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Deep and highly deviated wells have become more and more common due to their
ability to reach for deeper and further reserves and the considerable benefits that they have.
However, unusual temperature and pressure behavior in such wells are likely to cause intri-
cate wellbore stability problems, which could lead to more expensive drilling operations.

Drilling fluid circulation plays an important role in cooling the well and transporting
cuttings. During drilling oil and gas wells, cuttings are carried by the drilling fluid in the
annulus and out of the borehole. Because of mechanical and hydraulic friction this process
generates heat, which is then transferred by advection along the borehole and exchanged
with the formation by conduction. As a result, the surrounding rocks are heated up and
cause higher stresses and change in pore pressure around the borehole, leading to wellbore
instability.

Since oil-based drilling fluids offer low formation damage and high wellbore stability,
they are more frequently used as a method of controlling shale instability. However, oil-
based fluids have relatively low heat capacity, thus they are sensitive to the generated heat,
and sometimes this can result in significant downhole overheating of drilling fluids. Conse-
quently, stresses and pore pressures vary around the borehole, causing wellbore instability
and operational problems such as stuck casing and drillpipe.

The purpose of this study is to investigate the physical phenomena associated with the
overheating of drilling fluids and their effects on wellbore stability. The outcomes of the
research are mechanistic and computer models that could be utilized to predict the tempera-
ture profiles of drilling fluids in drillpipe, annulus and formation. Moreover, they could also
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be combined with other models to produce a more comprehensive model, or used in other
studies in which wellbore temperature profiles are required.

Semi-analytical temperature model

An analytical temperature model for vertical wells based on existing literature is inves-
tigated. Then, it is expanded to have a wider application with less simplification. The result-
ing model is capable of predicting temperature profiles for directional wells with the con-
sideration of mechanical friction.

,- .���$& %�)�%%�)$�'��"�'� ��"!�&�

This analytical model to predict temperature profiles of drilling fluid in a vertical well
is explained in detail by Karstad [2], and by Hasan and Kabir [7]. For reviewing purpose, it
is summarized as follows:

Basic assumptions:

� ����������� ��	����!	"���	��������	����������#

� $�	��!������	����	��������#

� %��������	����������	���	��!����!���	��	�����������#

� $�	����	��������	��	����	�����	����!�	��	���	���������#

� &�!���	�����������	'��!����	��	����!	��	��'��'� ��#

� $�	������	��	���(	��	����#

A control volume with heat rates into and out of the well element for a forward circula-
tion is shown in Appendix C – Figure 2. Heat transfer is assumed to be steady state within
the wellbore, and transient between the formation and wellbore.

Heat rate in drillpipe at z: ,( ) ( )= �d p fl dq z mc T z (1)

Heat rate in annulus at z: ,( ) ( )= �a p fl aq z mc T z (2)

Heat rate from annulus to drill pipe: 
,

( )= −
� p fl

ad a d

mc
q T T dz

B
(3)

where: ,

2
=

π

� p fl

d d

mc
B

r U
(4)

Heat rate from formation to annulus: ( )2= π −f w a w aq r U T T dz (5)

The transient heat flow from the formation to the wellbore wall is expressed as:

2
( )

( )

π
= −f

f fi w
D

k
q T T dz

f t
(6)
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where:
f (tD) – dimensionless time function and dependson the formation – borehole bound-

ary conditions. Different f (tD) models are aummarized in Appendix A,
Tfi – initial formation temperature and is approximated as:

= +fi sf tT T G z (7)

From equations (5) and (6),  Tw can be eliminated to give:

,
( )= −

� p fl
f fi a

mc
q T T dz

A
(8)

where: 
, ( )

1
2

⎡ ⎤
= +⎢ ⎥

π ⎢ ⎥⎣ ⎦

� p fl w a D

w a f

mc r U f t
A

r U k
(9)

Energy balance is then applied to the control volume:

� ��	!��������*	 ( ) ( )+ = +d ad dq z q q z dz +,-.

� ��	�������*	 ( ) ( )+ + = +a f a adq z dz q q z q +,,.

Combining equations (1), (2), (3), (8), (10) and (11) yields:

2

2
0− − + + =d d

d sf t
d T dT

AB B T T G z
dzdz

(12)

General solution to equation (12) for temperature in drillpipe:

1 2λ λ= η + ξ + − +z z
d t t sfT e e G z BG T (13)

where:

1

2

1 4
1 1

2

1 4
1 1

2

⎛ ⎞
λ = − +⎜ ⎟⎜ ⎟⎝ ⎠

⎛ ⎞
λ = + +⎜ ⎟⎜ ⎟⎝ ⎠

A

A B

A

A B

(14)

η and ξ are obtained from the following boundary conditions:
� ��	"������!�	���	�����������	'���'	����	���	!��������	��	���	���������!	�����	����!	�����/

������*

( 0)= =d inletT z T +,0.
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0
=

=d

z MD

dT

dz
+,3.

