set up to take an “educated” guess of the temperature at the bottom of the 
borehole, Tt at the total depth of wellbore and then optimizes this bottom borehole 
temperature value, and the temperature of subsequent cells to the surface of the wellbore so 
that the temperature calculated at the top of the inside of the drill pipe, Tt at the depth=0, is 
equal to the surface temperature in the standpipe, Ts.    
The temperature gradient in the radial direction (the change in temperature as a function of 
distance in the horizontal direction) is much greater than the vertical temperature gradient 
from cell to cell (Chugunov et al. 2003, Fomin et al. 2005).  This is especially true in 
turbulent flow conditions which are characterized by rapid heat dispersion perpendicular to 
the flow (Bird et al. 2002).  Therefore the heat in each cell is calculated by “assuming 
horizontal heat conduction in an adjacent rock formation” to the annulus, continuing 

Tf = Formation Temperature, °C 
Ta = Annulus fluid Temperature, °C 

Tt = Drill pipe fluid temperature, °C 
Qf = heat flow from formation, W 

Q = heat flow from annulus fluid to 
drill pipe fluid, W 

mout = flow out of annulus, kg/s 
min = flow in drill pipe, kg/s 

dz = cell interval, m 
n = cell index 

Tan = temperature in annulus at cell n 
Ta(n+1) = temperature in annulus at cell 
n+1 (below cell n) 
Ttn = temp of drill pipe fluid at cell n 

Tt(n+1) = temp of drill pipe fluid at cell 
n+1 
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through the drill pipe to the drilling fluid in the center pipe (Kanev et al. 1997, p. 332).  
The heat flow from the rock formation to the annulus is dependent on the temperature of 
the rock at that depth and the circulation time (the time the drilling fluid has been flowing 
through a cell).  In other words, this model does not assume that the bore-face temperature 
is constant but rather changes with time and depth as is more realistic.  The varying bore-
face temperature has been an oversight of several other wellbore simulators, which has 
been criticized by Fomin and Chugunov (2005, 2003).  The circulation time will vary for 
each wellbore based on the total number of drilling days and the depths achieved each day.  
In this model, the time function can be estimated as a linear function based upon the total 
number of drill days at depth zero down to 1 day of fluid circulation at the bottom of the 
wellbore.  Similarly, this model allows for actual input of wellbore cooling data and is 
designed to interpolate between entered data and will therefore linearize between points.  If 
temperature logs of the location of the wellbore are not available for input into the model, 
the formation temperature will be assumed to follow the boiling point with depth curve 
(BPD).   Similarly to the cooling data, if formation temperature is input, the temperature 
for a certain depth will linearize between points.  See Appendix C for BPD.   

4.1.1 Heat Transfer from the Rock Formation 
The equation for heat transfer from the rock formations to the annulus qf, is based on the 
original work by Carslaw and Jaeger (1959) for the heat flux of a radial surface for large 
values of time:   

    (1)  

qF = heat flux of the formation through the wellbore wall [W/m2] 

tnd  = time is non-dimensional,  

t  = time [s] 
α  = thermal diffusivity of the rock [m2/s] 

kr = thermal conductivity of the rock [W/(m°C)] 

∆T = difference in temperature from the formation to the annulus [°C],  

Tf = temperature of the formation [°C] 
Ta = temperature of the annulus fluid [°C]  

rw = radius of well [m] 
γ  = Euler’s constant = 0.57722… 0.5772 

The above equation was modified by Kanev to determine the total heat, Q, “transferred 
from the fluid to the surrounding formation by an increment of pipe ∆z” (2003, p. 332).  In 
this case ∆z is the same as dz and Kanev formed the following equation:  

  (2)  

 QF = total heat flow [W]; and the rest are the same as above.  
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The formation heat flow was also presented in a simpler way to produce the heat flow per 
meter of length of the wellbore in the Thermie Project report (1998).  Here the heat flow 
per meter is given by:  

 (3)
 

 qF = heat flow per meter length [W/m] 

ρr = density of the rock [kg/m3] 
 Cr  = heat capacity of the rock [J/(kg°C)]; and the other variables are defined 
above.  
In order to determine the heat flow within a cell of length dz, the heat flow, qF, is 
multiplied by the dz to calculate the total heat flow in watts for that cell.  The model 
calculated the final temperature and heat flow using the Thermie equation and used the 
Kanev modified total heat equation as a check. 

4.1.2 Heat Flow from the Annulus to the Fluid inside the Drill Pipe 
The determination of heat flow from the fluid in the annulus to the fluid in the drill pipe, Q, 
can be solved using a general heat flow equation with a thermal resistance network:  

     (4) 

Q   = heat flow from the annulus fluid to the fluid inside the drill pipe for 1 
meter long section [W] 

Tt  = temperature of fluid inside the drill pipe [°C] 
RTotal = Equivalent thermal resistance [°C /W] 

As above, Q must be multiplied by dz in order to determine the total heat flow for a 
particular cell.  The resistance of the substance is the effort of heat to flow through that 
substance.  In this model, which is similar to a heat exchanger, the thermal resistance 
network is comprised of two convective and one conductive resistance, namely the heat 
flow from annulus (convective), through the drill pipe (conductive), to the fluid inside the 
drill pipe (convective).  The resistances are in series and the equation for the equivalent 
thermal resistance becomes:  

 (5)  

 Ra = thermal resistance outside the drill pipe (annulus fluid) [°C /W] 
 Rdp = thermal resistance of the drill pipe [°C /W] 

 Rt = thermal resistance inside the drill pipe [°C /W] 
It should be noted that the overall heat transfer equation, U [W/(m2°C)], was not used in 
this case since the ultimate goal of this temperature model is to determine the depth 
limitation of an aluminum alloy drill pipe.  Using U would either require the use of two 
overall heat transfer coefficients, one for the outer wall of the pipe and the second for the 
inner wall of the pipe since the surface areas are not equal, or would require the 
assumption that the pipe’s thermal conductivity is high and the pipe thickness is negligible, 
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making the inside and outside surface areas approximately equal.  See appendix B for 
details.     

The thermal resistance outside the drill pipe, within the annulus: 
Heat flow in this area is due to convection of the fluid to the drill pipe and the resistance 
therefore follows the basic thermodynamic equations for convective resistance. 

 (6)
 

where        

Lienhard and Linehard (2008, p. 361) present Sieder and Tate’s (1936) work on the 
correction to the Nusselt number, Nui, due to changes in viscosity of the bulk fluid versus 
the viscosity of the fluid near the wall.   

 (7)
 

In most thermal fluid analysis, the heat transfer coefficient is nondimensionalized in order 
to reduce the number of variables one works with.  The Nusselt number is viewed as the 
dimensionless convection heat transfer coefficient.  The temperature that is used to 
evaluate the Nusselt number is often that of the bulk fluid.  The earliest work for the 
Nusselt number in a smooth pipe under turbulent flow is that by Dittus and Boelter in 
1930, .  This was later closely simulated by Colburn, who provided 
the following equation for the Nusselt number: .  For both of these 
cases, the properties are evaluated at the mean temperature – the average between the bulk 
temperature and the pipe wall temperature.  Therefore, the two above equations are valid 
for very low temperature differences between the bulk temperature and the wall 
temperature.  However, the correction proved by Sieder and Tate was necessary when the 
temperature difference between the bulk and wall temperature, , was large enough 
to cause changes in the viscosity, µ.  As research in turbulent pipe flow continued, the 
Nusselt number was improved.  First by Petukhov and later in the 1970s by Gnielinski, the 
validity of the equation could be applied to a wider range of Reynolds numbers (Lienhard 
& Lienhard 2008).  While the temperature difference between the bulk and wall 
temperature in this analysis would be significantly small, allowing the use of the simpler 
Colburn equation, the more accurate modern equation by Gnielinski was used.  Since this 
analysis is supposed to analyze the impact of the aluminum drill pipe versus steel drill 
pipe, neglecting the small temperature difference between the wall and the bulk fluid 
appeared to be invalid.  Therefore, the temperature at the wall on the outside of the drill 
pipe was estimated to be 60% of the temperature of the bulk fluid in the annulus and 40% 
of the temperature of the bulk fluid inside the drill pipe.  Conversely, the temperature at the 
wall on the inside of the drill pipe was estimated to be 40% of the temperature of the bulk 
fluid in the annulus and 60% of the temperature of the bulk fluid inside the drill pipe.  This 
provided a small estimate of the difference between the outside and inside of the drill pipe 
and allowed the use of the Sieder and Tate correction factor.   
As stated above, the Nusselt number for turbulent flows in smooth pipes is based on 
Gnielinsky’s (1976) work (Garcia et al. 1998, Lienhard & Lienhard 2008, VDI 1993): 
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 for Re > 2300  (8) 

where           
 

ha = convective heat transfer coefficient of the annulus [W/m2]  

ka = thermal conductivity of the annulus fluid [W/(m°C)] 
Nui = Correction factor for the Nusselt number 

Nu = Nusselt number  
Tb = bulk temperature, temperature in the center of the drill pipe [°C]  

Tw = wall temperature within cell [°C] 
f  = friction factor of a smooth pipe 

Re = Reynolds number 
Pr = Prandtl number for water 

Cp = heat capacity of water at bulk temperature within cell [J/(kg°C)] 
µb = viscosity of the fluid at the bulk temperature within cell [Pa·s]   

µw = viscosity of the fluid at the wall temperature within cell [Pa·s] 
ρw = density of water at bulk temperature within cell [°C /W] 

ν  = fluid velocity [m/s] 
D  = hydraulic diameters [m] 

dw = diameter of the well [m] 
dpo = diameter of the outside of the drill pipe [m] 

Aso = Surface area of the outside of the pipe for 1 meter lengths [m2] 
L = 1 meter length of pipe [m] 

The thermal resistance of the drill pipe: 

 (9) 

dpi = diameter of the inside of the drill pipe [m] 

kp = thermal conductivity of the drill pipe [W/(m°C)] 

The thermal resistance inside the drill pipe: 
Again, as with the outside of the drill pipe, the thermal resistance is controlled by 
convection and the equation is similar to the outside of the drill pipe with the exception of 
the hydraulic radius, D.   
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 (10)
 

Where      

Asi = Surface area of the inside of the pipe for 1 meter lengths [m2] 
kt = thermal conductivity of the fluid inside the drill pipe [W/(m°C)] 

ht = convective heat transfer coefficient of the drill pipe fluid [W/m2] 

Energy Balance: 
The sign convention used is that heat flowing into a medium is positive and flowing out is 
negative; also noting that heat flows from high temperature to low temperatures will affect 
the heat flow within the annulus based on the formation temperature and the annulus 
temperature.  There are cases, near the top of the wellbore, where the annulus temperature 
could be greater than the formation temperature.   
The heat balance equation for the annulus used in the temperature model is (Hefu 2000): 

  (11)  

 mout  = mass flow of fluid in the annulus [kg/s] 

   = heat capacity of the annulus fluid at temperature Tan [J/(kg°C)] 

 n  = cell number index (n=1 at the depth of 0 meters and n 

   = at the bottom of the borehole) 

 Tan  = temperature of annulus fluid at the top of cell number n [°C] 

 Ta(n+1)   = temperature of annulus fluid at top of cell number n+1 [°C] 
As noted above, QF and Q have units of watts.  However, the heat flow for each cell is 
based on the number of cells in the wellbore.  In these terms, QF and Q could be thought to 
have units of watts for the length of dz.  The temperature difference is solved for in the 
above equation and then used to determine the temperature of the top of the next cell.  In 
the case of the annulus, cell (n+1) is predicted since an estimate is input into the model for 
the bottom borehole temperature, therefore solving for the temperature of the in annulus in 
cell n, the cell above.       

The heat balance equation for the fluid in the drill pipe is (Hefu 2000): 

  (12) 

 min  = mass flow of fluid in the drill pipe [kg/s] 

  = heat capacity of fluid in the drill pipe at temperature Ttn [J/(kg°C)] 

 Ttn  = temperature of fluid in drill pipe at the top of cell number n [°C] 
 Tt(n+1)   = temperature of fluid in drill pipe at top of cell number n+1 [°C] 

The temperature difference is solved with an initial estimation from the bottom of the 
borehole where the fluid temperature inside the drill pipe, Tt(n+1) where n is the last cell or 
rather the total depth of the borehole divided by dz, equals the fluid temperature in the 
annulus, Ta(n+1) where n is the last cell.  Knowing the temperature entering the drill pipe at 
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the top of the borehole, the depth of the well, formation temperature, and dz, the bottom 
guess can be solved to equate the temperature in the model at the top of the drill pipe to the 
recorded temperature at the stand pipe.    

4.1.3 Newtonian and Non-Newtonian Drilling Fluid 
The model allows for the evaluation of either water or mud as the drilling fluid.  The water 
properties, Cp, k, ρ, µ, Pr, are evaluated at every cell in the model with the use of the 
program REFPROP (Lemmon 2007) linking directly to Excel.  However, drilling fluids are 
often a mixture of water and solids that form a drilling mud which has a much higher 
viscosity than water, especially at very high temperatures.  Drilling fluids such as muds are 
classified as non-Newtonian fluids.  A Newtonian versus non-Newtonian fluid is one in 
which, according to Bloomer (2000), the “rate of deformation is directly proportional to 
the applied shear stress” whereas a non-Newtonian fluid has different viscosity values 
when, for instance, the flow rate is increased, such as with ketchup – i.e. the stress and 
strain relationship of the fluid is not linear.  Drilling fluids are site specific and are often 
mixed with clays, such as Bentonite, and other additives to achieve the correct density and 
viscosity that is appropriate for the drilling location and for the depth being drilled.   
An investigation conducted by Santoyo et al. (2003) showed the significance of modeling 
Newtonian versus non-Newtonian drilling fluids.  It was reported “Newtonian and non-
Newtonian fluid viscosities as a function of temperature showed significant differences, up 
to 98%” (2003, p.249).  This is a fairly significant difference and would compromise the 
predictions of a geothermal drilling wellbore temperature model.  In order to evaluate the 
drilling mud viscosities, Saytoyo et al. (2003) used correlations from previous 
experimental rheological work by Saytoyo et al. (2001) on high temperature drilling fluid 
with a density of 1040 kg/m3 and with 6.2 wt% of Bentonite to estimate non-Newtonian 
mud viscosities.  The resulting equation for the viscosity of this drilling mud is:  

 (13) 

µm = viscosity of the drilling mud [Pa·s] 

T  = Temperature [°C]    
For example, the use of the viscosity of water at a temperature of 20ºC (0.0010016 Pa·s) 
would result in a 93.3% error over the viscosity of the mud at the same temperature 
(0.014895495 Pa·s).  As the temperature increases to 150°C, this difference would increase 
to 97.6% error.  Clearly the use of a Newtonian fluid approach using water results in a 
large underestimation of the actual drilling fluid viscosity.  This in turn has a major impact 
on the temperature estimation for a geothermal wellbore.  For this reason, the temperature 
model can evaluate either water or a Bentonite based mud (~6%).  Using mud and the 
equation developed by Santoyo et al. gives a more accurate approximation than when 
water is used, even given the uncertainty of the mud’s composition.  Additionally, this mud 
composition is similar to that used in the Icelandic Deep Drilling Project (IDDP) in Krafla, 
Iceland.  The drilling mud program uses a bentonite based mud with 3% to 6.7% 
Bentonite, varying for depths of 0 to 1600 meters (AVA 2008).   
The other properties of the drilling mud, such as density (ρ) and specific heat capacity (Cp), 
were assumed to be close to that of water since no experimental correlation, to date, has 
been developed (Santoyo et al. 2003).  Although there are small changes in the thermal 
conductivity, k, of drilling mud, Santoyo et al. (2003) refers to the experimental study by 
Kiyohashi et al. (1996).  The results produced a correlation equation for k based on drill 
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fluid compositions of 4, 6, 8 and 10% wt of Bentonite with varying temperatures of 50-
250°C: 

  (14) 

km = thermal conductivity of drilling mud [W/(m°C)] 
T  = Temperature [°C].    

