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Abstract

Having precise information of fluids’ temperatures is a critical process during planning of drilling opera-
tions, especially for extended reach drilling (ERD). The objective of this paper is to develop an accurate
temperature model that can precisely calculate wellbore temperature distributions. An established semi-
transient temperature model for vertical wellbores is extended and improved to include deviated wellbores
and more realistic scenarios using non-Newtonian fluids.

The temperature model is derived based on an energy balance between the formation and the well-
bore. Heat transfer is considered steady-state in the wellbore and transient in the formation through the
utilization of a formation cooling effect. In this paper, the energy balance is enhanced by implementing
heat generation from the drill bit friction and contact friction force caused by drillpipe rotation. A non-
linear geothermal gradient as a function of wellbore inclination, is also introduced to extend the model to
deviated wellbores. Additionally, the model is improved by considering temperature dependent drilling
fluid transport and thermal properties. Transport properties such as viscosity and density are obtained
by lab measurements, which allows for investigation of the effect of non-Newtonian fluid behavior on the
heat transfer. Furthermore, applying a non-Newtonian pressure loss model enables an opportunity to
evaluate the impact of viscous forces on fluid properties and thus the overall heat transfer. Results from
sensitivity analysis of both drilling fluid properties and other relevant parameters will be presented. The
main application area of this model is related to optimization of drilling fluid, hydraulics, and wellbore
design parameters, ultimately leading to safe and cost efficient operations.
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1 Introduction

Extended reach drilling (ERD) is a term that involves
wells with large horizontal displacements. ERD wells
have emerged in the early 1990’s as technologies were
improved to achieve optimized and cost efficient so-
lutions. The improvement of technologies was neces-
sary to access reservoirs that previously were not eco-
nomically or technically feasible to produce. This gave
an opportunity to extend the life of mature fields and
to optimize field development through a reduction of
drilling sites and structures, see Payne et al. (1994).
Furthermore, ERD designs give the ability to increase
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the drainage capability of a reservoir by installing hor-
izontal completions over large sections.

Compared to a conventional design, ERD wells often
have longer sections with higher inclinations. An ERD
design results in challenges that are less pronounced
in the conventional design. For example, drilling fluid
design is critical for ERD wells. Controlling drilling
fluid properties can be an issue for deep and long wells,
and problems related to borehole stability, lost circu-
lation, barite sag, ECD management, torque and drag,
and hole cleaning might occur, see Cameron (2001).
Another important aspect of ERD designs is wellbore
temperature effect. Drilling further and deeper comes
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with an increased formation temperature, and it is
not unusual that ERD wells are exposed in high pres-
sure and high temperature (HPHT) conditions. High
temperatures have the potential to cause severe opera-
tional problems. For example, increasing temperatures
will affect the ability of the drilling fluid to maintain
its properties and thus ensure well control and avoid
the problems listed above. Additionally, high temper-
atures can be a limiting factor for downhole drilling
tools and the ability to perform directional control and
logging. It is consequently critical to provide realistic
estimations of wellbore temperatures. Therefore, the
objective of this paper is to develop a sophisticated
temperature model that can predict accurate wellbore
temperature distributions for ERD applications.

In a drilling scenario, temperature differences be-
tween the wellbore and the formation result in a trans-
fer of thermal energy. Heat may flow from the for-
mation to the wellbore or vice versa depending on the
relative temperatures. For example, if the formation
temperature is higher than the wellbore temperature
at a certain depth, the wellbore system will gain en-
ergy in terms of heat. By nature, the heat will con-
tinue to flow from the formation to the wellbore un-
til a thermal equilibrium is reached. In our work,
temperature dependent drilling fluids’ transport and
thermal properties are considered to improve the ac-
curacy of the temperature model. Experiments have
been performed to determine the behavior of drilling
fluids’ density and viscosity under high pressure and
high temperature conditions. Measurements of vis-
cosity allow the effect of non-Newtonian behavior to
be included in the convective heat transfer processes.
In addition, applying a non-Newtonian pressure loss
model enables an opportunity to incorporate the im-
pact of non-Newtonian behavior on the wellbore pres-
sure distribution and thus pressure dependent drilling
fluid properties. Another important aspect of the ap-
proach presented in this work, is the introduction of
mechanical heat source terms. Mechanical heat gener-
ation that occurs during drilling processes has the po-
tential to affect wellbore temperature distributions. To
give a better estimation of wellbore heat transfer pro-
cesses, heat generation due to drill pipe rotation, drill
bit friction, frictional pressure losses, and the Joule-
Thomson effect is considered in the model.

Results from a sensitivity analysis indicate that pa-
rameters related to the hydraulics of a wellbore system
have a significant effect on temperature distributions.
Circulation rate is found to be a major contributor.
Drilling fluid viscosity, density, and specific heat ca-
pacity (SHC) have also shown significant effect on tem-
perature distributions. On the other hand, mechanical
processes and heat generation due to friction are found
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to be less dominant. The model presented in this pa-
per provides an accurate calculation for wellbore tem-
perature distribution with the possibility to enhance
drilling performance and optimize well design for ERD
wells.

2 Non-Newtonian Drilling Fluids

2.1 Convective heat transfer coefficient

Convection is defined as the heat transfer that occurs
between a surface and a moving fluid at different tem-
peratures, see Theodore et al. (2011). During circula-
tion, since the fluid and the conduit surface have differ-
ent temperatures, a convective heat transfer will occur.
Close to the wall of a conduit, the fluid’s velocity ap-
proaches zero and diffusion (conduction) dominates the
heat transfer. Here, heat is transferred from the wall
surface to the nearby fluid’s layer by random molecular
motion. The heat going into this layer is transferred
further away from the wall by the bulk motion of the
fluid, and into the high velocity region. The expres-
sion for the convective heat transfer process is given
by Newton’s law of cooling:

¢ =MTs — Tn), (1)
where ¢’ is the heat flux, h is the convective heat trans-
fer coefficient (CHTC), T and T, represent the tem-
perature of the conduit surface and the mean fluid’s
temperature respectively. In terms of the heat transfer
process in the wellbore, there exists a convective heat
transfer among drill pipe fluid, drill pipe wall, and an-
nulus fluid. The same process occurs among annulus
fluid, casing wall, cement layer, and formation. Instead
of applying equation (1) to describe these processes in-
dividually, an overall heat transfer coefficient (OHTC)
is used to consider the net resistance of heat flow over
several layers. The convective heat transfer is modeled
by the following equations, see Kabir et al. (1996) for
more details:

Gap = QWTpiUpL(Ta - Tp)7 (2)
Qua — QWTCanL(Tw - Ta)7 (3)

where ¢, and ¢, represent the overall rate of heat
transfer from the annulus to the drill pipe and from
the formation/wellbore interface to the annulus respec-
tively; 7p; is the inner radius of pipe; r¢; is the inner
radius of casing; T;, and T, are fluid’s temperature in-
side the annulus and drillpipe respectively; T, is the
wellbore temperature and L is the volume length. The
OHTC of fluids inside the pipe, U,, and the one of flu-

ids inside the annulus, U, are given in Thompson and
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Burgess (1985) as

1 1 Tpi 1 Tpi Tpo

= Pz P2 4
Uy hy * Tpo Na * ky, (rpi)’ )
1 1 Tei Tco Tci Tw

== =y Te(Teoy y Tl Tw 5
Ua ha * kc n( Tci) * kct n(rco)’ ( )

where h, and h, are CHTC for fluids inside the annulus
and the pipe respectively; ry, is the outer radius of
pipe; ¢, is the outer radius of casing; r,, is the wellbore
radius; kp is the thermal conductivity (TC) of pipe; k.
is the TC of casing and k.; is the TC of cement.