Result:

2

1 2

1

1 2

2

1 2

1

1 2

( )

( )

λ

λ λ

λ

λ λ

+ − λ +
η = −

λ − λ

+ − λ +
ξ =

λ − λ

MD
inlet t sf t

MD MD

MD
inlet t sf t

MD MD

T BG T e G

e e

T BG T e G

e e

(17)

Finally, the annular fluid temperature and wellbore wall temperature can be obtained:

1 2
1 2(1 ) (1 )λ λ= + λ η + + λ ξ + +z z

a t sfT B e B e G z T (18)

 ,
( )

2
= + = + + −

π

� p fd
w d a sf t a

w a

mcdT
T B T T T G z T

dz r U A
(19)

A similar analysis can be conducted to obtain the temperature profile for drilling fluid
in reverse circulation condition. The direction of heat rates and boundary conditions are
modified accordingly.

/- �$��&�$"� %�)�%%�)$�'�'� ��"!�&�

The above temperature model is useful for obtaining temperature profile in a vertical
well only. So, in order to cope with deviated wellbores, the model needs adjustment. As-
sume that the well path can be obtained from a survey. It is then discretized into n small
parts so that the whole path is comprised of n straight sections. This is achieved by perfor-
ming interpolation between 2 survey stations using minimum curvature method (more de-
tails can be found in the work of Sawaryn and Thorogood [9]).

Applying the above analysis for section i, and taking into account the existence of the
heat source, qs, the energy balance for the annulus – equation (11) – is modified as:

( ) ( )+ + + = +a f s a adq z dz q q q z q (20)

Assume a constant heat rate � frictionq  is generated in the whole wellbore within a time
interval. For simplification, this heat source is considered evenly distributed along the mea-
sured depth:

=
� friction

s
total

q
q dz

MD
(21)
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Performing a similar procedure that led to equations (13) and (18), one obtains:

1 2
, ,

,

λ λ= η + ξ + θ − θ + +
�

�

frictionz z
d i i i t i t i sf i

total p fl

q A
T e e G zCos BG Cos T

MD mc
(22)

1 2
, 1 2 ,

,
(1 ) (1 )λ λ= + λ η + + λ ξ + θ + +

�

�

frictionz z
a i i i t i sf i

total p fl

q A
T B e B e G zCos T

MD mc
(23)

where:
Li – length of section i
Qi = inclinatio n angle of section i

Tsf, i = Tsf + GtTVDi
TVDi = true vertical depth of section i
ηi and ξi are unknowns and are determined from the modified boundary conditions:

,1

, , 1

, , 1

,

(0)

( ) (0)

( ) (0)

0

+

+

=

=

=

=

=
n

d inlet

d i i d i

a i i a i

d n

z L

T T

T L T

T L T

dT

dz

(24)

Combining equations (22), (23) and (24) yields the following equation system:

1 2

1 2

1 1 1 ,1
,

, 1 1 1 , 1

1 2 , 1 1 2 1 , 1(1 ) (1 ) (1 ) (1 )

λ λ
+ + + +

λ λ
+ + +

η + ξ − θ + + =

⎧η + ξ + θ − θ + = η + ξ − θ +

+ λ η + + λ ξ + θ + = + λ η + + λ ξ +

�

�

i i

i i

friction
t sf inlet

total p fl

L L
i i t i i t i sf i i i t i sf i

L L
i i t i i sf i i i sf i

q A
BG Cos T T

MD mc

e e G L Cos BG Cos T BG Cos T

B e B e G L Cos T B B T

1 2

1

1

1 2 0

−

=

λ λ

⎧
⎪
⎪
⎪
⎪

⎫⎪
⎪ ⎪⎪

⎨⎨ ⎬
⎪⎪ ⎪

⎩ ⎭⎪
⎪
⎪

η λ + ξ λ + θ =⎪
⎪
⎩

n n

n

i

L L
n n t ne e G Cos

(25)

System (25) consists of 2n equations and 2n unknowns { } 1, .=η ξ n
i i i

 It can be solved by
modified Gaussian elimination to acquire the final result for temperature profile of drillpipe
and annular drilling fluid in each section.

The semi-analytical model has been employed and the results obtained were compared
with those from Karstad [2]. With the same inputs, the two models generate a rather close
match for temperature profiles (Appendix C – Figure 8).
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During drilling operations, frictional heat usually originates from the following two
main sources: viscous friction and mechanical friction.

Viscous friction:

Viscous drag friction is created from contacts between tubing and formation/casing
with the moving drilling fluid as a result of fluid viscosity effect. However, apart from the
case of vertical wells, viscous friction is often of less significance when compared to me-
chanical friction in other circumstances. Therefore, heat generated from viscous drag is
neglected in this study.

Mechanical friction:

� %�������	��	!���� ��*	�	�����!��� ��	������	��	"��(	���	 ���	!���	��	 ����	�� 4���	 �

������	�������	"���	!��������	 ��	�����#	��	����	���!��	�	'������	�������	��	���!	��	����/

����	���	����	'�������!	��	!���� ��	+���'������'	����	���	"��(	��	5�����	607.*

( )1
(1 ) * 2= − β + π�bit bitq WOB ROP N M

J
+�3.