The model used these two equations to determine the viscosity and thermal conductivity of 
the drilling mud for each cell, and the density (ρ) and specific heat capacity (Cp) are 
evaluated using water properties for those cells.   
Despite efforts to maintain accuracy and simulate real world geothermal conditions in the 
model, several assumptions had to be made due to time constraints to simplify the complex 
geothermal borehole system. 

      
• The heat due to the drill bit and heat transfer from the tungsten carbide drill bit is 

neglected; 
• The heat flow from the surrounding formation is horizontal heat conduction; 
• Formation temperature is symmetrical around the well axis; 
• Heat transfer coefficients are based on turbulent flows (i.e. Re > 10,000) 
• Only fluids that can be modeled are water and mud(ρ=1040 kg/m3 & 6.2 wt% of 

Bentonite); 
• Well is assumed to be single phase liquid flow; 
• Velocity of the flow is computed based on the flow (L/s) being pumped in the area of 

the pipe, and assumes a constant density of 1000 kg/m3.  In other words, the velocity 
is not linked to the change of drilling fluid densities with temperature;    

• If losses are modeled with mud as the fluid, the Reynolds number does not 
recompute with new velocity.  Recomputing the Reynolds number with a new 
velocity would lead to a Reynolds number less than turbulent flow and would require 
new equations for the heat transfer coefficients.  However, for non-Newtonian fluids, 
Santoyo (2003) references Marshall and Bentsen recommendations of using Nu = 
4.12 for the annulus region in laminar flows.  However this was not input into the 
model; 

• Without a formation temperature reading, the boiling point curve with depth (BPD) 
will be assumed as the formation temperature (See Appendix C for BPD and percent 
error in depth increments). 

 
The validation and accuracy of the temperature model will be shown in section 10.2.  The 
predicted results of the temperature model with aluminum drill pipe will be shown in 
section 10.3.       

5 STRENGTH OF MATERIALS OF DRILL PIPE 

“To advance the drill bit in rock requires the application of an axial force on the bit (to 
push the bit into the rock face), torque on the bit (to rotate the bit against the resistance of 
the rock face), and circulating fluid to clear the rock cuttings away from the bit as the bit 
generates more cuttings with its advance” (Lyons et al. 2001, p. 1-3).  Clearly it can be 
determined that the drill string components undergo various combinations of stresses and 
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strains in order to achieve the end goal of deep underground resource recovery.  The 
schematic shown in Figure 5.1 below from Lyons (2001) shows these elements.       
  

 
Figure 5.1 Components necessary for drilling 
The structural analysis of the drill pipe is critical to the application of aluminum alloy drill 
pipe in the geothermal industry.  A comparison of structural properties and calculations 
between aluminum alloy and steel will be presented and summarized.  Table 5-1 below 
gives a summary of the properties and their relevance to drilling as presented by Shell 
Expro and Exxon (Vaisberg et al. 2002).     

 
Table 5-1 Structural Drill Pipe Properties 

Properties Why this is Important 

Minimum yield strength Determines minimum rated capacity in torsion, tension, 
burst and collapse pressure for a given component size 

Minimum tensile strength Determines parting load in torsion, tension, burst and 
collapse for a given component size 

Maximum yield strength Helps ensure that material is not too hard and brittle 

Minimum ductility Ensures a minimum amount of plastic stretch after yield 
but before parting 

Minimum toughness Ensures a minimum resistance to fatigue crack extension.  
Ensures that a component can support at least a through 
wall crack without parting (leak before break) 

Internal upset geometry Determines the stress concentration effect of the change in 
wall section at the internal upset on a drill pipe tube.  This 
in turn affects the fatigue life of the tube (higher stress and 
then shorter life) 

        
The grade of the steel and aluminum drill pipes and their material composition that will be 
analyzed for this comparison are shown below in Table 5-2 and Table 5-3 below.  
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According to the API Spec 5D general manufacturing specifications for drill pipes, the 
seamless tube should be wrought steel.  While the ISO 15546 standard does not identify 
the manufacturing process, the aluminum alloys analyzed in this thesis were wrought 
alloys.    
 
Table 5-2 Aluminum Drill Pipe Alloy and Composition   

 
        
Table 5-3 Steel Drill Pipe Grade and Material Composition   

        
The geothermal industry uses mostly API E-75 grade steel pipe, but as most of the oil and 
gas industry are using API S-135, other grades are harder to come by.  Therefore, the 
analysis will include both grades of API drill pipes in addition to API G-105.   

5.1 Tension Forces in Drill Pipes 

The tensile load on the drill pipes is due to the weight of the drill collars and the 
subsequent drill pipes hanging below the analysis point.  Tension is an axial force that acts 
along the length of the pipe and acts as a pulling force on the pipe members.  The total 
tensile load for the entire drill string can be determined by the following equation (Gabolde 
& Nguyen 2006): 

      (full steel drill string)     (15)      

   (steel drill collar and ADP)  (16)  
Ften  = submerged load hanging below upper end of this section of drill pipe [N]    
Ldp = Length of drill pipe section considered [m] 

Ldc = Length of drill collars [m] 
Wdp = weight per meter of drill pipe assembly in air [kg/m] 

Wdc = weight per meter of drill collar in air [kg/m] 
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BF = buoyancy factor  

= where ρdp = density of drill pipe, ρf = density of fluid. 

 BFAl = aluminum buoyancy factor 

 BFSt  = steel buoyancy factor 
The tension force applied to the drill string is calculated and then compared to the 
minimum axial yield strength of the pipe with an appropriate factor of safety.  The total 
tension, or axial force, must not exceed the axial yield strength limit.   

5.2 Axial Yield Strength 

While tensile forces are applied to the drill pipe with the adjustment of the hook load, the 
ultimate pipe yield strength due to axial loads can be computed by the following equation: 

   (17) 

Paxial-yield  = axial yield strength of pipe [lbf, N] 

σyield = specified minimum yield strength [psi, MPa] 
dpi = diameter of the inside of the drill pipe [in, m] 

dpo = nominal outside drill pipe diameter [in, m]  
When an axial force is applied, Ften (which tends to pull the pipe apart), the axial force is 
resisted by the strength of the pipe walls.  The equation above for Paxial-yield, is the strength 
of the pipe walls, based on the cross-sectional area of the pipe and the yield strength of the 
pipe material.  This equation calculates the minimal force required to cause permanent 
deformation in the pipe body.  The force required to pull the pipe into two is much greater.   

5.3 Compression – Buckling 

The buckling of drill pipe is one of the most dangerous conditions and can exceed the 
critical stresses not only to the drill pipe but also to the tool joints.  Buckling occurs when 
the drill pipe is subjected to a compressional load on the bottom of the borehole that is less 
than the hook load.  In this case, helical buckling will occur in the lower portion of the drill 
pipe.  Buckling forces are resisted by the moment of inertia for a circular pipe, I.  The drill 
string is comprised of both the drill collars and the drill pipe.  While the moment of inertia 
of the drill collars is quite large, the moment of inertia of the drill pipe is almost negligible.  
Therefore, if the tendency of the drill string to buckle occurs above the drill collar, the drill 
pipe will undergo helical buckling.  Therefore the goal, in order to prevent the drill string 
from buckling, is to have the drill pipe in constant tension by means of adequate drill collar 
length, creating enough weight and tensional force on the drill pipe while being able to 
apply the desired force on the drill bit.  The point above which there is no tendency of the 
pipe to buckle is called the neutral point since the axial stress is equal to the average of the 
radial and tangential stresses.  Maintaining the neutral point in the section of the drill collar 
helps to eliminate buckling of the drill string (Bourgoyne et al. 1991).      
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The avoidance of buckling in the drill pipe can be determined by one of two ways.  First, 
the critical buckling force for a specified drill pipe can be computed by Dawson and 
Paslay’s formula below (Gabolde & Nguyen 2006): 

 (18)

 

E  = Young’s Modulus or modulus of elasticity of the drill pipe [MPa, psi]    

I  = moment of inertia of the drill pipe [mm4, in4]  

= , where dpo and dpi are the millimeters (mm) or inches 

Wb = buoyed weight per unit length [kg/m, lb/in] 

  = (BF)wdc 

Θ = bore-hole inclination measured from vertical 

r  = radial clearance between the pipe and the bore-hole wall [mm, in] 

This equation is relevant only in directional drilling, as the equation would be obsolete 
with an angle of zero degrees.  

Second, the adequate length of the drill collar can be computed based on the force applied 
to the drill bit, or more commonly referred to as the ‘weight on bit’ (WOB), to maintain the 
neutral point within the section of the drill collar and eliminate the buckling of the drill 
pipe.  The necessary drill collar length is given by the following equation (Bourgoyne et al. 
1991, Gabolde & Nguyen 2006 ):  

 (19)

 

Ldc  = length of the drill collar [m]    
WOB = maximum force applied to the drill bit [metric tonne]  

 = an approximation is 1 metric tonne per 1” diameter of bit and 1 metric tonne 
(tonne) ≈ 10 kN 

Fpn = neutral point position as percentage of total drill collar string length (factor of 
safety) 

wdc = weight per meter of drill collar in air [kg/m]  
i = hole angle form vertical  

ρdp  = density of drill pipe [kg/m3] 
ρf = density of fluid [kg/m3] 
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Typically a factor of safety is applied to the computed length of the drill collar to ensure 
that the neutral point stays within the drill collar and eliminate the compression of the drill 
pipe.  In this analysis, Fpn was assumed to be 85%.     

5.4 Internal Yield Pressure – Bursting 

In situations where the drilling fluid is lost to the formation, there is a threat of the drill 
pipe bursting or expanding outward due to the high hydraulic pressure inside the drill pipe 
as compared to the annulus (Akgun & Maidla 2008, API 5C3 1994, Bourgoyne et al. 
1991).  The equation is:   

 (20) 
Pburst = minimum internal yield pressure [MPa] 
σyield = specified minimum yield strength [MPa] 

tpipe = nominal wall thickness [m] 
dpo = nominal outside drill pipe diameter [m]  

The 0.875 factor is an API requirement that takes 87.5% of the yield strength of the pipe 
that acts as a type of factor of safety.  This internal yield pressure calculated with the above 
equation correlates to the “minimum expected internal pressure at which permanent pipe 
deformation could take place, if the pipe is subjected to no external pressure or axial loads” 
(Bourgoyne et al. 1991, p. 308 ) 

5.5 Collapse 

There are times when there is no fluid inside drill pipe or when the pressure in the annulus 
is much greater than that of the fluid inside the drill pipe.  In such cases, the collapse 
pressure of the drill pipe is due to the hydrostatic pressure at a given depth.  The 
hydrostatic pressure exerted on an empty drill pipe is (Gabolde & Nguyen 2006): 

   (21) 

Pc = collapse pressure [kPa] 
z  = vertical depth [m] 

wfluid = fluid weight (or density) [kg/l] 
The yield strength collapse pressure, which is due to external pressure on the pipe 
exceeding the tangential yield stress of the pipe can be calculated by the following 
equation (Akgun & Maidla 2008, API 5C3 1994, Bourgoyne et al. 1991): 

  (22)
 

Pcol = yield strength collapse pressure [MPa] 

σyield = specified minimum yield strength [MPa] 
tpipe = nominal wall thickness [in, m] 
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dpo = nominal outside drill pipe diameter [in, m]  

This equation assumes that there is no axial stress on the pipe, a condition that is not 
realistic when drilling a borehole. The drill pipes are designed to be under a constant axial 
force, as a compression force within the wellbore would cause buckling.  However, the 
axial tension in the drill string is detrimental to the collapse-pressure rating and beneficial 
to the burst-pressure rating (Bourgoyne et al. 1991).  As a result of axial stress in the drill 
pipe, the yield strength must be modified due to the significant axial stress, σz.  The 
equation below computes the effective yield strength, σyield-E, as a result of the axial stress.  
This is then substituted into the collapse pressure equation to determine the yield strength 
collapse pressure with an applied axial stress: 

   (23)

 

The axial stress can be computed by the following equation where the tension force is 
caused by the drill string hanging below the pipe being analyzed (see previous equation for 
Ften):   

    (24)
 

σz = axial stress [MPa] 

Ften  = load hanging below the upper end of this section of drill pipe [N]    

As = cross-sectional area of steel [m2],   

It should be noted that the internal pressure inside the drill pipe due to fluid flow, pi, is not 
added to the computed axial stress, σz, in order to be more conservative in the calculations.  
This follows the API recommendations for collapse pressure rating.  Since the “collapse 
pressure rating is the minimum pressure difference across the pipe wall required for 
failure… [it] is assumed to be independent of internal pressure” (Bourgoyne et al. 1991, p. 
324).  