Inspecting the equations above reveals that the
CHTC plays an important role for the heat rate
and thus the wellbore temperature distribution. The
CHTC is determined by the dimensionless Nusselt
number, Ny, and the TC of fluids, ky, as:

kD

Nu - 7
kg

(6)
where D is the diameter of the volume. N, gives a
relationship between the convective and the conductive
heat transfer, and a large Nusselt number indicates an
efficient convection process. For laminar flow in the
pipe, the Nusselt number takes a constant value:

N, =4.36, R. < 2300, (7)

with the assumption of a uniform wall heat flux, see
Theodore et al. (2011). In (7), Re is the Reynold’s
number to describe different flow regimes occurring in
a flowing medium as

_ pvD

R, (8)

Happ
where p is the fluid density, v is the fluid velocity , and
Happ is the apparent viscosity of fluids. The laminar
region is for R, < 2300, the transitional region is for
2300 < R. < 4000, and the turbulent region is for
Re > 4000. For the laminar flow in the annulus, the
following correlation in Seider and Tate (1936) is used

to calculate N,:
1
D 3
(%)

where P, is Prandtl number which approximates a
number for the ratio of momentum diffusivity to ther-
mal diffusivity. It is defined as

Wl

N, = 1.86 (R.P,) R. <2300,  (9)

p, = Har%. (10)

kg
where ¢, is specific heat capacity (SHC) of fluids. Es-
timating the Nusselt number for turbulent flow is more
complex. It is shown that the CHTC is heavily affected

by fluid properties and flow geometry. It is therefore
common to use correlations to estimate the Nusselt
number for turbulent flow. A summary of the most
common correlations is for example given in Santoyo
et al. (2003). In this study, the correlation in Gnielin-
ski (1976) is used for transitional and turbulent flow in
both pipe and annulus:

~ (fp/8)(R. — 1000)Pr
1+ 12.7(fp/8)0-> (prz/?, _ 1) )

R. > 2300,
(11)

where fp is the friction factor. Equations (7), (9) and
(11) provide valuable information about which param-
eters control the CHTC and thus affect the wellbore
temperature distribution. It is especially of interest to
determine to what extent the impact of drilling fluid
transport and thermal properties on heat transfer pro-
cesses in a wellbore system. In the following subsec-
tions, the density, viscosity and pressure loss models
which account for pressure and temperature informa-
tion will be presented and discussed.

u

2.2 Density model

Drilling fluid is a critical factor for drilling operations
to ensure borehole stability, drill bits’ cooling, pres-
sure and well control. These functions are maintained
through controlling the wellbore pressure and thus the
drilling fluids’ density. Consequently, it becomes im-
portant to give accurate estimations of density distri-
butions. Density of a drilling fluid varies with pressure
and temperature. An increase of pressure will com-
press the drilling fluid and result in an increase of den-
sity. Increasing the temperature on the other hand,
expands the drilling fluid and decreases the density.
Variations in density with temperature and pressure
are well-known effects, and the intention in this work
is to investigate the effect of density on heat transfer
processes.

The linearized equation of state as shown below, is
applied to determine the density behavior with varying
pressure and temperature, see Stamnes (2011) for deep
details.

p=po+ %(P —Py) —poa(T - Tp),  (12)

where pg, Py and Ty represent the density, pressure,
and temperature at the point of linearization. The
cubical expansion coefficient and the isothermal bulk
modulus of the drilling fluid are given by a and f
respectively. In this work, the cubical expansion co-
efficient and the isothermal bulk modulus have been
determined through a regression analysis of pressure-
volume-temperature (PVT) data of an oil-based mud.
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2.3 Viscosity model

Viscosity is a key parameter to consider when deter-
mining fluid’s rheology and how it affects the rate of
heat transfer in the wellbore. In increasing pressures
and isothermal conditions, a general trend of increased
viscosity is observed, and increasing the temperature
during isobaric conditions results in a decrease of the
viscosity, see Poling et al. (2001). It is therefore im-
portant to include pressure and temperature depen-
dent viscosity behavior to show the effect of viscosity
on wellbore heat transfer.

Another factor to consider is the non-Newtonian na-
ture of drilling fluids. Santoyo et al. (2003) reported
that temperature dependent viscosities of Newtonian
and non-Newtonian fluids differ significantly in heat
transfer process. Using a Newtonian viscosity model
for non-Newtonian drilling fluids will overestimate the
CHTC and the rate of heat transfer in the wellbore.
In this study, a general Herschel-Bulkley (HB) fluid is
considered,

T=1+ K", (13)
where 7 is shear stress, 79 is yield stress, K is consis-
tency index, 7y is shear rate and n is flow index. The
coefficients 7y, K and n are pressure and temperature
dependent in this work and are also determined from
the rheology lab data of fluids under different pressure
and temperature conditions.

The apparent viscosity of the HB-fluid can be deter-
mined as:

fapp = 07"+ Ky (14)
Unlike Newtonian fluid, the apparent viscosity of non-
Newtonian fluids depends on shear rate and thus fluid
velocity. A relation between flow velocity and rheo-
logical behavior is consequently necessary to calculate
the corresponding apparent viscosity. In Section 2.4,
a pressure loss model for HB fluids is presented. This
model also includes a relation between wall shear stress
and flow rate that is taken advantage of to obtain the
apparent viscosity.

2.4 Pressure loss

As discussed above, thermal properties of drilling flu-
ids are sensitive to transport properties such as density
and viscosity. It was also suggested that the effect of
non-Newtonian behavior on viscosity should not be ig-
nored. The transport properties are functions of both
pressure and temperature, thus pressure loss calcula-
tions will ultimately influence the thermal properties
and the accuracy of the temperature distribution. Ad-
ditionally, the pressure losses through a wellbore serve
as an energy source which adds the heat to the sys-
tem. It is therefore important to choose an appropri-
ate pressure loss model. Many works have addressed
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the topic of non-Newtonian flow and frictional pressure
losses. One of the most cited articles is a study by Met-
zner and Reed (1955). They performed experiments
with power-law fluids and defined how the friction fac-
tor varies with Reynolds number for laminar, transi-
tional, and turbulent flow. Four decades later, Reed
and Pilehvari (1993) presented an analytical procedure
to determine frictional pressure losses for power-law,
Bingham plastic, and HB fluids based on the work of
Metzner and Reed (1955). A more recent study by Fan
et al. (2014) that provides an improved model for HB
fluids is considered in our work. It follows the similar
approach given in Reed and Pilehvari (1993), but with
a new definition of an effective diameter for annular
flow. The basic idea is to utilize established equations
for Newtonian flow to model non-Newtonian flow in
both pipes and concentric annuli. Introducing a gener-
alized effective diameter enables classical relations for
Newtonian pipe flow to apply for non-Newtonian flu-
ids and annular geometry. They successfully validated
their model by comparing results with measurements
obtained from experimental data and field cases. The
generalized Reynolds number, R4, presented in Reed
and Pilehvari (1993) and Fan et al. (2014), is defined
as
pvDesy
k)

/’[/ app

Reg = (15)
where D¢y is the generalized effective diameter. The
generalized Reynolds number is applied to the fanning
friction factor to determine the pressure drop of lami-

nar flow:
64

fo=g

For transitional and turbulent flow, the friction factor
is obtained by implementing a modified version of Cole-
brook’s equation. It is valid for any time-independent
fluids flowing through pipes and concentric annuli, see
Reed and Pilehvari (1993):

. Rey < 2300. (16)

1 0.27¢ (n')=1:2
— 41 1.26 - _
\/E OglO[Deff [Regf(Dl—O.on )](n/)—o.h ]’
R., > 2300, (17)

where ¢ is the pipe roughness and n’ is the generalized
flow index which will be discussed later. The expres-
sion for the pressure loss is then given as

2
L
AP = %. (18)

2.4.1 Pipe flow

For the flow in the pipe, the generalized effective di-
ameter is defined as
4n!