5.6 Elongation and Stretch 

The drill pipe is stretched or becomes longer due to both its own weight and the hanging 
weight of all the subsequent pipes below.  The stretch of a drill pipe is based on the 
principles of Hooks law and can be computed by the following equation: 

    (25)
 

σz = axial stress [Pa] 
Ften  = load hanging below the upper end of this section of drill pipe [N]    

As = cross-sectional area of steel [m2], 
 

Lds = Total length of wellbore = Ldp + Ldc [m] 
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Ldp = total length of drill pipe section [m] 

Ldc = total length of drill collar section [m] 
The ISO recommendation for elongation is slightly different.  The minimum elongation 
over 50.8mm (2 in) is calculated by: 

     (26)
 

εel = minimum gauge length extension in 50.8 mm (2.0 in), expressed in percent 
rounded to the nearest 0.5% below 10% and to the nearest unit percent for 10% 
and larger  

As  = cross-sectional area of the tensile test specimen, in square millimeters (square 
inches), based on specified outside diameter or nominal specimen width and 
specified wall thickness, rounded to the nearest 10 mm2 (0.01 in2), or 490 mm2 
(0.75 in2), whichever is smaller 

 See Appendix D for API specimen specification 
fumn = specified minimum tensile strength, in MPa (psi) 

kel = elongation constant, equal to 1942.57 for SI units and 625000 for USC units 

5.7 Bending 

There is increasing demand in the geothermal industry to explore and implement 
directional drilling, which is an intentional deviation of the natural path a wellbore would 
take.  Figure 5.2 below shows an illustration of the main types of directional wells (Moore 
1986, p. 322):   

 
Figure 5.2 Types of Directional Wells 
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There are several benefits for implementing direction drilling, the most notable is 
economics.  Other benefits include the following: one wellbore can span a greater portion 
of a geothermal resource by intersecting more fractures; the plant footprint can be reduced 
by establishing wellheads close to each other while well bottom distances can be quite 
great; allowing the extraction of resources beneath major population centers where various 
limitations prohibit a vertical well; decreasing the environmental footprint of drill pads by 
drilling several wells in varying directions with minimal rig movement; allowing access to 
areas limited by rough terrain in a safe and economical manner (Bourgoyne et al. 1991, 
Hole 2006, U.S. DOE/MIT 2006).   

Hagan Hole (2006) outlined the advantages of drilling directional wells from a multiwell 
site as shown below:   

       
• Total site construction costs are reduced; 
• Road construction costs are reduced; 
• Water supply costs are reduced; 
• Waste disposal ponds for drilling effluent can serve a number of wells; 
• The cost of shifting the drilling rig and the time taken are both significantly reduced; 
• When the wells are completed, the steam gathering pipe work costs are reduced. 

       
The result of the angles achieved during direction drilling in structural analysis terms, 
means an increase in axial tension on the convex side of the bend.  This section will 
address the equation used to determine the bending stress on the drill pipe as the angle of 
the borehole is increased past vertical.  However, it should be noted that for large wellbore 
deviations, the axial stress caused by the bend could be less than the axial stress of a pipe 
in a relatively straight section of hole as a result of the increased hanging weight of the 
pipe.  
The maximum bending stresses in the drill pipe can be calculated using the angle of the 
dogleg severity (DLS), α by Lubinski’s formula (Bourgoyne et al. 1991, Rahman et al. 
1999, Vaisberg et al. 2002).  It should be noted that careful consideration must be made to 
the units used and conversion factors: 
 

    (27)

 

σb = Bending Stress [psi, Pa] 

dpo = nominal outside drill pipe diameter [in, m] 
E = Modulus of Elasticity of pipe material [psi, Pa] 

C = Dogleg severity  
 

α  = Dogleg severity angle [°] or [radian], if in degrees multiple by (π/180) 
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  =  

i1,…n = drift angle measured from vertical or inclination angle [°] 
A1,…n = azimuth angle [°] 

Lb2j  = half the length of the drill pipe (distance between two joints) [in, m]  
Ften  = Axial tension force [psi, Pa] 

I   = Moment of Inertia of the cross section of the drill pipe body [in4, m4] 

5.8 Torsion 

The torque applied to the drill string is limited by the actual tool joint make-up torque.  The 
make-up torque is torque necessary to screw a joint of pipe into another sufficiently tight to 
hold and not loosen under working conditions.  The API RP7G recommends make-up 
torque equal to 60% of tool joint torsional yield strength.  In an effort to prevent down hole 
make-up, which damages threads and creates tight breaks, the IADC (2000) recommends 
limiting the torque to 80% of the recommended make-up torque and increasing the make-
up torque to 70% of the tool joint torsional yield strength.  In a composite drill pipe, the 
torque applied to the drill string by the top drive is limited by the lowest value of the tool 
joint make-up torque.   

The torsional strength of the drill pipe is calculated based on the API RP 7G, 16th edition 
and is tabulated in the Drilling Data Handbook (Gabolde & Nguyen 2006).  The maximum 
shear strength, τmax, in the calculation is taken to be equal to 57.7% of the minimum yield 
strength:  

    (28)
 

Tqdp = Torsional strength of drill pipe [N.m] 

τmax = maximum shear stress (57.7% of minimum yield strength) [Pa] 
dpo = diameter of the outside of the drill pipe [m] 

dpi = diameter of the inside of the drill pipe [m] 
 

Under actual drilling conditions, where the drill pipe has an applied tension load, Ften, the 
maximum allowable torsion can be determined by the following equations (SIEP 2001):  

    (lb-ft) 

    (N m)       (29) 

Tq = minimum torsional yield strength under tension [lb-ft, N·m] 

J  = Polar moment of inertia of the drill pipe [in4, m4]  

= , where dpo and dpi are in inches or meters  
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σyield = specified minimum yield strength [psi, Pa] 

DF = design factor applied to the yield strength (typically 0.85)  
Ften  = load hanging below the upper end of this section of drill pipe [lbf, N]    

As = cross-sectional area of steel [in2, m2], 
 

dpo = nominal outside drill pipe diameter [in, m] 

dpi = inside diameter of the drill pipe [in, m] 
 

The above equation calculates the torsional yield strength of the drill pipe under an axial 
force and does not include the torsional limit of the tool joint.  Often times the tool joint, 
not the drill pipe, is the limiting factor in the torsional strength. 
While the limiting torsional force is critical, often the cyclical bending and rotating stresses 
are the major cause of drill pipe failure.  As a result, it is often more useful to calculate the 
number of rotations causing torsional deformation of the drill string.  The following 
equation ignores friction and tool joints, but determines the limiting number of torsional 
rotations for the drill string (Gabolde & Nguyen 2006):  

    (30)

 

N = number of torsional rotations  

M = applied torque [daN·m]  
Ldp = total length of drill pipe section [m] 

dpo = nominal outside drill pipe diameter [in] 
J  = Polar moment of inertia of the drill pipe [mm4]  

= , where dpo and dpi are in mm 

 r = radius of the drill pipe [mm] 

5.9 Fatigue 

Fatigue failure is the number one cause of drill pipe failure (Miscow et al. 2004, Placido et 
al. 2005, Santus 2008, Vaisberg et al 2002) and the process is a progressive one.  Fatigue is 
caused “by crack nucleation and propagation…”(Placido et al. 2005).  First, 
submicroscopic yielding of the atoms in the pipe starts to occur.  Then with the induced 
cyclical stresses such as tension, compression, torsion, and bending (such as in a dogleg), 
heat is generated that lowers the cohesive strength of the pipe material, thereby progressing 
the pipe yielding until visible cracks appear which perpetuates until ultimately the pipe 
fails and cracks completely.  A corrosive environment can accelerate failure by infiltrating 
the microscopic cracks and propagating cracks further.  Clearly, the composition of the 
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pipe and the strength of materials will reflect the fatigue limit of a specific pipe (IADC 
2001).  An illustration of the Fatigue failure stages is shown below in Figure 5.3: 
 

 
Figure 5.3 Fatigue Failure Stages 
The International Association of Drilling Contractors (IADC 2001) states that the amount 
of fatigue damage depends upon: 

1. The tensile load in the pipe at the dog-leg. 
2. The severity of the dog-leg. 

3. The number of cycles in the dog-leg of each portion of the pipe. 
4. The dimensions and properties of the pipe. 

Since tension in the pipe is critical, a shallow dog-leg in a deep hole often 
becomes the source of difficulty. Also rotating off bottom below a dog-leg 
is not a good practice because of the additional load of the drill collars.  

Although fatigue failure is difficult to estimate since it involves both static and dynamic 
analysis of the torque, drag, torsional loading, bending, and pressure inside and outside of 
the pipe, there are some equations used to estimate the duration life of a drill pipe based on 
the number of cycles the pipe completes while in service.  Since direction drilling results in 
greater bending and fatigue stresses, the number of cycles a pipe undergoes in a dogleg 
affects the duration life of the pipe and should be estimated.  Vaisberg et al. (2001) 
reported the equation developed by Zeren that calculates the number of cycles of a pipe in 
a dogleg as: 

    (31)
 

n  = number of cycles a pipe undergoes  
rpm = the rotary speed of the drill pipe 

L = dogleg interval [ft, m] 
DR = drilling rate or rate of penetration [ft/h, m/h]  



29 

Therefore the fatigue damage of a pipe that passes through a dogleg, with a known tension 
and hole curvature can be computed by: 

   (32)
 

N = total useful life of a drill pipe in cycles, as given by the S-N curve at the 
stress level corresponds to the borehole curvature and pipe tension. 

The S-N curves are calculated in fatigue failure experiments.  Two such experiments were 
conducted for a full-scale drill pipe fatigue failure analysis.  Miscow et al. (2004) designed 
a fatigue simulator to test a full-scale steel API S-135 drill pipe.  The drill pipe had both 
flexural fatigue loads, caused by a constant bending moment, and an axial tension applied 
while rotating the specimen around its longitudinal axis.  The drill pipe was placed in the 
assembly so the tool joint was located centrally.  A sketch of the figure provided by 
Miscow et al. (2004) is provided below in Figure 5.4: 
 

 
Figure 5.4 Drill Pipe Fatigue Testing Assembly 
 
The S-135 5” diameter drill pipe was subjected to a moment of 600 kN·m and an axial 
tension of 2000 kN.  As the specimen was rotated, the fibers underwent cyclical stress 
loading by alternating between compression and tension.  Simultaneously, the axial load 
was applied longitudinally on the specimen and the inside of the pipe was pressurized to 
about 200 kPa replicating the typical stresses on a drill pipe (Miscow et al. 2004).  A 
small-scale test was also conducted on longitudinal samples of the drill pipe to determine 
the fatigue limit and fatigue life at different stresses.  The results can be seen in Figure 5.5 
below (Miscow et al. 2004):  
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Figure 5.5 S-N Curve for 5”Steel  API S-135 Drill Pipe 
 
An identical assembly was used by Placido et al. (2005) to test Aluminum drill pipe of the 
Russian grade D16T, which is equivalent to AA 2024-T4 ASTM designation.  Both a 
bending moment and axial load were applied to a 200 kPa internally pressurized aluminum 
drill pipe.  Similar to the above fatigue failure investigation, a small-scale test was also 
conducted on samples cut from the drill pipe.  The results were analyzed and plotted on a 
S-N diagram as shown below in Figure 5.6 (Note the different scale of y-axis compared to 
Steel): 

   

 
Figure 5.6 S-N Curve for 5.15” Aluminum D16T (2024-T4 ASTM) Drill Pipe 
 
It can be seen from the graph that the ADP has no asymptotic fatigue limit.  The significant 
difference in the small-scale and full-scale experiments could “be explained by the nature 
of the fatigue tests accomplished. The small-scale fatigue tests employed thin samples 
under an approximate plane stress state, while the stress state in the crack initiation sites is 
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three-dimensional in the full-scale test” (Placido et al. 2005, p.415).   A numerical model 
was also developed to compare the small-scale results and investigate the full-scale failure 
patterns.  The model confirmed the failure pattern in the full-scale test where the fatigue 
failure took place in the threaded end of the pipe due to the increased stress concentrations, 
thereby making the threaded end the preferred failure initiation region (Placido et al. 
2005).  Table 5-4 below shows the results of both experiments (Miscow et al. 2004, 
Placido et al. 2005):     

 
Table 5-4 Results of Full-Scale Steel and Aluminum Drill Pipe Fatigue Failure Tests 

        
Although the number of drill pipe tests is limited, the full-scale drill pipe assembly shows 
that ADP has a significant reduction in the number of cycles it can withstand before fatigue 
failure.  Though, the IADC reports that the “flexibility of aluminum drill pipe gives it 
excellent fatigue resistance [and] experience has shown that fatigue life generally exceeds 
wear life” (2001, p. B-152).  Likewise, Alcoa (2008) reports in the operation practices 
section of the ‘Drill Pipe Engineering Data’, that fatigue failure is secondary to aluminum 
drill pipe failure and “the only primary factor leading to downgrading of aluminum drill 
pipe is wear…and will always exhibit is minimum wall at the midpoint of the length”.  
Clearly, more research is needed to determine the fatigue limit of different aluminum 
alloys applicable for drill pipes.    

6 CORROSION OF ALUMINUM ALLOYS 

The corrosive environments of geothermal reservoir and wellbores differ globally from 
location to location.  Sometimes even wells within kilometers of each other can have 
significantly different chemical compositions.  The severity of the corrosive nature of a 
geothermal fluid is drastically different from region to region.  However, due to current 
drilling techniques which include over pressurizing the wellbore relative to the surrounding 
reservoir pressure and the nature of the drilling fluids, the interaction of geothermal fluid 
mixing with drilling fluid can be avoided if maintained properly.  Therefore, the drill pipes 
are typically only exposed to the drilling fluid, which is regulated with depth by 
composition and pH, ranging from pH 7 to pH 10.   

However, unlike steel drill pipes, aluminum alloys have the unique ability to form a 
protective oxide film on the pipe, which protects them from further environmental damage.  
The view of ‘corrosion’ is debatable.  Some might view the oxide film, which is strongly 
bonded to the pipe surface as a form of corrosion.  But if the pipe is damaged, the oxide 
film “re-forms immediately in most environments” and “on a surface freshly abraded and 
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then exposed to air, the barrier oxide film is only 1 nm thick but is highly effective in 
protecting the aluminum from corrosion” (Hollingsworth & Hunsicker 1997, p.  1427). 
It an article by Chesnokov (2008), he reports that ADP undergoes zero corrosion in 
aggressive environments and that “a year- long operation in hydrogen sulfide usually 
destroys any steel pipe, whereas aluminum just becomes black covered with an oxide 
film”. 
One of the important factors affecting alloys and their corrosive resistive behavior is the 
other metals in the alloy material composition.  Due to the “electrochemical nature of most 
corrosion processes, relationships among solution potentials of different aluminum alloys, 
as well as between potentials of aluminum alloys and those of other metals, are of 
considerable importance. Furthermore, the solution-potential relationships among the 
microstructural constituents of a particular alloy significantly affect its corrosion behavior” 
(Hollingsworth & Hunsicker 1997).  The aluminum alloy’s predominant metal 
compositions after aluminum are known by their alloy designations.  The four digit alloy 
groups are as follows:  

  
• 1xxx    Aluminum, 99.0% and greater 
• 2xxx    Copper 
• 3xxx    Manganese 
• 4xxx    Silicon 
• 5xxx    Magnesium 
• 6xxx    Magnesium and Silicon 
• 7xxx    Zinc 
• 8xxx    Other elements 
• 9xxx    Unused series 

       
The amount of corrosivity of aluminum in a water environment is a factor of water 
temperature, pH, and percent composition of heavy metals.  There are several aluminum 
alloys that resist corrosion in a water environment and that includes alloy series 1xxx, 
3xxx, 5xxx, and 6xxx (Key to Metals 2009). 
The drill pipe analysis in this thesis evaluates two alloy series, namely 2xxx and 7xxx.  In 
terms of the corrosive resistance of these alloys, the ASM Corrosion Handbook (Volume 
13) outlines the corrosion of each alloy group.  The series 2xxx wrought alloys and 2xx.x 
casting alloy are less resistant to corrosion than other alloy series, specifically those alloys 
containing a lower percentage of copper (Hollingsworth & Hunsicker 1997).  The series 
designation, such as 2xxx for copper, represents the metal that comprises the greatest mean 
percentage for that alloy group.  Other metals can be present as a lower percentage.  For 
example, a wrought alloy 2xxx which contains lithium has the added benefit of decreasing 
the density and conversely increasing the modulus of elasticity.  One of the early alloys 
containing lithium was 2020 which was a good structural alloy with strength properties up 
to 175 °C (350 °F) and a modulus of elasticity “8% higher and a density 3% lower than 
alloy 7075-T6” (Hollingsworth & Hunsicker 1997, p. 1437-1438).   
The series 7xxx wrought alloys and 7xx.x casting alloys contain the greatest mean 
percentage of zinc.  Alloys in this series that are combined with magnesium or both 
magnesium and copper have different levels of strength.  Those alloys with copper have 
the highest strength.  However, copper-free alloys have many desired structural attributes 
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such as “moderate-to-high strength, excellent toughness, and good workability, 
formability, and weldability” (Hollingsworth & Hunsicker 1997, p. 1437-1438).    
The 7xxx wrought and 7xx.x casting alloys are most susceptible to stress-corrosion 
cracking (SCC).  However, the 7xxx series that are copper-free wrought alloys have good 
corrosion resistance similar to wrought 3xxx, 5xxx and 6xxx alloys.  Conversely, 7xxx 
series alloy with copper, such as “7049, 7050, 7075, and 7178 have lower resistance to 
general corrosion than those of the same series that do not contain copper. All 7xxx alloys 
are more resistant to general corrosion than 2xxx alloys, but less resistant than wrought 
alloys of other groups.” (Hollingsworth & Hunsicker 1997, p. 1439) 

Current manufactures of ADP both in the 2xxx and 7xxx wrought alloy recommend that 
the pH of the drilling fluid be maintained between pH 7 to 10 and no higher.  That range is 
consistent for a wide range of drilling fluid types from natural muds with fresh water to 
gyp-type and lignite based muds (Alcoa 2008, Aluminum Drill Pipe, Inc. 2008).   

7 HYDRAULIC AND DRAG FORCES 

Analysis of hydraulic and drag forces includes the fluid forces that are applied throughout 
the wellbore that affect the drill pipe, drill collar, drill bit, and mud pumps.  The magnitude 
of the hydraulic and drag forces are dependent on several factors, including the outer and 
inner diameter of the drill pipe, the diameter of the wellbore, the drill bit nozzle diameter, 
the diameter of the drill collar and the depth of well.  In addition to pressure losses within 
the wellbore, there are also pressure loses in the surface equipment such as the mud pumps, 
Kelly hose, and top drive.     

7.1 Pressure 

The pressure losses throughout the wellbore are due to excessive fluid flow resistance 
throughout the circulation.  The properties of the drilling fluid, whether it is clay based 
mud or water, greatly affect the characteristic flow of the fluid through the drill string and 
drill bit, and back up the annulus.  As a result, the pressure losses can vary based on the 
composition of the drilling fluid.  Typically, at deeper depths for geothermal wellbores, the 
drilling fluid is water.  This is classified as a Newtonian fluid since the viscosity is 
proportional to the stress and strain of the fluid.  Since the flow of a Newtonian versus a 
non-Newtonian fluid is dramatically different, so too is the pressure loss within a drill 
string assembly within a wellbore.  The Newtonian fluid pressure loss equation in turbulent 
flows is (Gabolde & Nguyen 2006): 
Drill String:               Annulus: 

   (33)       (34) 

Drilling fluids such as mud, comprised of varying components such as clays, minerals, and 
other additives are considered to be Non-Newtonian fluids (Bourgoyne et al. 1991, Moore 
1986, Santoyo et al. 2003).  A non-Newtonian fluid pressure loss equation in turbulent 
flows (Bingham fluid) (Gabolde & Nguyen 2006): 
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Drill String:       Annulus: 

   (35)    (36) 

P  = pressure losses [kPa] 
ρf  = density of fluid [kg/l] where l = liter (specific gravity if H2O density 

=1000kg/m3) 
Q = fluid flow rate [l/min] 

µ  = dynamic viscosity [cP] 
µp = plastic viscosity [cP] 

Lp = pipe length [m] 
dw = diameter of the well [in] 

dpo = diameter of the outside of the drill pipe [in]  (OR of the drill collar) 
dpi = diameter of the inside of the drill pipe [in] (OR of the drill collar) 

There are also several other components within the wellbore that result in pressure losses.  
Although the drill bit, mud motor, and surface equipment chosen for this analysis would be 
the same for the steel drill pipe and the aluminum drill pipe, the total pressure loss 
throughout each system is needed in order to determine the total pump pressure needed and 
therefore the total power input needed to circulate the drilling fluid.   
The pressure losses through the drill bit are dependent on both the bit configuration, the 
number of fluid nozzle openings, and the size of the openings.  The pressure drop in the bit 
can be calculated as follows (Gabolde & Nguyen 2006): 

  (37) 

pbit = pressure losses through bit [kPa] 
ρf  = density of fluid [kg/l] where l = liter (specific gravity if H2O density 

=1000kg/m3) 
Q = fluid flow rate [l/min] 

Anozzle = total nozzle area [in2] 
C = orifice coefficient, C = 0.8 for non-jet bit, C= 0.95 for jet bit 

The pressure drop through the surface equipment will be estimated assuming appropriate 
surface equipment to achieve flow of 3000 liter/min (50 liter/sec).  Based on tabulated 
pressure loss coefficients for surface equipment in the Drilling Data Handbook (Gabolde & 
Nguyen 2006), a reasonable pressure loss coefficient that must be multiplied by  is 
598 kPa.  If the drilling fluid is similar to that assigned to the Krafla, Iceland Icelandic 
Deep Drilling Program (IDDP) well by AVA (2008) where the specific density is 1.01 kg/l 
and a viscosity of 18.5 cP, then an approximate total pressure loss for the surface 
equipment would be = . 

Once all the pressure losses are calculated, the total pressure loss can be used to determine 
the required pump power for the desired flow rate based on the geometry of the wellbore, 
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drill pipe, and drill collar.  The hydraulic horsepower required for the total pressure losses, 
∆p, is as follows (Gabolde & Nguyen 2006):  

                                              
   (38)  

(metric system)    (field units) 

Ph = hydraulic horsepower [kW, HP] 
∆p = pressure drop throughout well circulation [kPa, psi] 

Q = Q = fluid flow rate [l/min, gpm] 
The minimum engine power can be determined by dividing the calculated power from the 
above equation by the efficiency of the mud pump.  The result would be the total engine 
power being consumed.   

8 TOOL JOINT 

The tool joint is the connection point between one drill pipe and another.  The tool joint is 
comprised of two end sections, the box and the pin. A critical design in the drill pipe and 
tool joint assembly is the transition between the pipe and the tool joint.  The drill pipe is 
tapered with an internal upset, external upset, or a combination of internal/external upset.  
An upset is simply the area where the wall of the drill pipe becomes thicker in order to 
handle increased forces that will be applied with the application and use of the tool joint.  
Figure 8.1 (modified from Tenaris NKKTubes 2003) below shows the possible drill pipe 
upset configurations:    

 

 
Figure 8.1 Drill Pipe Upsets  
The tool joint is typically an all steel construction and is applied to the drill pipe by means 
of inertia friction welding or continuous drive methods.  Likewise, for ADP the tool joint is 
an all steel construction as described in the ISO 15546 standard.  Although the pipe is 
manufactured entirely of aluminum, the tool joint connections are steel to avoid the “severe 
thread wear during make up and break out operations” (Santus et al. 2008, p. 3) since the 
steel thread are known to withstand up to three times the number of makes-up as aluminum 
threads (Gelfgat et al. 2006).  The steel to steel connection can withstand the frequent 
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opening and closing (threading) of the drill pipe during drilling while the steel to aluminum 
can remain closed throughout the life of the drill pipe.  A schematic of the steel tool joint 
(STJ) connection to an aluminum drill pipe (ADP) was presented by Santus (2008) and is 
shown below in Figure 8.2:  
       

 
Figure 8.2 Connection between Aluminum Drill Pipe (ADP) and steel tool joint (STJ) 

8.1 Bonding Properties and Strength 

While ADP is highly flexible and suited for directional drilling, the tool joint connections 
experience fatigue during rotation, especially during bending within curved wellbores.  It 
has been seen through the drilling industry that the connection of the drill pipe is the 
primary cause of failure.   
While there are a limited number of research experiments on ADP and steel tool joints 
(STJ), the increased attraction of ADP in several drilling applications has increased the 
need for more studies and for a critical evaluation of tool joint assemblies.  Santus (2008) 
and Santus et al. (2008) have studied the current STJ to ADP connection and the processes 
used to assemble the two components.   

One research project by Santus et al. looked at the torsional strength of the STJ to the ADP 
for two tool joint assembly methods.  First, the traditional assembly method of “hot” 
assembling the drill pipe to the tool joint.  This method, initially developed by Gelfgat et 
al., involves heating the STJ to a temperature that will allow its expansion and eliminate 
the friction between the STJ and ADP as they are quickly connected.  The temperature 
difference between the STJ and ADP must be great enough to overcome the frictional 
forces.  This allows the assembly to be made up with minimal torque.  In order to help 
achieve this temperature difference, the inside of the ADP is cooled to room temperature 
with the use of a water jet applied on the inside of the pipe.  When the steel cools, it 
shrinks and grips the aluminum threads tightly with a coefficient of static friction of 
approximately 0.3.  The results of this method of tool joint assembly were that the torsional 
strength of the tool joint (≈ 64 kNm) was less than the torsional limit of the drill pipe body 
(76.5 kNm) and therefore made the STJ-ADP connection the weakest point.    
The second method of STJ to ADP assembly was “cold” assembling.  This entailed the use 
of a special liquid compound, epoxy resin (novolac) developed specifically for the 
investigation.  The compound was applied as uniformly as possible to all the contact 
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surfaces and, as the assembly is being made up slowly, the compound reduces the friction 
of the metal to metal contact.  After the assembly is in place the compound cures almost 
isothermally, with temperatures not exceeding 70°C, and achieves a coefficient of static 
friction greater than 0.3.  Therefore the “use of the compound is then strategic, to exploit 
low friction while assembling the connection, and then to obtain a high torsional strength 
after curing” (Santus et al. 2008).  The torsional strength tests of this type of tool joint 
assembly resulted in torsional strength greater than 90 kNm.  This would exceed the 
torsional limit of the drill pipe body, as noted previously, and would therefore no longer 
make the connection the weak point.   

The tensile strength of each tool joint assembly was also tested with the use of a finite 
element model.  The ‘hot’ assembly resulted in a connection axial strength approximately 
the same as that of the pipe body.  The ‘cold’ assembly on the other hand, produced a 
fracture strain at the first thread (that closest to the drill pipe body) from an axial load 
lower than that of the drill pipe body axial strength.  Therefore, there is a trade-off with the 
‘cold’ joint assembly in that the torsional strength is greater while the axial strength is 
reduced.  It should be noted however, that the results from the axial tests were only from a 
finite element model and not from actual experiments (Santus et al. 2008).  The final 
overarching conclusions for the two STJ assembly methods presented from Santus et al. 
(2008) are as follows:         

   
• Hot assembling has a limitation given by the temperature induced in the aluminum 

part, and it does not properly exploit the axial pressure contribution, because it is not 
possible to impose a significant axial interference; 

• The compound lowers the coefficient of wet friction around to 0.15 as it is a liquid. 
After curing, the coefficient of static friction rises over 0.3, i.e. higher than the static 
friction dry contact; 

• Exploiting this result, the torsional static strength is more than double that of the 
make-up torque. Thus, it is possible to make up the connection without any risk of 
damaging the aluminum part. 

       
Clearly, the steel tool joint to aluminum drill pipe (STJ:ADP) performs similarly to a steel 
tool joint to a steel drill pipe (STJ:SDP).  While there are clearly several advantages with 
tool joint assembly methods that must be further investigated to achieve the maximum 
benefit of strength, the standards set thus far from the ISO 15546 have been set to achieve 
safe reliable drill pipe connections.   

8.2 Failure of Steel Tool Joint to ADP 

Current tool joint standards must meet API requirements.  These current standards ensure 
that the drill pipes are capable of sustaining the current loads incurred in the drilling 
industry.  The IADC listed the usual working connections (also called the tool joint) for 
nominal size aluminum drill pipe as shown in Table 8-1 below: 
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Table 8-1 Tool Joint Connections for Aluminum Drill Pipes 

Pipe Tool Joint TJ Outside Dia x Inside Dia 

3 ½” NC38 4 ¾” x 2  21/32” 

4” NC46 6” x 3 ¼” 

4 ½” NC50 6 3/8” x 3  19/32” 
5” 5 ½” FH 7” x 4  3/32”  

        
The dimensions of the tool joint greatly affect its strength and determine the area of the 
box and the pin section.  Specifically, the outside diameter affects the box area and the 
inside diameter affects the pin area.  This correlates to bigger and smaller connection areas 
and determines the theoretical torsional strength of the tool joint (IADC 2001). 
The most common location for fatigue failure is in the region of the tool joint, most usually 
on the pin side of the joint (IADC 2001,Vaisberg et al. 2001, Santus 2008).  The IADC 
(2001) reports that the most common cause of fatigue failure is a result of improper tool 
joint make-up torque.  The ‘make-up torque’ being the amount of torque that is used to 
attach one drill pipe to another, the pin end of one drill pipe is threaded rotationally and 
inserted into the box end of another drill pipe.  When this torque is too small, the tool joint 
connection can become loose and as the pipe is rotated, the stresses on the tool joint can 
reach the endurance limit due to the ‘wobble’ effect on the tool joint.    