Dutip=—P"_D, 19
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where n; is the generalized flow index for pipe flow

which is calculated by

,  dIn(ryp)
= —_—— 2
"p dln(%’) (20)

In Metzner and Reed (1955), they presented a gener-
alized expression for the wall shear rate, v, ,, as

8v

3n;,+1( )
D

21

Yw,p =

In Fan et al. (2014), a relationship for pipe flow rate
and wall shear stress for HB fluids is given as:

7””‘1371' Tw.p )L o \2tL 2n To
Q = 3n+1( K )"(1 - Tw,p) " [1 + 2n+1(7—w,p)
2n? T 2
o e (g ) ) (22)

where @ is flow rate. If Q) is given, the wall shear stress

Tw,p can be easily solved from (22). Considering HB-

fluids, the wall shear rate can be obtained from (13)
s T, T

- 1

T = (LT (23)

Due to the limited space, the detailed computational

procedure for calculating the apparent viscosity and

the pressure drop for HB-fluids is given in Appendix

A.

2.4.2 Annular flow

For the flow in the annulus, the generalized effective
diameter is defined in Metzner and Reed (1955) as
2n/!

“—Dn, (24)

Pesra =521

where Dy, is the hydraulic diameter and n, is the gen-
eralized flow index for annular flow which is given as

;_ dIn(Tw,6)

o dIn($%) (25)

The generalized expression for the wall shear rate, v, q,
is defined in Metzner and Reed (1955) as

B 2n, +1 120

Yw,a = 7(D7h)

77 (26)

Fan et al. (2014) also derived a relationship for annular
flow rate and wall shear stress for HB-fluids:

wnra Tw,a )L T ntl
Q = gy ()7 (res + o) (1 = ) T [
o () (27)
where ry is the annular clearance. The wall shear
stress, Ty, can be easily calculated from (27). Sim-

ilar as (23), the wall shear rate regarding annular flow
can be obtained as

Tw,a — 7—0)

= W (28)

Yw,a = (

3 Energy Sources

There are many mathematical models that describe
temperature distributions of drilling fluids. Raymond
(1969) presented numerical solutions of temperature
profile for a circulating fluid system during transient
and pseudo steady-state conditions. One year later,
Holmes and Swift (1970) presented an analytical so-
lution of temperature distributions assuming steady-
state heat transfer between annulus and drill pipe. An-
other similar study on the temperature of drilling flu-
ids during circulation was given by Kabir et al. (1996).
The intention of these models is to provide estimates of
temperatures and a better understanding of downhole
conditions that might occur during drilling operations.
However, these models do not consider processes dur-
ing a drilling operation that introduce additional heat
to the wellbore system. Heat generation from mechan-
ical energy sources present during drilling may have
significant effect on the temperature distributions, see
Keller et al. (1973). To provide a more realistic solu-
tion, the energy sources, e.g., mechanical energy and
heat transfer due to the pressure change are included
in this work.

3.1 Mechanical energy

Friction refers to the force that resists relative motion
of two solid objects in contact. The mechanical energy
that exists in the process where two solid objects slide
against each other is converted to heat. The energy
dissipation which is termed frictional heating, results
in a temperature increase at the interface between the
two objects. In a deviated wellbore, the drill pipe tends
to lay at the low side of the wellbore. Consequently,
friction occurs at the drill pipe and casing/formation
interface and heat is generated during rotation. The
frictional force is proportional to the normal force ap-
plied by the drill pipe. In highly deviated sections or
sharp bends and doglegs where the normal force may be
large, an amount of heat can be generated. To quan-
tify the amount of heat that is generated because of
wellbore friction, the equation proposed by Kumar and
Samuel (2013) is applied in this work:

qp = Tq % 2m * RPS, (29)

where ¢, is downhole power loss, 7, is the torque act-
ing on the drill pipe due to wellbore friction and RPS
represents the drill pipe rotations per second. In this
paper, T, is calculated by a 3D wellbore friction model
given by Aadnoy et al. (2010). This model gives an
analytical solution of torque and drag that applies for
straight sections, build-up-bends, drop-off-bends, side
bends, and any combination of these situations. Addi-
tionally, it offers the opportunity to include the effect

135



Modeling, Identification and Control

of combined axial motion and rotation. The equations
to calculate the torque is presented in Appendix B.

When the drill bit works on the formation to crush
the rock, friction occurs at the interface of the bit and
the formation, thus the heat is generated. As stated
previously, it is reasonable to assume that all the en-
ergy dissipation in this process is converted to thermal
energy. However, there seems to be a lack of research
on how to quantify the amount of mechanical energy
that is necessary to crush the rock and thus how large
the potential of heat generation is. Keller et al. (1973)
suggested that 40% of the mechanical input used to
rotate the drill pipe is spent on penetrating the forma-
tion. Corre et al. (1984) stated that depending on the
lithology, about 10% of the mechanical input would be
enough. Still, none of them gave any reason behind
the proposed percentages, making it hard to assess ac-
curacy of the estimations. The intention of this work
therefore shifts from quantifying the exact amount of
heat generated from crushing the rock to evaluating
the actual effect heat generation from the bit impose
on the temperature distribution.

Alternatively, mechanical specific energy (MSE)
might be a good indicator for having an idea to esti-
mate the heat generated from the bit friction. MSE is
a term that gives the energy required to remove a unit
volume of rock. It is defined by the general expression
in Hamrick (2011):

MSE — total energy input
volume removed

_ WOB + 2nx RP M xT1
~ Area AreaxROP >

(30)

where WOB is weight on bit, RPM is rotation per
minute, Area is wellbore area, 7, is torque bit and
ROP is rate of penetration. The heat generated from
penetrating the rock can be possibly estimated as

gy = Tp ¥ 2 x RPSy + Ay x WOB x ROP, (31)

where RP.S, is drill bit rotations per second and Ay is
the model coefficient to describe the efficiency of the
work.

Another source of heat occurs as drilling fluids are
circulated through drill pipe and annulus. Whenever a
fluid flows through a pipe, a velocity gradient is present
in the fluid. The velocity gradient appears because the
fluid in contact with the pipe surface has zero velocity
according to the no-slip condition, see Munson et al.
(2006). Close to the wall, the velocity gradient will
be large and layers of fluid will move relative to each
other. The friction that occurs between these layers
because of fluid viscosity, results in a pressure drop
and consequently heat generation during circulation.
The heat due to the friction of fluid circulation is given
as

qi = AP x Area * v. (32)
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3.2 Joule-Thomson effect

As a liquid or a gas is either compressed or expanded,
a subsequent change of temperature is experienced.
Whether the temperature decreases or increases de-
pends on the original state of the fluid. To consider this
effect in the temperature model, the Joule-Thomson
(JT) coefficient is implemented. The JT coefficient de-
scribes how the temperature of a fluid is affected by
changes in pressure at constant enthalpy, see Maghari
and Safaei (2007). The change of temperature due to
pressure changes is mathematically described as

AP

MJTH’ (33)

where p 7 is the JT coefficient. The approach in Alves
et al. (1992) has been employed to calculate the JT
coefficient for the drilling fluid as

pr = TGEGIP =2 (6

By introducing the linearized density model given in
(12), the equation becomes

_ 1 pocx
T oo {T(Po+%°(P*P0)*Poa(T*T0))2

mir

1
_Po+%O(P—Po)—P00¢(T—To)}' (35)
The heat due to the JT effect can be finally expressed
as

QT = MephyT 7 (36)

where m is the mass rate. The JT coefficient may take
a positive or negative sign. The point at which the
sign changes is referred to as the inversion point. A
negative sign indicates that the drilling fluid will heat
as it expands and cool as it compresses. Consequently,
the reduction in pressure with the flow direction in the
annulus will introduce heat to the system. However, a
reduction of temperature occurs in the drill pipe as the
pressure increases with the flow direction.

In summary, the total amount of energy for fluids in
drillpipe calculated in the work is

Qp = Q1 — QT (37)

and the total amount of energy for fluids in annulus is
then given as

Gta = Qp + @ + @ + Q- (38)

4 Temperature Model

4.1 Mathematical model

The temperature model is developed here based on an
energy balance between the formation and the well-
bore. The detailed derivations with notations are given
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in Appendix C. The following equation shows the fluid
temperature distribution in pipes:

dTp 1 qtp
— = A(T, — T, == 39
dz (Ta p)+mpcpdx’ (39)
with 5 U
A= 2TTpi%p (40)
MpCp

For the annulus fluids, the equation for the tempera-
ture distribution is,

dTa 1 Gta
=Cc1,-T,)-B(T;-T,) ————, (41
d.’If ( IJ) ( f ) man dx ( )
with
C— 27rrpiUp’ _ 2rreiUokpo . (42)
MaCp (kfo +reiUaTD)macy

Substituting T, in equation (41) and solving for T,
gives

°T, T B A
Ty _pdT_ypr — —apr,~BFCaw_ A du
dx? dx mpcp dr  mgcy dx
(43)
where

D=-A+B+C.

The coefficients in (43) are not constant throughout
the wellbore which are temperature dependent param-
eters such as drilling fluids’ density and viscosity. An
analytical solution is consequently not achievable. A
numerical approach is instead implemented to obtain
the solution. Using a numerical approach allows the
wellbore to be divided into a certain number of boxes.
For each box, all the parameters that vary through-
out the wellbore are updated and treated as constants
over the box length, which allows equation (43) to be
solved by the undetermined coefficients method. In the
following, i refers to a random box in the discretized
wellbore.

The formation temperature T in (43) varies with
depth. For a deviated wellbore, the following function
has been implemented to calculate the formation tem-
perature distribution:

Ty = Tra-1) + Gy cos(I@)s (44)
where Tr-1) refers to the formation temperature at
box i — 1, G(;) is the geothermal gradient at box i,
I(;) represents the angle of inclination for box i, and ¢
is the box length. Equation (43) is now expressed by

discretizing the well:
d T P J—
T2 — Doy T — A Bo Ty =
+c A
— A Bo)Trs) — 20 Aguy(s) — 7 Adragiy

Solving the second order inhomogeneous differential
equation above yields the general expression for the
temperature distribution in the drill pipe:

Tyiy(x) = Higpye"©® + Hygye®0% + Ty

D
+G(i) COS(I(i))f — A(v)(B)(») G(i) COS(I(i))
B +C;
A(i)é(),i)m;(i)cp Aqtp( ) + ma( yCp AQta(z)(45)

Substituting T},(;) in (41) gives the general solution of
the temperature distribution of fluids in the annulus.

Toeiy(z)=

+Tf—1) + G(i) COS(I(i))f

Bi+Ce)
Ay Bymp(iyep

91“) )Hl(i)eel(i)x + (]. +

(1+ Ay 2<1))H (e

A()
T 3=Giy cos(I(r))

Agepiy + WAqta(i) )
(46)

with
Diy+4/ D¢y +4Aw) By
by = 3 ;
Diy—4 /Dy +4Aw) By
Oaiy = 5 :

Equations (45) and (46) have to be solved for each box
in the wellbore. Note that the following coefficients
that are not constant, must be determined for each
box:

Hi iy, Hagy, 01iy: 0200), Ay Biiys Cliys Diiys Mip(iys Mai)-
In the next section, the detailed computational proce-
dure to calculate the temperature profiles is presented.

4.2 Numerical solutions

For each box, all the parameters that vary through-
out the wellbore are updated and treated as constants
over the box length. The coefficients H;), Ha(;) are
required to be determined which are dependent on the
boundary conditions. Their calculation starts from the
bottom box i = n. Suppose the bottom hole tempera-
ture is known, defined as Tj,. Applying it to (45) and
(46), we have

T, = Hl(n)e‘gl(”)"g + H2( )662(”)”£ + Tf(nfl)

+G () cos(I(n))l — A(n)(B)(n) G (n) cos(I(n))
%AQW(M WAQta(n)a (47)
Ty = (1+ G92) Hi (1™ 4 (14 Z2) Hyye20n
+ T (n—1) + G(n) cos(L (1)) — Af;g)(”) G n) cos(I())
T By At + ey Miaty- (48)
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Then Hy (), Ha(n) can be easily solved from the above
equations. Assuming Hy (), Ha(pn) are constant for box
n, Tp(ny((n—1)€) and T,(,,)((n — 1)£) are calculated at
the boundary between box n and box n — 1 by using
Hi(n), Hy(ny in equations (45) and (46) respectively.
After they have been determined, they will serve as
the boundary temperatures for box number n — 1 as

Tp(n)((n - 1)6) = Tp(nfl)((n - 1)6)

and
Ta(n)((n — 1)@ = Ta(n_l)((n — 1)[)

Then Hy,—1) and Hy(,_1) are calculated with the
same approach as above to obtain T},,—1)((n — 2)¢)
and T,,—1)((n — 2)¢). This procedure is repeated for
the remaining boxes to get the total wellbore tem-
perature distribution. To summarize it, the following
stepwise approach is considered as a representation of
the algorithm for calculating the wellbore temperature
distribution:

Algorithm 1(Temperature distribution)

Step 1, give a guess for the bottom hole temperature

Ty;

Step 2, update 91(n), Qg(n), A(n), B(n), C(n), D(n), Mp(n)>
Ma(n), A‘hq(n); Atha(n) for box n;

Step 3, solve Hy(y), Ha(,) from (47) and (48);

Step 4, calculate temperatures Tp,,)((n — 1)f) and

Tyny((n —1)£) at the boundary;

Step 5, set the new boundary T},,—1)((n — 1)¢) and

Tymn-1)((n —1)€) for box n — 1 and let i = n — 1;

Step 6, update Gl(i), 92(i), A(i)7 B(i), C(i), D(i), m
Ma(iys Dtq(i)s Adra(iy for box i;

Step 8, calculate Ty,(;—1)((—1)¢) and Tp(;—1)((i—1)£);
Step 9, set ¢ =i — 1 and go to step 6;

Step 10, stop when i = 1.