As mentioned in the previous section, there is limited experimental research on the stresses 
and their limits for STJ on ADP.  One investigation by Santus (2008) tried to answer this 
question by testing, with both full-scale and small-scale fatigue tests, and then modeling 
the fretting fatigue of the connection.  The results of the analysis were that the steel in the 
tool joint never fails but the aluminum does, and when failure of the aluminum does occur 
it does so only on the box side of the tool joint.  This is much different from Sweet’s 
failure analysis, as reported in Vaisberg et al. (2001).  Sweet observed that failures 
distribution was 40% at the box end and 60% on the pin side for typical steel tool joint and 
steel drill pipes.  For ADP and STJ, the “fatigue failure site is at the contact with the edge 
of the thread free portion of the steel connection, which generates Fretting Fatigue (FF) on 
the aluminum cylindrical surface” (Santus 2008, p. 679).  The site of the Fretting Fatigue is 
shown below in Figure 8.3 (Santus 2008):  

 
Figure 8.3 Fretting Fatigue location on STJ/ADP Connection 
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The fatigue failure of the test specimen and the full-scale tool joint results are shown in 
Figure 8.4 (Santus 2008).  The ADP and STJ appear to have an endurance limit of 20 x 106 
cycles and it is clear that the strength of the connection is much less than the stress limits 
of the materials themselves.   

 
Figure 8.4 Full-scale and Small-scale material fatigue strength of STJ to ADP 
The conclusion, which is similar to that made in the aluminum drill pipe ‘Fatigue’ section, 
is that aluminum alloys are materials that do not show a clear fatigue limit.  Thus it is hard 
to estimate the number of cycles, or rather the service life (lifetime), of ADP and STJ while 
drilling.        

9 LOAD COMPARISONS 

Thus far, the major designer of ADP has been the Aquatic Company in Russia.  Their work 
to date has helped to form the backdrop for the International Organization of 
Standardization’s 2003 procedures and standards for “Petroleum and natural gas industries 
-- Aluminium alloy drill pipe”, ISO 15546 (Aquatic Company 2008).  As the leaders in 
ADP design and analysis, the Aquatic Company specifies that the analysis of drill string 
containing ADP should differ from the analysis of drill string containing traditional steel 
drill pipe.   Aquatic Company (2008) provided the following stages of design and analysis 
of the drill string:   
      

• Selecting BHA components; 
• Deciding the size of drill pipe required for the drill string; 
• Selecting appropriate drill pipe material for each section of the drill string; 
• Determining required mechanical properties and physical characteristics of drill pipe 

materials; 
• Performing static calculation of the drill string assembly; 
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• Calculating fatigue resistance and operational life of drill pipe and tool joints; 
• Service calculations which include estimation of: 

• Allowable loading parameters while drilling and tripping; 
• Ultimate loading parameters while eliminating emergency situations; 
• Hydraulic pressure losses in well circulation system;  
• Elastic elongation of drill string, taking into account all loading factors and well 

temperature distribution along the length of borehole;  
• Allowable hook loads while pulling out the drill string. 

       
These stages will be followed more or less in order to determine the comparison between 
three API grades of steel drill pipe, S-135, G-105, and E-75, versus ADP in three alloys, 
2014-T6, 7055, and 2024-T4.  These grades were analyzed for three drill pipe diameters of 
6 5/8”, 5”, and 4.5”.  See Appendix E for all the summary of pipe strengths and 
calculations.   

9.1 Standard Parameters 

In order to adequately analyze the drill pipe, there are several parameters that must be 
established in order to start the analysis of the drill pipe.  The depth of the wellbore was 
chosen to be 3000 meters (9842 feet) with a hole diameter of 0.311 meters (12 ¼” dia.).  
To simplify the analysis, the entire wellbore diameter will be assumed to be the same 
throughout the entire length.  Given the diameter of the hole, an appropriate drill collar was 
chosen and used to help determine loads for each drill pipe grade and material.  Based on 
the selected wellbore diameter of 12 ¼”, the “Drilling Data Handbook” from Gabolde & 
Nguyen (2006) specifies an applicable range for drill collar size based on the borehole 
diameters.  From this range, a 9 ½ inch (241.3 mm) drill collar was chosen.  Table 9-1 
shows the dimensions and properties of the 9 ½” drill collar: 
 
Table 9-1 Drill Collar Properties used in Drill Pipe Analysis 

Drill Collar Symbol Units  

Nominal Diameter ddc-out in 9.5 

   mm 241.3 
Inside Diameter ddc-in in 3 3/4 

   mm 95.25 
Weight of Drill Collar wdc kg/m 303.05 

        
The drilling fluid properties were determined based on a report by AVA S.p.A Drilling 
Fluids and Services (2008) for a mud program for the Icelandic Deep Drilling Project 
(IDPP) in Krafla, Iceland.  Iceland is unique in the geothermal industry not only for its 
immense geothermal activity, but also for their experience in geothermal drilling, energy 
production, and reservoir optimization.  Due to the country’s cool climate and geological 
composition, Icelandic drilling projects often use pure water as the drilling fluid from the 
top to the bottom of the wellbore.  This is done in Iceland for several reasons.  First, it is 
much cheaper given the immense availability of hydro resources and there are major cost 
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savings from the elimination of drilling fluid additives such as Bentonite, soda ash, sodium 
hydroxide, and a long list of other additives that create a drilling fluid mud.  Second, water 
is much easier to cool, but cooling the drilling fluid is not a major problem in Iceland.  
Third, when there are losses in the wellbore due to a fracture, there are substantial amounts 
of water being pumped down into the wellbore.  Drilling with mud can cause damage by 
plugging up the formation and is much more expensive.  In the report by AVA (2008) the 
top 48% of the well depth is drilled with mud whereas the remaining depth is drilled with 
water.  In order to validate and compare the structural properties of aluminum and steel 
drill pipe, a drilling fluid density value of 1.01 g/cm3 was used.  This density has only a 1% 
error from water while at the same time the error compared to typical mud density varies 
between 3% to 8% error for mud densities of 1.1 to 1.04 g/cm3.  The drilling fluid 
properties used in the structural calculations, including the fluid viscosity, are shown below 
in Table 9-2:    

 
Table 9-2 Drilling Fluid Specifications per AVA report 

Mud Properties 
AVA Report Symbol Units  

Density ρf g/cm3 1.01 
Apparent Viscosity µa cP 18.5 

Plastic Viscosity µp cP 12 
Flow Q L/s 50 

        
A Factor of Safety (FS) of 1.5 is applied to the minimum yield strength where appropriate.  
This value is used to ensure safety while utilizing the maximum strength of the aluminum 
drill pipe. 
One of the most important parameters is the yield strength versus temperature for each 
steel grade or aluminum alloy.  The yield strength of aluminum decreases more rapidly 
than steel as the temperature increases.  The table below shows the tensile yield strength 
versus temperature for each grade analyzed.  The steel grades represent three of the four 
API steel drill pipe grades.  The API S-135 is the strongest of the steel drill pipe available.  
The E-75 was the most frequently used in the geothermal drilling but due to its limited 
availability, geothermal drilling contractors have replaced it with G-105.  The aluminum 
alloys were selected based on their current availability, such as that of 2024 (D16) as used 
in Russia, and two alloys currently offered from Alcoa, the 2014 and 7055.    Although the 
exposure time greatly differs between the steel and aluminum alloys, the tensile properties 
versus temperature of numerous low-alloy grade steels were researched and the results 
showed that the values presented in Table 9-3 below and shown graphically in Figure 9.1 
correspond to other steels in terms of percent reduction from room temperature yield 
strength.       
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Table 9-3 Temperature versus Yield Strength and Elongation 
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Figure 9.1 Yield Strength versus Temperature for AA and API steel grades  

9.2 Hook Load – Total Depth Limits 

The hook load depth limits were calculated to compare the total depths achieved with the 
same hook load capacity for drill pipes with differing weight per length.  Sample 
calculations for a steel and aluminum drill pipe are provided below in Figure 9.2.  The rule 
of thumb for the weight on bit (WOB) was 1 tonne for 1” diameter of drill bit.   
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Figure 9.2 Illustration of Hook Load Total Depth Limit for 5” S-135 and 5” ADP  
Clearly, the depth advantage of aluminum drill pipe is easy to see and can reach greater 
depths with the same rig.  This is both a cost advantage with the ability to use smaller rigs 
and an accessibility advantage, achieving greater depths without exceeding the tensional 
force with a factor of safety (FS) of 1.5 applied in the aluminum drill pipe.  According to 
the axial force calculations, at a total vertical depth of 7000 meters, the three API steel drill 
pipes would fail for all positive temperatures when a 1.5 FS is applied to the stress caused 
by the weight of the drill string itself.  The stress in the aluminum drill pipe however, 
would be below yield strength at 25°C for 6 5/8” diameter pipe and below the yield 
strength at 100°C for the 5” and 4.5” diameter.  However, it should be noted that 
temperatures will surely exceed 100°C at a depth of 7000 meters, especially in a 
geothermally active area.  Yet, this demonstrates the strength of the aluminum drill pipe 
due to its own weight for such great depths with a FS of 1.5 applied to the stresses.     
The final results for the total depth reached by a 150 tonne rig with various drill pipe 
grades and diameters are shown in  
 

 
 

 
 

Table 9-4 below.   
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Table 9-4 Total Depth Limit of 150 tonne Drill Rig 

 
Steel 

Drill Pipe 
5" S 135 

Steel Drill 
Pipe 4.5" 

S 135 

Steel Drill 
Pipe 5" E 

75 

Steel Drill 
Pipe 5" 
G105 

Aluminum 
Drill Pipe 

6 5/8" 
(2024) 

Aluminum 
Drill Pipe 
5" (2014 
& 7055 
Alloys) 

 [m] [m] [m] [m] [m] [m] 

Drill 
Collar 
Length 

55 55 55 55 55 55 

Drill Pipe 
Length 3363 4073 3635 3468 6576 7833 

Total 
Depth 3418 4127 3689 3523 6630 7888 

        
The limitations of a drill rig with the respective factor of safety of 1.33 based on the depths 
of various drill pipe grades are shown graphical in Figure 9.3.  Here the drill collar and 
drill bit are standardized for 20 tonnes and 10 tonnes WOB. 
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Figure 9.3 Hook Load Capacity versus Depth of Drill Pipes 
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9.3 Pipe Tension – Axial Force 

The tension in the drill pipe due to its own weight and the weight of the drill collar has 
been calculated for each drill pipe grade and diameter using equations 15, 16, and 17.  The 
result was compared to the axial yield strength, also called the tensile yield strength.  The 
resulting yield stress due to the tensile force with an applied FS of 1.5 was compared to 
yield strength at increasing temperatures to determine the temperature limits for the 
calculated stress.  The results are shown below in Figure 9.4:   
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Figure 9.4 Tension Forces and Yield Strength of Drill Pipes with Temperature 
For the 3000 meter analyzed depth, it is clear that the aluminum pipe undergoes yielding 
around a temperature of 205°C for the three alloy grades.  The calculations were run to a 
depth of 4000 meters and the aluminum alloy pipes maintain a maximum temperature of 
205°C before yielding under the axial (tension) forces.  However, interestingly enough, 
API steel grade E-75 fails in tension for every positive temperature for well depth of 4000 
meters.  As shown below in Figure 9.5 and in all the axial tension calculations above, the 
most critical pipe being analyzed is at a depth of zero meters.   
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Figure 9.5 Tension Forces and Yield Strength of E-75 to 4000 meters 
Figure 9.6 shows the interaction of both yield strength versus temperature as previously 
shown in Figure 9.1 and the yield strength versus depth based on tension forces that would 
occur at the top drill pipe for various total depths.  The tension forces on the top drill pipe 
were calculated for drill string lengths of 5000 to 100 meters and plotted as a stress in units 
of MPa to correlate to the yield strength values of the drill pipes.  The drill collar length 
was set at 55 meters in each case and the drill pipe length was the remainder of the total 
depth.  At certain depths, the temperature decrease is not the limiting factor, but rather the 
actual strength of the metal grade.   
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Figure 9.6 Tension Stress vs. Depth and Yield Strength vs. Temperature 

9.4 Bursting and Collapse 

Calculations for the burst pressure of the drill pipe were performed for both the steel and 
aluminum drill pipes using equation 20.  The result produces the internal yield pressure 
that will cause the drill pipe to burst.  The pressures far exceed those encountered due to 
the fluid pressure inside the drill pipe and simply represent the ultimate allowable pressure 
inside the drill pipe.  The burst equation specified in the section above is overly 
conservative since it neglects the effects of axial stresses and external fluid pressure acting 
on the drill pipe.  The calculated burst pressures are shown in Table 9-5 below and the 
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burst pressures as functions of temperature are tabulated.  Since the burst pressure relies on 
the yield strength, it is logical that the burst pressure decreases with increasing 
temperatures, corresponding to the behavior of the yield strength.     

 
Table 9-5 Internal Yield Pressure Limits – Burst Pressures 

  S‐135  S‐135  E‐75  G105  2024‐T4   2014‐T6  7055 
  5"  4.5"  5"  5"  6 5/8"  5"  5" 

Pburst =   117.9  122.0  65.5  91.7  37.2  71.4  93.5 
               

Temperature  Yield Burst 
°C  MPa  MPa  MPa  MPa  MPa  MPa  MPa 
‐195  0.0  0.0  0.0  0.0  48.1  88.3  109.7 
‐80  126.1  130.6  70.1  98.1  39.0  80.3  96.3 
‐30  122.6  126.9  68.1  95.4  37.2  75.8  93.7 
25  117.9  122.0  65.5  91.7  37.2  74.0  90.1 
100  112.0  115.9  62.2  87.1  35.5  70.5  78.5 
150  107.3  111.0  59.6  83.4  28.6  42.8  33.0 
205  102.6  106.2  57.0  79.8  14.9  16.1  15.2 
260  97.9  101.3  54.3  76.1  6.9  8.9  10.7 
315  93.1  96.4  51.7  72.4  4.7  6.1  8.6 
370  87.2  90.3  48.4  67.8  3.2  4.3  6.8 

 
While the above table tabulates the reduction of the internal yield pressure or burst strength 
of each pipe, Figure 9.7 below shows the actual pressures encountered at selected depths 
due to the hydrostatic pressure of a drilling fluid with a density of 1.01 kg/l.  This graph 
can help to determine the aluminum alloy that would withstand a predicted temperature for 
a certain well depth.  For instance, if a 4000 meter deep well is planned and temperatures 
are expected to be around 120°C, then both AA 2014 and 7055 would remain under the 
yield burst limits.  It should be noted that these pressures would occur if there happens to 
be a full loss of circulation whereby there would be no fluid in the annulus to resist the 
outward stress on the drill pipe. 
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Figure 9.7 Burst Strength vs. Temperature and Hydrostatic Pressure with Depth 
The collapse pressure of the drill pipe is just as conservative and assumes there is no 
drilling fluid inside the drill pipe resisting the external forces.  The equations used to 
determine the collapse pressure are shown previously as equations 21, 22, 23, and 24.    
The collapse equation also neglects the axial force acting on the drill pipe.  The values 
calculated represent the pressure which will cause the drill pipe to collapse in on itself.  
The calculations are shown in Figure 9.8 and follow the API standard for determining drill 
pipe collapse.   
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Figure 9.8 Drill Pipe Collapse Pressures 

9.5 Bending Stress in Dogleg 

The deviated well geometry and angles were taken from the data provided by ISOR for 
well BJ-15 in Bjarnarflag, Iceland.  The total well depth used to calculate the load on the 
drill string was 3000 meters.  The start of the build-up section is at 300 meters and the end 
is at 730.   

Equation 27, used to calculate the bending stress in a curved borehole, includes the axial 
force exerted due to drill pipes hanging below the point of interest and therefore the axial 
force does not need to be added to the stress.  In this case, the pipe at the top of the build-
up section is being analyzed since it is the critical pipe in the dogleg.  It should be noted 
that the DLS is computed based on 30 meter lengths (ie. α/30m).  The results are tabulated 
in  

 
Table 9-6.   
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Table 9-6 Drill Pipe Bending Stresses in Dogleg 

Bending 

Steel Drill 
Pipe 5" S 

135 

Steel Drill 
Pipe 4.5" S 

135 

Steel Drill 
Pipe 5" 
E75 

Steel Drill 
Pipe 5" 
G105 

Aluminum 
Drill Pipe 6 

5/8" 

Aluminum 
Drill Pipe 

5" 

Aluminum 
Drill Pipe 

5" 
        2024‐T4   2014‐T6  7055 

MPa 
42.02  42.55  40.68  41.48  16.54  17.10  16.98 

    

Clearly, the ADP undergoes significantly less stress through the same dogleg as the steel 
pipe.  This is due in large part to the smaller modulus of elasticity and the reduced tensile 
load on the aluminum drill pipe as a result of the lighter density as compared to steel.  
Also, there are reduced bending stress advantages for aluminum pipes as the diameter gets 
bigger.  Figure 9.9 shows the bending stresses with a 1.5° incline angle for various depths.  
The bending stresses are far below the yield strength for all temperatures up to 300°C.  
These bending stresses neglect the torsional stress, fluid pressures, and fatigue stresses.   

 
Figure 9.9 Bending Stress vs. Depth and Temperature Yield Strength 
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9.6 Torsion Stress 

The torsional strength of the drill pipe and the tool joint are important in both drilling 
operations and in fishing out stuck pipes. The calculated maximum allowable torque for 
drill pipes under tension were compared to both the tool joint maximum torsional strength, 
tool joint make-up torque, and the drill pipe torsional strength.  The results are shown 
below in Table 9-7.      

Table 9-7 Tool Joint and Drill Pipe Torsional Strength 

Allowable Torque and Torque with Tension 
   5"  4.5"  5"  5"  6 5/8"  5"  5" 

   S‐135  S‐135  E‐75  G105 
2024‐
T4 

2014‐
T6  7055 

   daN.m 
Tool Joint Torsional Strength  8596  6115  5166  7010  9992  7579  7579 
Tool Joint Make‐up Torque  5154  3614  3030  4164  5953  3030  3030 
Drill Pipe Torsional Strength  10053  7520  5583  7818  7500  6069  7950 
Drill Pipe Torque w/ tension 
(3000m)  7950  5931  3734  5905  5890  4919  6576 

 
The general torque data from ISOR were plotted along with the lowest torques from the 
tool joint make-up, tool joint torsional strength, the lowest values from both the steel DP 
and ADP allowable torque for a pipe under tension, and the ultimate torsional strength for 
each pipe grade.  Figure 9.10 shows the comparison for a 12 ¼” well for both applied 
torque for a vertical and deviated well.  Applied torque increases with depth since it takes 
more power and rotations of the top drive to rotate the drill pipe at the bottom of the 
wellbore.  The graph is based on data that is measured every half meter.  The cyclical 
affect is a result of procedures during drilling that reduce the torque, such as tripping a drill 
pipe out, replacing the drill bit, or other situations that require the driller to reduce the 
applied torque.   
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Figure 9.10 Depth versus Torque and Strength Limits 
From the graph above, it is clear that the drilling torque applied is close to the maximum 
allowable torque for drill pipe under tension to a depth of 3000 meters.  The bar chart 
shows the torsional limits of the drill pipes without additional loads applied.  When 
drilling, the drill pipe is always under tension due to both the weight of the drill collar and 
the drill pipe hanging below.  Therefore, the calculated maximum allowable torque for a 
drill pipe under tension should really be the limiting applied torque for a drill pipe. 

9.7 Pressure Losses 

One of the main advantages of ADP is its reduced weight in addition to its increased 
specific strength (strength-to-weight ratio) as compared to steel.  This allows thicker and 
larger diameter pipes which have lower bending stress in doglegs and improved hydraulics 
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in the wider diameter geothermal wells as compared to oil and gas wells.  The total 
pressure losses are shown in Table 9-8.  The pressure losses depend on the pipe dimensions 
which reduced the number of pipes analyzed to four.  The pressure losses in mud (a Non-
Newtonian fluid) and water (a Newtonian fluid) were both calculated to compare the 
pressure losses and subsequent costs from the total pump power required for each pipe 
sample.  The pump power requirements that were calculated are summarized in Table 9-9.     
Table 9-8 Total Pressure Drop in Wellbore 

Total Pressure Drop Steel Drill Pipe  Aluminum Drill Pipe  
  Steel 5" Steel 4.5"  AA  6 5/8" AA   5" 
  kPa kPa  kPa kPa 
Newtonian  16462 23500  9037 18712 
Non-Newtonian 15581 22035  8772 17644 
 

The graph below in Figure 9.11 shows the pressure losses throughout the drill pipe.  The 
pressure losses start in the surface equipment.  The pressure decreases due to losses as the 
drilling fluid flows down the drill pipe and drill collar, through the mud pump and drill bit, 
and up the annulus back to the surface.   

 
Figure 9.11 Depth versus Pressure Losses of Drilling Fluid Circulation 
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Table 9-9 Pump Power Required Based on Pressure Losses 

Pump Power Required Steel Drill Pipe  Aluminum Drill Pipe  
  Steel 5" Steel 4.5"  AA  6 5/8" AA   5" 
  kW kW  kW kW 
Newtonian  823 1175  452 936 
Non-Newtonian 779 1102  439 882 
 

The results of the calculations show that there are advantages to using larger diameter 
pipes since the pressure losses for both Newtonian and non-Newtonian drilling fluids are 
reduced and the total pump power is reduced as well.   

10 APPLICATION RANGE 

Based on the analysis of both the temperature model and the structural limits of the ADP, a 
summary of the applicability of ADP in commercial high temperature geothermal wells is 
presented through graphs that envelope areas where the use of ADP is possible depending 
on well depth, temperature, and drill pipe yield strength.   

10.1 ISOR well data from well BJ-15 Bjarnarflag, Iceland 

ISOR, Iceland GeoSurvey, is Iceland’s premier research institution specializing in 
geothermal sciences and utilization.  ISOR provided data for a well drilled in Northeastern 
Iceland in the Bjarnarflag geothermal area, well BJ-15.  The specific data that was 
provided include the following: 
 

• Fluid temperature flowing IN to the well, Tt; 
• Fluid temperature flowing OUT of the well, Ta; 
• Rate of Penetration; 
• Pressure in the standpipe; 
• Drilling fluid flow rate, Q; 
• Drilling Fluid Circulation losses; 
• MWD (Measurement While Drilling) bottom hole temperatures; 
• Drilling duration; 
• Formation temperature; 
• Wellbore geometry; 
• General Torque data for both 12 ¼” and 8 ½” diameter boreholes.   

       
The provided data served two purposes.  First, it helps to validate the results of the 
temperature model created by comparing actual drilling data and recorded temperatures to 
the model output results.  Second, the real-world data help to establish parameters that 
were used in the structural analysis calculations – such as torque, angle of dogleg severity, 
and fluid flow.  
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BJ-15 is a directional well drilled with a 12 ¼” diameter to full depth.  The lower section 
of the wellbore is actually drilled with a 8 ½” diameter drill bit, but the borehole walls 
slough off.  Therefore, to simplify the model the entire wellbore was modeled with a 
constant 12 ¼” diameter from the surface to total depth.  The total depth of well BJ-15 is 
2690 meters and is shown in Figure 10.1.   

 

 
Figure 10.1 Well BJ-15 Formation Temperature provided by ISOR 
The well was drilled vertically to a depth of about 340 meters and then the borehole angle 
builds up by an average angle of 1.4° per 30 meters.  The actual 2-D geometry of BJ-15, 
the trajectory that the drill bit followed, is show in Figure 10.2 below and a sample of the 
inputs to generate the DLS based on the data recorded (cells in blue) are show in Table 
10-1.    
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Figure 10.2 Wellbore geometry of BJ-15 
 
Table 10-1 Directional Drilling Data 

 
       
In certain geothermal formations, there are fractures and fissures within the rock.  When 
these areas are drilled through, they can cause the drilling fluid to escape from the borehole 
and into the formation.  While drilling, these fractures cannot be seen but their presence is 
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known by the fact that the volume of drilling fluid that is being pumped down the drill pipe 
is much greater than the volume exiting the top of the annulus.  This situation is termed 
circulation loss, since the fluid circulating in the wellbore is lost to the formation.  Yet, 
while total circulation loss is detrimental to the drill string, drill bit, and down hole 
instrumentation due to the high temperatures, losses less than total loss can actually help to 
cool down the well.  This occurs because the hot fluid that is escaping into the formation is 
not flowing up the annulus and heating the water flowing down the drill pipe.  Therefore 
circulation losses can reduce the outflow temperature of the annulus and reduce the 
temperature at the bottom of the borehole while drilling.   

The graph of the circulation losses for well BJ-15 is shown below in Figure 10.3.  The 
spikes in the graph are due to errors in data collection and the losses start at a depth around 
1330 meters.  As the circulation losses begin, there is a corresponding drop in the MWD 
temperature.  This correlation is noticeable at a depth of 1330 meter and 1700 meters, 
thereby reinforcing the bottom hole cooling effect of circulation losses.     
  

 
Figure 10.3 Drilling Losses with Depth and MWD temperature readings for BJ-15  
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The heat flux at the surface of the formation is dependent on time.  The longer the drilling 
fluid is flowing past a point in the well, the less influence the formation temperature has at 
the face of the borehole wall.  Therefore, the longer the drilling fluid flows past a point in 
the borehole, the formation will undergo cooling as explained in equation from the 
Thermie Project and Carslaw and Jaeger.  The number of drilling days based on depth is an 
indication of the cooling time experienced at each depth.  For this model, the values of 
depth versus drilling days were read off a graph provided by ISOR.  The resulting graph is 
shown in Figure 10.4.  The data was input in the temperature model to calculate the correct 
heat flow from the formation due to the cooling of the well while drilling.      

  

 
Figure 10.4 Depth of well versus days of drilling – Cooling Time per depth 
The flow rate of the drilling fluid is mostly constant while drilling to total depth.  There are 
adjustments made to the flow of the drilling fluid at the start of drilling due to the diameter 
of the wellbore and the rate of penetration of the drill bit – larger diameters require larger 
flows to remove cuttings from the wellbore bottom – and the losses or fractures 
encountered.   The flow rate for well BJ-15 was approximately 54 liters per second (L/s) to 
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a depth of 325 m, 50 L/s to a depth of 850 meter, and 40 L/s to total depth as can be seen in 
Figure 10.5.  
 

 
Figure 10.5 Depth versus Flow Rate for BJ-15 
Torque data was provided for both a 12 ¼” wellbore and an 8 ½” wellbore for vertical and 
deviated wells.  The conclusions that can be made based on the data, shown in Figure 10.6, 
are that the torque increases with depth for large diameter deviated wells and it is fairly 
constant in large diameter vertical wells.  In smaller diameter wells, the torque is fairly 
oscillatory but increases with greater depth and the vertical and deviated wells have similar 
applied torque.    
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Figure 10.6 Depth versus Torque for 12 ¼” and 8 ½”wellbores 
All of the data presented above was used as set criteria to test the temperature model and 
provide target values for validation of the temperature model.   

10.2 Temperature Model Validation 

The purpose of the temperature model is to have a means of generating bottom hole 
temperatures for a standard geothermal reservoir in order to establish the predicted 
temperature values using ADP.  Therefore, before the wellbore temperature model can be 
applied to ADP, its accuracy and precision of bottom hole temperature predictions must be 
validated and compared to actual drilling temperature data. 
In order to compare the model to the drilling results of well BJ-15, every aspect of the 
drilling parameters was input into the temperature model.  The inputs that were constant, 
regardless of depth, were the following: 
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• Steel drill pipe – 5” (0.127m) outside diameter and 4.276” (0.109m) inside diameter; 
• Well diameter 12 ¼” (0.311m); 
• Cell increment, dz = 1; 
• Formation temperature – input from ISOR data; 
• Cooling/ Drilling days – input from ISOR data; 
• Rock properties (thermal conductivity, density, heat capacity) 
• Thermal conductivity of steel drill pipe = 41.7 W/(m°K). 

     
Several tests were run with the temperature model for various depths.  The variable inputs 
with depth are the following: 
  

• Flow rate In (down the drill pipe); 
• Flow rate Out (up the annulus); 
• Surface temperature (Temperature of fluid Into well); 
• Fluid losses to the formation.   