(i)

Downhole temperature profiles can be numeri-
cally calculated using Algorithm 1 when the bottom
hole temperature 73 is given. However bottomhole
temperature T} is not always available, which may give
the difficulty to determine the whole temperature pro-
file. On the other hand, the inlet fluid temperature T
is always available which is equal to the temperature
of fluid in the first box at the depth x = 0, or

Ts = Tp(1)(0). (49)
If the calculated temperature T},(1)(0) using Algorithm
1 based on the guess T}, is the same as the surface tem-
perature T, such initial guess T3 is then considered to
be the true bottom hole temperature for determining
the downhole temperature distribution in Algorithm
1. Otherwise, a new initial guess for T, will be given
for matching the boundary condition as (49). To make
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such searching approach more efficient, in this work
the shooting method is applied. The idea of shooting
method is that an initial guess is made of the unknown
boundary conditions at one end of the interval. Using
this guess, the terminal conditions obtained from the
numerical integration are compared to the known
terminal conditions and if the integrated terminal
conditions differ from the known terminal conditions
by more than a specified tolerance, the unknown initial
conditions are adjusted and the process is repeated
until the difference between the integrated terminal
conditions and the required terminal conditions is less
than some specified threshold. The shooting method
for determining the bottom hole temperature T} is
summarized below:

Algorithm 2
distribution)
Step 1, give two initial guesses for the bottom hole
temperature 7}} and T?;

Step 2, calculate temperature distributions (Tpl(i),
T;(i)) and (TPQ(Z.)7 Tf(l.)) based on T} and T? respec-
tively using Algorithm 1;

Step 3, check the sign of e;xe; where e; =
and eg = sz(l)(O) —Ts;

Step 3.1, if e; x ey > 0, choose new initial guesses and
go back to step 2;

Step 3.2, if e x e5 < 0, go to step 4;

Step 4, cut the interval [T}, T7] into two halves and
set T2 = (T} + T7)/2;

Step 5, calculate temperature distributions (Tz?(i)7
T3 ;)) and e3 = T3, (0) — Ti;

Step 5.1, if e3 < ¢ (¢ is threshold), go to step 6;
Step 5.2, if e; xe3 < 0, set T2 = T2, else set T}} = T2;
and go to step 4;

Step 6, set T, = T}f’;

Step 7, calculate temperature distributions (Tp(i),
T,(iy) using Algorithm 1, and stop.

(Shooting method for temperature

Ty (0) =T

In Algorithm 1, for each box 4, the parameters
to calculate (T},(;), Tu(;)) in (45) and (46) are pressure
and temperature dependent which will be updated
based on the corresponding pressure and temperature
information in the box 4. Similar to determine the
temperature distribution using shooting method, the
pressure profiles of fluids in pipe and annulus can be
calculated using shooting method as well since the
surface pressure is known. To save the space, the
related algorithm is given in Appendix D. Using the
numerical procedure to determine temperature and
pressure, the procedure will be terminated when both
temperature and pressure distributions are convergent.
The numerical procedure to achieve it is summarized
in the following Algorithm.
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Algorithm 3 (Temperature and pressure calcu-
lation)
Step 1, give one initial pressure distributions

(Potiy Fato);

Step 2, set iteration index k = 1;
Step 3, calculate temperature
(T;f(i), Tf(i)) using Algorithm 2;

Step 4, calculate pressure distributions (Pz’f(i),Pf(i))
using Algorithm A2 in Appendix D;

Step 5, calculate errors

distributions

_ pktl _ pk _ pktl _ pk

et =Fpay — Py ez = Pugy — Pagays
_ mk+1 k _ k41 k

e =T,a) —Touy e =Toa — T

Step 5.1, if e = max(ep1, €p2, €11, €12) < ¢ (< is thresh-
old), go to step 6;

Step 5.2, else set k=k+1, go to step 3;

Step 6, set temperature distributions as (T]f(l.),Tf(i))

and pressure distributions (P*

(i) Pf(i)), and stop.

5 Simulations and Discussions

In this section, a sensitivity analysis of the developed
temperature model is presented with respect to drilling
operations. The objective is to determine to what ex-
tent a set of parameters of the temperature model will
impact the temperature distribution. Results are com-
pared to a base case to illustrate the effect of each
parameter. For the analysis of a given parameter,
all other parameters of the base case remain constant
while investigating a range of the given parameter un-
less specified otherwise. The set of parameters for the
base case is given in Table 1. The sensitivity analysis is
based on a scenario where an 8.5-inch section is drilled
using a 5-inch drill pipe. The wellbore trajectory for
the base case starts with a vertical section before kick-
ing off to a deviated section with a constant inclination
of 45 degrees from vertical. The total length of the well-
bore is 2500 meters and there is no change in azimuth.

5.1 Base case

For the base case, the resulting wellbore temperature
distribution is shown in Figure 1. The temperature
of the fluid at the drill pipe inlet is 20°C. This satis-
fies the boundary value problem discussed in Section
4, where the condition of T},(1)(0) = T, was set. Mov-
ing down the drill pipe, the temperature increases due
to heat flow from the relatively warmer annulus fluid.
At the bottom of the wellbore, the temperatures in the
drill pipe and the annulus are equal, indicating that the
other boundary condition of T,,) = Tg(n) is satisfied.

‘ Para.‘ Descriptions ‘ Values ‘ Units ‘
Cp SHC of fluids 4182 J/kg°C
G(i) | Geothermal gradient 0.03 °C/m
k¢ TC of fluids 0.6 W/m°(C
kto | TC of formation 2.25 W/m°C
k, TC of pipes 50 W/me°C
Q Flow rate 1500 [/min
P Surface density of fluids | 1205 kg/m?3
T, Inlet temperature 20 °C

Table 1: Base case parameters

Another observation is that the maximum temperature
in the wellbore occurs further up in the annulus and not
at the bottom, which is a consequence of the boundary
condition. The temperature distribution in the annu-
lus is a result of heat transfer with both the formation
and the drill pipe. Consider the depth of 1000 meters
in Figure 1. Here, the annulus fluid will gain heat from
the formation and give heat to the drill pipe. Close to
the top of the wellbore on the other hand, the temper-
ature in the annulus exceeds both the formation and
the drill pipe temperature, resulting in a heat loss from
the annulus to both interfaces.

G
g
T

Measured depth [m]

g
:
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Figure 1: Temperature distribution-base case

5.2 Flow rate

Flow rate is a critical parameter for the tempera-
ture distribution. It is a factor in several of the heat
transfer processes that are included in the tempera-
ture model. Additionally, frictional pressure losses are
approximately proportional to the square of the flow
velocity. Changes in flow rate will therefore affect the
wellbore pressure distribution and thus the pressure
dependent properties such as drilling fluid density and
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Measured depth [m]

Figure 2: Temperature distribution(Q = 5001/min)

viscosity. To investigate the effect of flow rate on the
temperature distribution, simulations have been per-
formed using the base case with varying flow rates from
100 1/min to 2250 1/min. The results of flow rates at
500 1/min and 2000 1/min are given by Figures 2 and
3 respectively.

Inspecting the results reveals that the flow rate im-
poses a significant effect. The bottom hole temperature
for a flow rate of 500 1/min has increased with more
than 13°C compared to the base case results given in
Figure 1. On the contrary, increasing the flow rate
results in a decrease of bottom hole temperature as il-
lustrated by the results of 2000 1/min. The results also
reveal that for a general reduction in flowrate, the en-
tire temperature distribution will shift towards higher
temperatures, and increasing the flow rate will shift
the temperature distribution towards lower tempera-
tures. Another effect is that for increasing flow rates,
the temperature distributions in the drill pipe and the
annulus approach each other. Increasing the flow rate
will increase the CHTC, the overall heat transfer and
thus the rate of heat transfer between the annulus and
the drill pipe. This will lead to less thermal resistance
between the annulus and the drill pipe and less differ-
ence in the temperature distributions. The simulation
results for the entire range of flow rates from 100 1/min
to 2250 1/min are given in Figure 4. Figure 4 shows
the variation in maximum, bottom hole, and annulus
outlet temperature with flow rate. This plot indicates
that the change in maximum and bottom hole tem-
perature in the wellbore is significant for varying flow
rates. The variation is less pronounced for the outlet
temperature.
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Figure 3: Temperature distribution(Q = 2000!/min)

5.3 Specific heat capacity

Specific heat capacity is defined as an amount of heat
per unit mass required to increase the temperature
of an object by one degree. A material with a low
specific heat capacity will therefore need less energy
to increase its temperature by a given amount com-
pared to a material with a high specific heat capacity.
To determine how sensitive the wellbore temperature
distribution is to drilling fluid’s specific heat capacity,
simulations are performed with values in the range of
2000-4500.J/kg°C.

Temperature [°C)

|
1000 1500
Flow rate [U'min]

Figure 4: Temperature vs. flowrate

Figures 5 and 6 show the results for SHC of 3000
and 2000J/kg°C respectively. Comparing these results
to the base case, it is evident that decreasing the spe-
cific heat capacity will increase the temperatures in the
wellbore. The maximum temperatures for the given
cases have increased with 38°C and 16°C compared
to the base case, indicating that the SHC has a sig-
nificant effect on the temperature distribution. An-
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other trend is that the annulus temperature distribu-
tion approaches the formation temperature and higher
annulus temperature gradients are observed as the spe-
cific heat capacity is decreased. As discussed above,
an object with a low specific heat capacity will need
less energy to increase its temperature by a certain
amount. Since the formation temperature remains the
same compared to the base case and has the same po-
tential of heat transfer, a drilling fluid on the low end
of the simulation range will therefore gain heat from
the formation more easily and thus approach the for-
mation temperature. To show this effect more clearly,
the results for a specific heat capacity of 2000J/kg°C
and a flow rate of 500 1/min is given in Figure 6. Ad-
ditionally, if the annulus temperature exceeds that of
the formation, a drilling fluid with a low SHC will lose
heat more easily to the formation and the tempera-
ture difference between the annulus and formation will
decline, which is well explained by Figure 8. When
the fluid is circulating back to the topside, from the
measured depth 700 m, the fluid temperature in the
annulus is above the formation temperature and fluid
temperature in the pipe. Then the fluid in the annu-
lus will lose the heat to the formation and the fluid in
the pipe until the annulus temperature approaches the
surface formation temperature.

Results for the entire range of specific heat capaci-
ties with respect to maximum, bottom hole, and outlet
temperatures, are presented in Figure 8. Similar to the
results for flow rate, the maximum and bottom hole
temperature is highly sensitive to changes in specific
heat capacity. The outlet temperature demonstrates
little to practically no effect. It varies with only a few
degrees from a value of 30°C, which is because the an-
nulus temperature will approach the initial formation
temperature of 30°C.

Measured depth [m]

)
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2000 |-

60 a &0 90 100
Temperature [°C]

Figure 5: Temperature distribution(c, = 3000.J/kg°C)
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Figure 6: Temperature distribution(c, = 2000.J/kg°C)
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Figure 7: Temperature distribution(c, = 2000J/kg°C,
@ = 500 /min)
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Figure 8: Temperature vs. SHC
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5.4 Thermal conductivity

500 -

Measured depth [m]

1000 L

Measured depth [m]

2000

20 30 40 50 &0 70 80 a0 100
Temperature [*C}

Figure 10: Temperature distribution(ky = 0.8WW/m°C)

TC of fluids affects the CHTC, the overall heat trans-
fer coefficient, and ultimately the rate of heat trans-
fer between the annulus and the drill pipe fluid. In-
tuitively, increasing the thermal conductivity will de-
crease the resistance to heat flow and thus increase the
rate of heat transfer at the annulus/formation inter-
face and the annulus/drill pipe interface. A range of
thermal conductivity from 0.3 to 0.9W/m°C has been
considered in the simulations. The base case value of
0.6W/m°C represents water. The selected range will
therefore account for any low conductivity oil-based
mud (OBM) and drilling fluids with high solids con-
tent.

The results for thermal conductivities of 0.4 and
0.8W/m°C are presented in Figures 9 and 10. For the
first case, a decrease of temperatures is seen compared
to the base case. An increase of temperatures is found
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in the results with a conductivity of 0.8W/m°C. For
example, the difference between the maximum temper-
ature of the base case and the case with 0.9W/m°C is
about 3°C. This indicates that the drilling fluid’s ther-
mal conductivity makes a difference, but not as pro-
nounced as the flow rate’s effects. Consequently, the
energy transfer by the bulk motion of the fluid is what
dominates the overall convective heat transfer in the
wellbore. The results for the entire range of considered
thermal conductivity values are presented in Figure 11.
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T T T
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Figure 11: Temperature vs. TC

5.5 Viscosity

In this work, drilling fluid viscosity is treated as a func-
tion of both pressure and temperature. The apparent
viscosity is determined by utilizing rheology data from
experiments on an OBM as explained in Section 2, and
the viscosity will thus vary for each box in the well-
bore. The viscosity for the base case varies within the
range of 30-75cP. It is hard to determine the exact ef-
fect of viscosity on the wellbore temperature distribu-
tion when it is changing throughout the wellbore. To
make the effect clearer, simulations are performed by
assuming a constant viscosity instead. The simulations
cover a range of viscosity from 1cP to 100cP. Results
are presented in Figures 12 to 13.

At first sight, it is obvious that decreasing the vis-
cosity will increase the bottom hole temperature and
result in a larger temperature gradient. Decreasing
the viscosity from 100cP to 1cP gives a 28°C increase
of bottom hole temperature. A low viscosity results
in a large CHTC and ultimately an efficient overall
heat transfer rate from the formation to the wellbore
system. It is therefore crucial to include the non-
Newtonian viscosity behavior of drilling fluids. Sim-
plifying calculations by using a Newtonian viscosity
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Figure 12: Temperature distribution-viscosity : 100cP

model for drilling fluids leads to lower viscosity val-
ues and consequently an overestimation of the CHTC
and the maximum temperatures in the wellbore.

Measured depth [m]

2000 |

20 30 40 50 60 70 B0 20 100
Temperature [*C]

Figure 13: Temperature distribution-viscosity : 1cP

Another effect of decreasing viscosity is the reduc-
tion of difference between the temperatures in the drill
pipe and the annulus. The trend is seen by comparing
Figures 12 to 13. The results of Figure 13 with a viscos-
ity of 1cP show that the temperatures of the drill pipe
and the annulus fluids are much closer than in Figure
12. A decrease of viscosity leads to an increase of the
CHTC and ultimately a larger heat transfer rate be-
tween the annulus and the drill pipe fluids. As the heat
transfer increases, the differences in temperature will
diminish and the results obtained in Figure 13 will oc-
cur. Also, inspecting the mentioned figures reveals that
maximum temperature in the wellbore occurs further
down in the wellbore when the viscosity is decreased.
This is a consequence of the increased heat flow be-
tween the annulus and the drill pipe. As the drill pipe
fluid becomes warmer, the bottom hole temperature

will increase.

The results of the full range of viscosities are pre-
sented in Figure 14. These results indicate the effect of
the viscosity is more pronounced at the low end of the
range. In fact, the effect fades with increasing viscosity.
The statement that the maximum temperature in the
wellbore moves further down with decreasing viscosity
is also obvious in this figure as the bottom hole and
maximum temperature approach each other for lower
viscosities. An interesting observation is that the out-
let temperature decreases with decreasing viscosities,
which is the opposite effect of the bottom hole temper-
ature. The increased heat transfer rate will move the
outlet temperature towards the drill pipe inlet temper-
ature.