 
An example of the temperature model inputs (blue cells) for well BJ-15 for a depth of 500 
meters is shown in the image extracted from the model in Figure 10.7.  The bottom hole 
temperature is initially entered as an initial estimation.  Then this value is optimized based 
on thousands of iterations to produce a top drill pipe temperature, Tt at depth =0, to match the 
surface temperature of well BJ-15.  An in-depth, theoretical explanation of the temperature 
model can be found in section 4.  However, a simplified recap of the steps is shown below: 
  

• Initial bottom hole temperature is input; 
• Temperature in the drill pipe and the annulus are the same at the bottom; 
• Heat transfer for the fluid into the drill pipe is calculated and the temperature 

difference between the top and bottom of the cell, of length dz, is then determined; 
• This temperature difference is then used to calculate the starting drill pipe 

temperature for the cell above (temp of cell below minus temperature difference);  
• At the same time, the heat flow in the annulus is calculated and the temperature 

difference is added to the annulus temperature for the cell above;   
• This continues up the entire length of the wellbore; 
• The model then uses Excel’s solver to run thousands of calculations to match the 

calculated temperature of the fluid in the drill pipe at the surface, Tt @ 0 meters, to the 
known surface temperature, Ts.  
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Figure 10.7 Temperature Model Main Input Screen 
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As shown in Figure 10.1, the formation temperature drops severely at a depth of 1700 
meters since this is below the major aquifer.  Therefore the model was tested up to a depth 
of 1690 meters and the results (temperature outflow) correlated very closely to the 
recorded fluid outflow temperature.  The bottom hole temperature had a percent error less 
than 25% from the recorded MWD temperature for the random depths tested.  The 
recorded drilling data is shown in Table 10-2.  To test the margin of error for depths 
greater than 1700 meters, the model was run to a depth of 1900 meters.  The results of all 
the model runs are shown in Table 10-3.  It is clear that in cases where there is significant 
cooling in deep geothermal formations, the model cannot accurately estimate the bottom 
hole temperature that will be encountered during drilling.  However, the model results 
correlate to the ISOR data up to the formation cooling point.       
 
Table 10-2 Actual Drilling Data from well BJ-15 provided by ISOR 

 
        
 
Table 10-3 Output and Results of Model simulating the drilling program for well BJ-15 
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The results for the drilling mud greatly vary from the drilling water due to the significant 
difference in fluid viscosity as a function of temperature.  The error is even greater when 
the formation temperature quickly cools with increasing depth.  The mud thermal 
properties, specifically the Nusselt number – which is a measure of the heat-flow rate 
between the mud and the pipe wall – conduct the heat out to the surroundings much slower 
than water.  Therefore, when the formation temperature changes quickly, the mud 
temperature will react slower to the change than water.  The graph of the drilling fluid 
outflow temperature versus the model results with depth are shown in Figure 10.8.   
   

 
Figure 10.8 Model Output for Outflow Temperature versus Actual Data 
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While there is a good correlation between the model results and actual exit temperatures, 
the bottom hole temperatures have a greater percent error.  The temperature path the 
drilling fluid follows is shown in Figure 10.9.  The final temperature at the bottom for the 
tested depth corresponds to the MWD recorded well data and should match as closely as 
possible.  The graph in Figure 10.10 shows the MWD temperature path with depth and the 
predicted model bottom hole temperatures.   

 
Figure 10.9 Inflow, Outflow and Bottom Hole Temperatures from Model Run to 500 m 
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Figure 10.10 Model Output for MWD Temperatures versus Actual Data 
 
Since the wellbore was assumed to have a constant diameter to total depth, it is expected 
that the model results for the bottom hole temperature will not correlate perfectly to the 
MWD measurements.  Likewise, there are several other minor causes of error including: 

  
• Reservoir formation really follows the BPD more closely than the latest recorded 

ISOR formation temperature, compared to other historical graphs of the formation 
temperature of this well; 

• The error between the bottom hole calculations and the MWD recorded data 
decreases with depth and is therefore more accurate in the more critical areas; 

• Generic models take the worse case approach for formation temperature, losses, and 
surface temp;   

• Thermal conductivity of steel drill pipe decreases with increasing temperature.  The 
composition and thermal conductivity of API drill pipe vary from manufacturer to 
manufacturer and the k-value used in the model was the average thermal 
conductivity for a similar strength steel for temperatures ranging from ‘room 
temperature’ to 600°C 
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• Well was modeled as a full diameter 12 ¼ to full depth despite the actual well being 
drilled with an 8 ½” diameter bit to full depth.   

Based on the comparison of the temperature model results to the actual data from well BJ-
15, the model appears to be a good prediction of the down hole temperatures that will be 
encountered during drilling and will serve as the method for determining the down hole 
temperature in wells using ADP.   

10.3 Aluminum & Steel Drill Pipe Application Range 

In order to predict the down hole temperature of a well and correlate the yield strength of 
the ADP at various depths, a model with generic inputs was established.  The generic 
inputs, shown in Table 10-4, were chosen to be similar to geothermal wells throughout the 
world and not just those in Iceland.  Likewise, the model was designed for the worst 
possible case in terms of geothermal drilling applications.  For example, the formation 
temperature was assumed to be the boiling point depth curve (BPD) and there were 
assumed to be no circulation losses within the borehole during drilling.  The drilling fluid 
analyzed during the model runs was pure water despite drilling muds being used 
throughout most geothermal drilling operations globally.  Using water as a drilling fluid 
was more conservative in terms of the bottom hole temperature prediction since it 
produced higher temperatures at the bottom of the wellbore compared to mud. 

 
Table 10-4 Model Inputs for General ADP Analysis 

Generic Model Inputs    
Surface Temp Ts =  20 °C 
Flow rate up the annulus  Qout =  50 l/s 
Flow rate inside the drill pipe Qin =  50 l/s 
Formation Temperature  BPD  
Drilling Fluid  Water  
dz =   1  

 
Pipe 

Diameters Depth 
Drilling 

Days 

  
(Circulation 
time at top) 

[m] [m] [days] 
  300 9 
  800 20 

6 5/8" 1500 30 
5" 2000 40 

4.5" 2500 45 
  3000 60 
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The use of mud as the drilling fluid results in bottom hole temperatures being significantly 
lower than temperatures encountered with pure water as a drilling fluid.  As mentioned 
previously, this is due to the lower heat flow rate of mud compared to water.  Therefore, as 
the mud is flowing down the drill pipe, it remains cooler per length of drill pipe compared 
to water.  However, lower heat flow affects the temperature of the mud up the annulus 
since the mud is slower to conduct the heat from the mud to the borehole wall and the 
outside wall of the drill pipe.  The result of using drilling mud is cooler bottom hole 
temperatures, but elevated temperature at the surface of the annulus fluid.  This would 
require more mud coolers to reduce the temperature to an appropriate temperature and 
would further increase the total drilling costs due to excess energy and equipment needed 
for cooling the drilling mud.  A comparison of the temperature predictions for water and 
mud are shown below in Table 10-5.    
  
Table 10-5 Comparison of Water versus mud as a drilling fluid and temperature affects 

6 5/8" 
Aluminum 

Mud 
versus 
Water: Water Mud 

Depth Tt at 0 m Ta at 0 m 
Tt = Ta at 

bottom Tt at 0 m Ta at 0 m 
Tt = Ta at 

bottom 
[m] [°C] [°C] [°C] [°C] [°C] [°C] 
300 20 22.72 24 20 22.74 21.44 
3000 20 26.913 241.3 20 41.36 138.89 

        
It should be noted that the thermal conductivity of aluminum alloys differ based on the 
temper of the metal during manufacturing and due to temperature interaction during use.  
The alloy that was chosen in the temperature model was AA 2014-T6.  The thermal 
conductivities for this alloy are shown below in Table 10-6: 
 

Table 10-6 Thermal Conductivity of AA 2014 for Temper and Temperature 

Alloy  2014   
Temper  Temperature  Thermal Conductivity 

  [°C]  [W/(m K)] 
O  25  192 
T3  25  134 

25  134 
T4 

100  142 
25  155 

T6 
100  159 

 

The model was run for various depths to create a temperature envelope with depth that 
shows the applicable ranges for the drill pipes.  The model results of the bottom hole 
temperature for the various depths are tabulated in Table 10-7.  The temperature path of the 
drilling fluid, flowing down the drill pipe and back up the annulus, is shown in Figure 
10.11.   
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Table 10-7 Model results of Well bottom temperature for steel and aluminum drill pipes 

6 5/8" 6 5/8" 5" 5" 4.5" 4.5" Model 
Summary Steel Aluminum Steel Aluminum Steel Aluminum 

Depth 
Tt = Ta at 

bottom 
Tt = Ta at 

bottom 
Tt = Ta at 

bottom 
Tt = Ta at 

bottom 
Tt = Ta at 

bottom 
Tt = Ta at 

bottom 
[m]                                                     [°C] 

0 20 20 20 20 20 20 
300 22.4 24.0 21.6 22.9 21.6 22.6 
800 37.7 49.8 32.2 41.8 32.2 39.8 
1500 80.1 116.6 62.8 94.4 63.3 89.3 
2000 116.5 165.2 91.0 137.3 92.1 130.9 
2500 154.6 208.9 123.0 179.4 124.8 172.6 
3000 186.4 241.4 151.5 212.5 153.8 205.8 

 

 
Figure 10.11 Temperature Path of Drilling fluid to 1500 and 3000 meters 
        
The bottom hole temperature at each depth created the temperature envelopes shown 
graphically in Figure 10.12.  The temperatures encountered at the bottom of a wellbore 
during drilling operations differ between steel drill pipe and ADP due to the thermal 
conductivity of the pipes.  ADP has a much higher thermal conductivity and therefore can 
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transfer heat across its boundary much faster.  This results in the annulus fluid transferring 
more heat to the drill pipe fluid, thereby heating the inside drilling fluid faster and resulting 
in greater down hole temperatures.  From this data, the maximum temperature predictions 
for a well based on depth can be determined and then the appropriate drill pipes can be 
chosen.     

 
Figure 10.12 Depth versus Bottom Hole Temperature for Steel and ADP 
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10.4 Combined Temperature and Structural Limit Results  

After a full analysis of the drill pipe strengths, yield strength limits with temperature, and 
the temperature of a bottom hole for various depths, the results are shown below in various 
applications.   

First, the hook load capacities for several drill rigs are compared to the weight limits of 
both 5” ADP and 6 5/8” ADP with either a 10 or 20 tonne WOB and to the yield limits of 
the aluminum alloy.  The temperature model predicted the temperature at the bottom of the 
wellbore as a function of depth.  The temperature dependencies of the yield strength of 
select aluminum alloys have been presented in previous sections.  The correlation of depth 
versus yield strength could then be interpolated between this data.  The resulting yield 
strengths were then converted to a force in tonnes and corrected due to the buoyancy 
factor.  The results are shown in Figure 10.13 and Figure 10.14 below and show that the 
yield strength decreases as depth increases due to the temperature increase with depth.  The 
depth limits based on hook load and yield strength must be corrected for the length of the 
drill collar.  In this analysis, the correction depth for the 20 tonne WOB is 75 meters and 
for the 10 tonne WOB it is 37 meters.  These depths must be added to the depth that 
corresponds to the intersection of a drill pipe with the yield strength curve.    
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Figure 10.13 Aluminum 5” Drill Pipe - Hook Load Weights versus Yield Limits 
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Figure 10.14 Aluminum 6 5/8”Drill Pipe - Hook Load Weights versus Yield Limits 
The yield strength limits that were interpolated from the temperature data were correlated 
to depth.  The graphs below shown in Figure 10.15, Figure 10.16, and Figure 10.17 show 
the yield strength as a function of depth.  The deeper the well goes, the lower its yield 
strength due to an increase in temperature.  Graphs of the ADP application envelopes of 
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depth versus temperature and yield strength could not correctly identify the acceptable area 
for aluminum drill pipe due to the non-linear behavior of the yield strength of aluminum 
with temperature.  

 
Figure 10.15 Depth versus Yield Strength – 6 5/8” Drill Pipe 
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Figure 10.16 Depth versus Yield Strength – 5” Drill Pipe 
 

 
Figure 10.17 Depth versus Yield Strength – 4” Drill Pipe 
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During drilling, the ultimate torsional yield strength of the pipe reduces as the temperature 
increases with depth as shown in Figure 10.18.  This figure also shows the maximum 
allowable applied torque for a drill pipe under axial loads (tension) applied from the weight 
of the drill string to a depth of 3000 meters.  Since the equation to calculate the maximum 
allowable applied torque depends on the yield strength, the calculations were performed 
for the yield strength as it changes with temperature.  These curves are labeled “Torque w/ 
Tension”.  Lastly, the allowable torque for drill pipe under a tension load due to 3000 
meters of drill string was plotted at room temperatures to compare the steel grades to the 
aluminum grades.  For instance, if a 3000 meter wellbore has a bottom hole temperature of 
200°C, the maximum allowable torque applied to the top drill pipe of a 3000 meter long 
drill string is 1000 daN.m for aluminum alloy 2024-T4.  The maximum allowable limits 
for a 3000 meter well have been plotted on that graph to show where it would intersect the 
yield curve and the maximum temperature that may be encountered before the drill pipe 
begins to yield.  For example, a 5” diameter aluminum alloy drill pipe of grade 2014-T6 
with an applied tension load for a well depth of 3000 meters would begin to yield at 
approximately 100°C with an applied maximum allowable torque of approximately 4090 
daN.m.  If the applied torque were reduced, it can be seen that the temperature limit 
increases.         

 
Figure 10.18 Torque Strength as a function of Temperature 
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11 COST ANALYSIS 

In addition to structural and performance benefits of ADP, there are resulting cost 
advantages.  However, due to the variability of drilling performance from location to 
location – including geologic conditions, well specifications, equipment variability, 
contractor experience, etc – general cost estimates are difficult to ascertain and cannot be 
accurately calculated due to the lack of transparent historical geothermal drilling cost data.  
In an attempt to quantify the known difference between ADP and steel drill pipe in the 
drilling performance, two rough cost estimate methods have been provided.   

11.1 Rig Hook Load Comparison and ADP Price per Meter 

The structural benefits of aluminum alloy drill pipe were shown in the above analysis.  The 
result is a superior product at a third of the weight of steel which then helps to achieve 
greater depths with smaller drill rigs.  In a drilling project in Western Siberia, the use of 
aluminum drill pipe allowed a 125-ton Uralmash drill rig to achieve a total depth (TD) of 
4,200 meters.  Comparatively, using steel drill pipe to that depth would require the use of a 
250 ton drill rig.  In other words, the maximum depth achieved by a 125-ton drill rig using 
steel drill pipe would be 2,500 meters or, at best, 2,700 meters (Chesnokov 2008).   

Two drill rigs with different hook load ratings have been analyzed.  The cost per day and 
days of drilling are approximations based on limited data.  The first cost analysis is a lump 
sum analysis and considers the fuel cost saving encountered with the use of ADP compared 
to steel drill pipes.  The ratio of the engine power needed to supply the drilling fluid at the 
required pressure for ADP versus steel drill pipe was used as a reduction for the fuel costs.  
The engine power required for the pump was determined with a pump efficiency of 0.87 
divided by the results of the power required due to pressure losses, as shown in Table 9-9.  
The calculated engine power is shown below in Table 11-1.      
 

Table 11-1 Power Requirements of Engine for Mud Pumps 

Engine Power Required Steel Drill Pipe  Aluminum Drill Pipe  

Efficiency =  0.87 Steel 5" Steel 4.5"  AA  6 5/8" AA   5" 
  kW kW  kW kW 

Newtonian 946 1351  519 1075 

Non-Newtonian 895 1266  504 1014 

 

The ratio of the engine power of the 6 5/8” ADP to the 5” steel was 55%.  This reduced the 
total fuel cost that would be expected when using steel drill pipe.  The results of the lump 
sum cost analysis are shown in Figure 11.1.  The cost per day for the rigs is an indicative 
price since the current drilling day rates are highly erratic.  The simple lump sum compares 
the cost per day for a 200 tonne and 100 tonne rig and a stated number of drilling days.  
This first method is independent of the well depth.  The use of aluminum drill pipe 
produced a fuel savings cost of approximately 8% of the total cost of the well.          
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Figure 11.1 Lump Sum Cost Analysis 
The second cost estimate calculates the difference between the rig and fuel requirements 
for a well 3000 meters deep and compares a 5” steel drill pipe with a 6 5/8” ADP.  
Referring to Figure 11.2 below, with a 20 tonne WOB and a depth of 3000 meters, the 
proper hook load limits were determined.  For the 6 5/8” ADP of alloy 2024-T4 which is 
below the yield strength limits, a 100 tonne hook load with a factor of safety of 1.33 can be 
used.  For the 5” steel drill pipe, the weight of the steel exceeds the 100 tonne hook limits 
but falls within the 150 tonne hook load limit with a 1.33 factor of safety.  However, 30% 
will be added to the hook loads for a directional well.  Therefore, a 200 tonne and 150 
tonne hook load was analyzed.  Figure 11.3 compares the cost of a 3000 meter deep well 
for both a steel drill pipe and an aluminum drill pipe.  Here the savings of using ADP are 
quite apparent, with total savings of $558,000.  These savings are due to both the reduction 
in energy for the mud pump and the utilization of a reduced hook load drill rig, with longer 
drilling days but reduced daily rig rates as compared to the steel drill pipe case.  The total 
well costs for drilling to a depth of 3000 meters was checked relative to historical data and 
was found to be in the range of the well cost data provided in the MIT Geothermal report 
(2006).  The MIT data showed that for a well of 3000 meters the costs are in the range of 
$2 to $4 million dollars (in 2004 US$).  Therefore, the values estimated with this cost 
estimate are within an acceptable range.  This rough cost estimate, results in a cost of 
$1228/meter for ADP compared to $1400/meter for steel as calculated for a 3000 meter 
deep well with varying drilling days.   
These cost estimates neglect the actual cost of the aluminum and steel drill pipe.  The costs 
for aluminum drill pipe vary anywhere from 1.5 to 2 times the cost of steel drill pipe 
(Chandler et al 2006, Jellison 2007).  Yet Chesnokov (2008) reports that while “a ton of 
pipes fabricated from aluminum alloy is approximately 30-40 percent more expensive than 
a ton of steel pipes”, the price per meter of ADP is actual equal to or sometimes less than 
that of steel.  ADP marketing brochures report a higher initial cost of ADP compared to 
steel drill pipe, but tout substantial savings in operating costs with the use of ADP.  The 
scarcity of aluminum drill pipes on the markets (outside of Russia) has an effect on the 
prices as a higher demand would reduce and stabilize the costs.   
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Figure 11.2 Hook Load Limits at 3000m for Steel versus Aluminum 
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Figure 11.3 Method 2 – Cost Analysis comparing 3000m Steel vs. ADP well 

12 CONCLUSIONS 

In conclusion to this analysis, the current production of ADP is capable of being deployed 
and tested in the geothermal drilling industry.  The temperature model produced the most 
severe and therefore most conservative results for the bottom hole temperatures that the 
aluminum drill pipe would experience for the general inputs that were used.  Through 
testing the model with various inputs, it was determined that water as a drilling fluid 
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produced the greatest down hole temperatures; the use of the BPD curve is the critical 
maximum for single fluid phase geothermal wellbores; the absence of the loss of 
circulation from the annulus maintained the high down hole temperatures; and a higher 
temper thermal conductivity resulted in more heat transfer per meter than other values.   
The applied stresses were calculated for the drill pipe and compared to the increased 
temperatures encountered in geothermal wells.  The yield strength was correlated to depth 
and the yield limits for the tested grades of drill pipe should be limited by these values.  
The non-linear degradation of aluminum alloys versus temperature, in combination with 
the non-linear bottom hole temperature with depth, make a straight correlation difficult to 
illustrate.  However, several graphs illustrate, beyond what the tabulated data could show, 
the application limits based on curves for the yield strength with temperature and the 
stresses incurred on the drill pipes for a variety of depths.  The first of these graphs is 
Figure 10.18.  The torque applied to most drill pipes is limited to 80% of the tool joint 
make-up and the applied torque from the top drive rarely exceeds 3000 daN·m.  Based on 
the results, the AA 7055, 2014, and 2024, can operate safely up to temperatures of 140°C, 
150°C and 190°C respectively.   
The hook loads diagrams for both 5” and 6 5/8” ADP are the second illustration, as shown 
in Figure 10.13 and Figure 10.14, and present the depth limits based on hook load and 
yield strength with temperature.  For a 5” diameter pipe with a 20 tonne WOB, the depth 
limit for both the 2014 and 7055 alloy was roughly about 3475 meters with the correction 
depth included.  The ADP with a 10 tonne WOB can be utilized to a depth of 
approximately 3740 meters for 2014 and 7055 alloys, again with the correction factor 
included.  The 5” diameter pipe of aluminum alloy 2024 can be used to depths greater than 
4000 meters.  As the diameter of the pipe increases, the depth limits decrease.  The 6 5/8” 
diameter pipe with a 20 tonne WOB has depth limits of about 2900 meters for both the 
2014 and 7055 alloys, and a limit of around 3325 meters for 2024 alloy.  The 10 tonne 
WOB for that diameter can reach depths of nearly 3040, 3240, and 3640 meters for alloy 
grades 2014, 7055, and 2024 respectively.  
The graph, shown in Figure 9.9, of the bending stresses with depth compared to the yield 
strength with temperature clearly show that the stresses applied to the ADP for an incline 
angle of 1.4° are significantly under the yield curves for temperatures up to 300°C.   

The internal yield pressure or burst strength, Figure 9.7, illustrated the use of aluminum 
alloy 7055 and 2014 to a depth of 4000 meters when the bottom hole temperature does not 
exceed ≈ 130°C.  The aluminum alloy 2024 has a lower yield strength, which reduces the 
operating depth to 3500 meters with a bottom hole temperature below ≈ 120°C. 

The culmination of all the structural stresses applied to the drill pipe gives rise to the 
fatigue stresses.  The estimation of fatigue stresses and the initiation of fatigue failure are 
highly complex and variable stresses differ between wells and drill rigs.  This phenomenon 
affects both steel and aluminum drill pipes and continues to be at the core of drill string 
analysis and improvements.       
The structural analysis and strength calculations were tested for various scenarios to 
determine the critical location of the drill pipe for the various stresses.  The tension or axial 
forces were calculated for the top pipe since this was both the maximum tensile load on 
any other drill pipe and this resulted in yield strength failures for temperatures up to 150°C.  
When a pipe at a depth of 2500 meters was analyzed for a total well depth of 3000 meters, 
the axial force was reduced and the temperature limits increased to 260°C for aluminum 
alloys 2024 and 7055, and increased to 205°C for alloy 2014.  While analyzing a pipe at a 
depth of 2500 meters, the torsional stresses increased despite the tension forces decreasing.  
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The increase, however, did not exceed the pipe limits.  Lastly, the pipe at a depth of 2500 
meters has an increased collapse pressure; meaning, at that depth, the hydrostatic pressure 
in the annulus has to be much greater to collapse the empty drill pipe.   

It has been stated many times and proved with calculations that ADP reduces the pressure 
losses, therefore reducing pump energy and fuel costs.  The decreased weight per meter as 
compared to steel, allows ADP to reach greater depths with small hook load rated drill rigs.  
Each of these was presented in the rough cost estimate and demonstrated the cost savings 
of using ADP.  The continued engineering of aluminum alloys is critical to geothermal 
drilling and will only enhance and improve the current benefits of ADP and increase the 
temperature limits.  This will only serve to help the geothermal industry to drill faster, 
deeper wells; thereby bringing wells online faster, decreasing the time to provide power to 
customers, and reducing the costs through economies of scale.  ADP is an important 
technology to help the geothermal industry compete financially with base load fossil fuel 
power plants.                 
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APPENDIX A 

Cost Comparison of Geothermal to Coal Power Plants:  

�   MIT reports 100 GWe (GW of electricity) are available from Geothermal 
recourses with an investment of $1 billion until 2015.  

�   Below is a chart comparing the most common coal power plant proposed for 
future plants, PC Subcritical, with a geothermal power plant. 
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APPENDIX B 

Overall heat Transfer Coefficient:  

�  From “Heat Transfer: A Practical Approach”, 2nd edn., Chapter 13 by Yunus A. 
Cengel (p. 671-672).    

A heat exchanger typically involves two flowing fluids separated by a solid wall.  
Heat is first transferred from the hot fluid to the wall by convection, through the 
wall by conduction, and from the wall to the cold fluid again by convection.  Any 
radiation effects are usually included in the convection heat transfer coefficients.   

The thermal resistance network associated with this heat transfer process involves 
two convection resistances and one conduction resistance as shown in the figure 
below.  Here the subscripts i and o represent the inner and outer surfaces of the 
inner tube.  For a  double-pipe heat exchanger, we have Ai = πDiL and Ao = πDoL 

and the thermal resistance of the tube wall in this case is  where k 

is the thermal conductivity of the wall material and L is the length of the tube.  
Then the total thermal resistance becomes 

.  The Ai is the area of the inner 

surface of the wall that separates the two fluids, and Ao is the area of the outer 
surface of the wall.  In other words, Ai and Ao are surface areas of the separating 
wall wetted by the inner and the outer fluids, respectively.  When one fluid flows 
inside a circular tube and the other outside of it, we have Ai = πDiL and Ao = πDoL. 

In the analysis of heat exchangers, it is convenient to combine all the thermal 
resistances in the path of heat flow from the hot fluid to the cold one into a single 
resistance R, and to express the rate of heat transfer between the two fluids as 

 where U is the overall heat transfer coefficient, 

whose unit is W/ (m2 °C), which is identical to the unit of ordinary convention 

coefficient h.  Canceling ∆T reduces to .  

Perhaps you are wondering why we have two overall heat transfer coefficient Ui 
and Uo for a heat exchanger.  The reason is that every heat exchanger has two heat 
transfer surface areas Ai and Ao, which, in general, are not equal to each other.   

Note that Ui Ai = Uo Ao, but Uo ≠ Ui unless Ai = Ao.  Therefore, the overall heat 
transfer coefficient U of the heat exchanger is meaningless unless the area on which 
it is based is specified.   
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APPENDIX C 

Boiling Point Curve with Depth and Evaluation of Depth Increments Used:  

� The procedure of calculating the boiling point curve with depth (BPD) involves 
starting with the boiling temperature at atmospheric conditions at the surface (depth 
= zero meters) 

� At zero meters cumulative depth, the static pressure is the saturation pressure for 
water at 100°C and the density is the saturation density for water at 100°C. 

� The subsequent static pressures are calculated based on the formula for hydrostatic 
pressure.  The column of water, or rather the depth of the well, is divided into 
thousands of cells with an incremental depth (delta or dz).  The temperature, 
pressure, and density are assumed to be constant within that cell.  In this example the 
cell has a length of 0.1 meters. 

� At each depth increment, the static pressure is equal to the density of the cell above 
multiplied by the depth increment (delta) multiplied by the acceleration of gravity 
(9.81 m/s2) plus the pressure of the cell above it.  For example:  
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� The larger the depth increment, dz, the larger the errors due to the assumption that 
the properties of water (pressure, temperature, and density) are constant within 
that cell.  Therefore, an error estimation was performed to determine the 
magnitude of error based on varying the depth increment, dz.  The temperature 
model created for this thesis uses the hybrid increment system to determine the 
values of the BPD (dz = 0.1 from 0 to 100 meters and dz = 2 meter from then on).  
Below is the error comparison for a variety of depth intervals: 
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APPENDIX D 

API Spec 5D 2001- Specification for Drill Pipe:   

� The API Spec 5D section 7.1.3 reports the acceptable test specimen dimensions 
for a full-section specimen, a strip specimen, or a round bar specimen.  The 
equation used to determine elongation, as shown in section 5.6, uses an area that is 
computed from the ‘strip specimen’ area.  Since the API Spec 5D specifies the 
minute width of a test specimen of 38.1mm (1 ½”), the cross-sectional area where 
the tensile stress is being applied is simply the thickness, t, of the drill pipe as 
listed by the manufacturer multiplied by the width of 38.1mm.  According to API 
specifications, this is for drill pipe where the curved face testing grips are used or 
if the ends of the specimen are machined or old flattened to reduce the curvature 
in the grip area.  If this is not the case, then the width of the specimen should be 
19.0 mm (3/4 in) for pipe 3 ½” and smaller and 25.4 mm (1”) wide for pipe 4” and 
larger.          

 

(Modified from API Spec 5D) 
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APPENDIX E 

Drill Pipe Structural Calculations:   

Pipe and Input Properties 
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Hook Load Rating 
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Elongation 
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Torsional Yield Strength 
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Pressure Losses 
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