Temperature [*C]

25 I | | I L L I I I
4 50 &0 70 80 20 100
Viscosity [cP]

Figure 14: Temperature vs. Viscosity

5.6

The density model employed in this paper is based on
an OBM with a reference point of 1205kg/m? at ambi-
ent conditions. The fluid behavior with respect to pres-
sure and temperature has been established through a
PVT analysis. To determine the effect of drilling fluid
density on the temperature distribution, the reference
point is varied over a range of 1000-1900kg/m?>. Fig-
ures 15 and 16 give the results for drilling fluids with a
density of 1000 and 1700kg/m? respectively. Increasing
the density results in an overall reduction of wellbore
temperature. Comparing the maximum temperature of
the base case with the results of 1700 kg/m? gives a re-
duction of 14°C. The effect is much like the one experi-
enced with flow rate, but less significant. Increasing the
density will increase the mass flow rate. This results
in a larger heat transfer rate over an annulus element.
Therefore, the heat that is introduced to the system
will also leave the system faster and thus leaving less
impact on the temperatures in the system. Figure 17

Density
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shows the variation in temperatures with density over

the entire simulation range. It is obvious that drilling @ : : : : : : :
fluid density has a noticeable effect on the wellbore
temperature distribution. .
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5.7 Joule-Thomson effect %
The JT coefficient determines the change in drilling -

L

fluid temperature with changes in pressure. The well- g h \T\\\

bore pressure distribution will therefore have a direct g S~ T

impact on the temperature distribution. Varying the é \‘\s
Sm|

flow rate will affect the frictional pressure losses and
ultimately the pressure distribution. Therefore, sim-
ulations are performed with change of flow rates. All
other parameters of the base case remain constant. The
depth of the wellbore is also kept constant and the con- ® e e we w0 1F°|E?mf.fl?fgjmﬂ’fb° Tooo et mon  Zao
tribution from hydrostatic effects will remain the same.
Results are shown in Figures 18 to 19.

Figure 18 gives a plot of bottom hole temperature Figure 19: Outlet temperature vs. flow rate
versus flow rate for the base case and a case where the
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Para. ‘ Values ‘ Units ‘
RPM 100 1/min
Friction factor 0.3 -

Pipe unit weight 450 N/m
WOB 90 kN

Bit torque 10 kNm

Table 2: Torque model parameters

JT coefficient is included. The comparison reveals that
the bottom hole temperature decreases when the effect
of the JT coefficient is considered. This is because as
pressure increases in the drill pipe with flow direction,
the drilling fluid compresses and cools. The reduction
in drill pipe temperature will consequently decrease the
bottom hole temperature. For the base case flow rate
of 1500 1/min, comparing the results without the ef-
fect of the JT coefficient and with the effect gives a
reduction of bottom hole temperature by 4%. Further-
more, the effect diminishes with increasing flow rate.
A comparison of the outlet temperature with and with-
out the effect of the JT coefficient is given in Figure 19.
The results indicate the opposite effect for the outlet
temperature. Including the effect of the JT coefficient
increases the outlet temperature compared to the base
case and the effect increases with increasing flow rate.
Again, the pressure decreases with the flow direction
in the annulus and the drilling fluid will expand and
become warmer. The increase of outlet temperature
for the base case flow rate is by 3%. Consequently, the
effect of the JT coefficient will impact the temperature
distribution, but it is not a dominating factor for the
wellbore temperature distribution.

5.8 Rotation energy

The amount of heat generation from drill pipe rotation
is governed by the wellbore torque and the drill pipe
rotational speed. Two critical factors for torque in an
ERD well are wellbore inclination and friction. A sec-
tion with a high inclination gives a large normal force
because a large portion of the drill pipe weight will lay
on the low side of the wellbore, ultimately leading to
significant frictional forces. Also, a high friction fac-
tor increases the frictional forces. Therefore, the sen-
sitivity analysis is performed with respect to these two
parameters together with the rotational speed of the
drill pipe. Some of the most important input param-
eters of this model and the corresponding values used
in this work, are given in Table 2. The wellbore incli-
nation, pipe rotational speed, and friction factor have
been varied to obtain the results in Figures 20 and 21.

Figure 20 shows the effect of pipe rotation on the
temperature distribution. The effect is compared to
the base case, only now the base case includes varying
wellbore inclination. Maximum temperatures obtained
by simulating the effect of pipe rotation are compared
to the maximum temperatures of the base case and
given in Figure 20 as a percentage increases. The fric-
tion factor used for the simulations shown in Figure 20
is 0.3. Result reveal that heat generation from pipe
rotation is not a contributing factor to the overall tem-
perature distribution. The largest increase of maxi-
mum temperature occurs at an inclination of 80 degrees
with 150 RPM, yielding a 3% increase. Compared to
a handful of the other parameters investigated before,
these results are insignificant. However, note that the
wellbore in the base case is only 2500 meters measured
depth (MD). A longer section will increase the total
torque losses and a more pronounced effect might oc-
cur.
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Figure 20: Increase in maximum temperature vs.
inclination(p = 0.3)

Even though the drill pipe rotation does not generate
a significant amount of heat, the temperature model in
this paper can be used to determine how parameters
in the torque model affect the wellbore temperature.
For example, in Figure 21 a friction factor of 0.15 has
been used to estimate the results. The largest increase
of maximum temperature is now less than 1.6%, which
is a reduction of almost 50% compared to the largest
increase in Figure 21. Also, it is obvious from both fig-
ures that increasing the wellbore inclination and RPM
will increase the effect of pipe rotation on the temper-
ature distribution. It is also possible to determine the
effect of the other parameters given in Table 2, but
since it has been established that pipe rotation does
not generate a significant amount of heat, investiga-
tion of other parameters related to the torque model is
not a part of the objective in this work.
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Figure 21: Increase in maximum temperature vs.
inclination(p = 0.15)

6 Conclusion

Analyzing the simulation results reveals that flow and
drilling fluid properties are the dominant factors for
the wellbore temperature distribution. Changes in flow
rate are found to have a large effect on the maximum
and bottom hole temperatures. Increasing the flow
rate results in reduced wellbore temperatures and more
even temperature distributions in the drill pipe and the
annulus. The same effect but less pronounced, occurs
while increasing the drilling fluid density. Moreover, an
increase of these two parameters results in a stronger
convective heat transfer within the fluid column, which
ultimately reduces the impact of the formation temper-
ature on the wellbore temperature distribution.

Another parameter that produces a noticeable im-
pact on the temperature distribution is the drilling
fluid specific heat capacity. Results indicate that
drilling fluids with a low specific heat capacity tend to
have temperatures much closer to the formation tem-
perature. Decreasing the specific heat capacity of the
fluid will increase its ability to gain heat and thus in-
crease its temperature. Furthermore, the maximum
and bottom hole temperatures are highly sensitive to
this parameter. It is therefore critical to have correct
estimations of the specific heat capacity to avoid any
unforeseen high wellbore temperatures.

Drilling fluid viscosity is also found to be a dominant
factor for the temperature distribution. Results from
the simulations show that drilling fluids with viscosities
close to that of water give significantly higher wellbore
temperatures compared to more viscous fluids. A low
viscosity fluid yields a higher CHTC and consequently
a more efficient heat transfer with the formation. This
emphasizes that it is important to apply an appropriate
model and to ensure accurate estimations of the viscos-
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ity. Including the non-Newtonian behavior of drilling
fluids to determine the viscosity is therefore of great
importance, and the use of viscosity measurements to
determine the rheological behavior of the considered
OBM in this paper has provided a more accurate tem-
perature model.

The effects of energy source terms that occur during
drilling is also investigated in this work. In general,
results show that the overall contribution from these
terms is not predominant. For example, the JT co-
efficient will impact the bottom hole pressure but to
a much less extent than the flow rate or the viscos-
ity. Heat generation due to friction is also found to
produce little effect on the temperature distribution.
However, considering a wellbore with a longer hori-
zontal section might give a more pronounced impact.
From another perspective, including heat generation
due to frictional forces offers the ability to determine
how wellbore design and operational parameters such
as RPM and WOB impact the temperature distribu-
tion. Also, considering energy source terms will im-
prove the accuracy of the temperature model and it is
suggested that they are not neglected. After all, ERD
wells may encounter conditions where only a small in-
crease of temperature makes a difference.

Appendix A

The computational procedure to calculate apparent
viscosity and the pressure drop for HB-fluids is
summarized below.

Algorithm A1(Pressure loss calculation)

Step 1, give the flow rate @@ and solve equation
(22)/(27) to obtain the wall shear stress Ty p/Tw.q;
Step 2, have 7, /7Ty« and solve equations (23)/(28)
for the wall shear rate vy p/Yaw,a;

Step 3, determine the apparent viscosity fapp,p/ lapp,a
with equation (14);

Step 4, determine the generalized effective diameter
with equation (19)/(24);

Step 5, calculate the generalized Reynolds number in
equation (15) with fapp p/tapp,e @0d Deffp/Defia;
Step 6, determine the friction factor with equation
(16) or (17) depending on the flow regime;

Step 7, employ the friction factor to calculate the
pressure loss AP,/AP, with equation (18).

Appendix B

The torque is calculated by a 3D wellbore friction
model given by Aadnoy et al. (2010). Note that com-
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bined motion is included here. For a straight section,
the torque that is acting on the drill pipe is expressed
as

(50)

where 1 is friction factor, 8y is buoyancy factor, w is
unit pipe weight, AL is volume length, ¢ is inclination
angle and ¢ is angle between axial and tangential pipe
velocities. For any type of bend, the axial force in the
drill pipe is determined by

Tg = UrpiBrwALsin ¢ cosp,

sin ¢o—sin ¢q l
b2 — 1 7
(51)
where F' is axial force, 6 is dogleg angle, and the sub-
scripts 1 and 2 represent two successive survey mea-
surements. In (51), the sign + indicates tripping out
and — indicates tripping in. The parameters F5 and
F refer to the axial force at the top and bottom of a
drill pipe element of the length AL. The torque for a
curved section is determined by

Fy=F;+F; (et1%7% _1)gin+BrwAL|

Tq = prpiF1)61 — 62] cos . (52)

For all the equations above, i is obtained from the
following relationship:

60V},
27T * RPM)7 (53)
where V}, is axial pipe velocity and RPM is rotary

pipe speed. More details regarding the model and cor-
responding theory is found in Aadnoy et al. (2010).

Y = tan™*(

Appendix C

The temperature model is derived based on an energy
balance between the formation and the wellbore. In
the drill pipe, the flow direction is set downwards and
heat will therefore enter the system at x and leave the
system at xz + dr. Heat will also enter the system due
to heat transfer from the annulus and heat generation
from mechanical energy sources within the drill pipe.
Consequently, the energy balance for the wellbore ele-
ment is expressed by:

Ap(z+dz) — p(z) = Yap + Qip, (54)

where gq) represents the rate of heat transfer from the
annulus and g, represents the energy sources present
within the drill pipe. The change in thermal energy
over the element is given by Theodore et al. (2011) as:

p(z+dz) — p(z) = mpcp(TP(x + diL’) - Tp(x))a (55)

where m,, is the mass rate in pipes, ¢, is SHC of flu-
ids and 7}, is temperature of fluids in pipes. Recalling
equation (2), we have

Qap = 2mrp Up(T, — Tp)dux. (56)

Combining equations (55)-(56) gives the following dif-
ferential equation for the drill pipe temperature distri-

bution:
1 ap

dT,
TP AT, - T , 57
dzr ( »)+ mpCp dx (57)
where
A= 2mmoilp. (58)
MpCp

For the annulus, the flow direction is set upwards and
heat will consequently enter the system at x 4+ dz and
leave the system at x. Additional heat enters the sys-
tem by heat transfer from the formation and heat gen-
eration due to energy sources in the annulus, and heat
will also leave the system through the interface with
the drill pipe. The energy balance for the wellbore el-
ement becomes:

(59)

Qa(z+dz) — 9a(x) = dap — 4f — Qta;

where g7 gives the heat transfer from the formation
to the wellbore interface and ¢, represents the energy
sources in the annulus. Following Kabir et al. (1996),
the heat flow from the formation to the annulus is ex-
pressed by:

271'7’01' Ua kfo

= TeiZalfo (. _T,)dx,
kfo"i'rcanTD( ! ) ‘

ar (60)
where ky, is TC of formation, T’ is formation tempera-
ture, Ty, is fluids’ temperature inside annulus and Tp is
dimensionless temperature proposed by Ramey (1962)
as

Tp = 1.1281y/%4(1 — 0.3y/%4) for t4 < 1.5
Tp = [0.4036 + 0.51n(tg)][1 + §2] for tq > 1.5

where
tqg = ant, af = &.
Twb CpfPf
Here, ay is formation heat diffusivity, c,¢ is SHC of
formation, p is formation density and ¢ is circulation
time. Following Theodore et al. (2011), the thermal
energy over the annulus element can be expressed by:

Qa(z+dz) — a(z) = macp(Ta(x +dz) = Tu(x)). (61)

Updating the energy balance in equation (59) with the
expressions in equations (60) and (61) yields the dif-
ferential equation for the annulus temperature distri-
bution as shown below.

dTa 1 Gta
=C(T,-T, —B(T; —T,) — —, (62
de ( p) ( f ) man dﬂ: ( )
where
C: 277"(’1,1'(]177 B = 27T7”C7;Ua]€f0 . (63)
MaCp (ko 4+ reiUaTD)mgcy
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Appendix D

From Algorithm A1, the pressure profile in drillpipe
and annulus can be calculated as

Poiy = Bplitr) = pp(iy g9t cos(I(i)) + APy,  (64)
Poty = Pais1) — Pai)glcos(I(;)) — APuy.  (65)

The boundary condition at the bottom is
Pyny = Pyny = B, (66)

where P, is the bottom hole pressure. The boundary
condition at surface is

Py1y = P, (67)
where P, is the surface annulus pressure which is
always available. Similar as Algorithm 2 in Section
4 to determine the temperature distribution, the
shooting method is used below to determine the
correct bottomhole pressure P, for calculating pres-
sure distributions along drillpipe and annulus. The
procedure is summarized below:

Algorithm A2 (Pressure distribution)

Step 1, give two initial guesses for the bottom hole
pressure P! and P?;

Step 2, calculate pressure distributions P;(i) and

P2 based on P! and P? respectively from (65) and
Algorithm Al;

Step 3, check the sign of e; * e5 where e = P;(l) — P,
and ey = Pf(l) — P

Step 3.1, if e; x ez > 0, choose new initial guesses and
go back to step 2;

Step 3.2, if e x e5 < 0, go to step 4;

Step 4, cut the interval [P}, P?] into two halves and
set P} = (P} + P2)/2;

Step 5, calculate pressure distributions PS(i) and
€3 = P3 (0) — PS;

Step 5(1(?, if e3 < (, go to step 6;

Step 5.2, if e; xe3 < 0, set P? = P2, else set P} = P?;
and go to step 4;

Step 6, set P, = P,f’;

Step 7, calculate pressure distributions P, ;) and P,
following (64)-(65).
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