"����*

																		

– Joule’s constant (which relates the work done and heat generation,

and is unity when both sides are in a consistent unit system),

– bit efficiency (portion of work done by the drillbit that is used

to
 

J

β

 break the rock),

– weight on bit,

– rate of penetration,

– rotary speed ( ),

– bit torque.bit

WOB

ROP

N RPM

M

� 8��'	�����	 ��"���	!��������	��!	���������9�����'*

��	������	!������'�	����	'�������!	����	���	!��'	�����	��	���	��	���	�������	����������#

	:�"����	 ���	������	��	 ����	 ������	��	"��� ���	 �����������	��������	���	���	 ���	�!/

!�����!	��	������	���!���#	����������	��	��!��	��	�������	���	����	��!	��'���������	��

!��'	������	�	;8	!��'	��!	���<��	��!��	"��	������'���!#

8������	 ��	 ���	!��'	 ��!	 ���<��	��!��	 ���	 �	 ����!	 ����	 ���	"��(	��	=��(�
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6,-7	��!	��	�������2�!	��	�����!�1	>#	���	����	�������	�����	��������'	����

���	!��'	��!	���<��	��!���	"����	�� ��<������	�������	��	���	!��'	������	��	����	�����2�!

��	��������	���	����	'�������!	 �	����	����������	!��'*
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2

1

1
2= μ π∫�

s

drag c p
s

q w r N ds
J

+��.

"����*

– Joule’s constant,

– friction coefficient,

– unit contact force,

– outer radius of drillpipe,

– rotary speed ( ),

– length, measured depth.

c

p

J

w

r

N RPM

s

μ

? %��	!�"�����	�����	!������'*

2

1

1= μ∫�

s

drag c
s

q w ROP ds
J

+��.

"����*	���	@	����	��	�����������#

The result obtained from the model was also compared with that from Landmark Well-
Plan software (Halliburton). Figure 9 in appendix C shows a good agreement between the 2
models.

2- �"��%� %+"�$�'�� ���&"��!����$�!% �"�1

A user friendly computer simulator was developed in Excel VBA (Visual Basic for Ap-
plication). For flexibility and universality, the simulator also has a built-in unit conversion
tool with units for both API and SI systems. The complete model is achieved by combining
all individual components together using the algorithm shown in Appendix C – Figure 4.

Results & Discussion

The model is applied to a case study of a horizontal well. Complete inputs for the simu-
lator can be found from Table 1 in Appendix C. The well trajectory is shown in Figure 3.

Figure 5 shows the transient effect of temperature profiles of drilling fluids under cir-
culating condition (no drilling) at t = 2 h, 6 h and 10 h. As expected, this has an effect of
cooling the wellbore fluid (bottomhole temperature is decreasing with time), since the inlet
temperature is controlled at a constant value and it helps transfer the heat received from the
formation out of the borehole.
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NOMENCLATURE

A – area
b – binormal

cp – heat capacity
F – force

Gt – geothermal gradient
J – Joule’s constant
k – thermal conductivity
L – length

MD – measured depth
M – torque, moment
m – mass flow rate
N – rotary speed
n – normal
q – heat rate

ROP – rate of penetration



�00

r – radius
s – length, measured depth
T – temperature
t – time

U – overall heat transfer coefficient
WOB – weight on bit

z – depth

GREEK LETTERS

α – thermal diffusivity
β – bit efficiency
ϕ – contact force angle
κ – curvature
μ – friction coefficient
θ – inclination angle
τ – torsion

SUBSCRIPTS

a – annulus
c – contact
d – drillpipe
e – effective
f – formation

fl – fluid
sf – surface
t – tangential

w – wall
z – vertical
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A – Dimensionless Time Model

� :����/F� ��	+��������	����	���1�	�����!�����/������	"���.*

( ) ( )( )

( ) ( )
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B – 3D Soft String Drag and Torque Model – Ref 4

The simplified model applies the following assumptions:

� E���	��	��	����������	�������	"���	"��� ���	+��	����	4������	�������'��	"��� ���	����'�/
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A differential pipe element is considered in a right hand Cartesian coordinate system
with unit vectors , ,

�� �
i j k  as depicted in Figure 1. Furthermore, a Frenet – Serret local coor-

dinate system is also introduced with unit vectors , , .
�� �

t n b  The general formulation of force
and moment equilibrium is developed as follows:

Equilibrium of force:

0+ =
�

��dF
w

ds
(B-1)

where:

⎧ = + +⎪
⎨

= + +⎪⎩

�� � �

� � � �

t n b

e c d

F F t F n F b

w w w w
(B-2)



�0�

= tangential (axial) force

 = shear force in normal direction

 = shear force in binormal direction

 = pipe effective unit weight

 = unit contact force

 = unit drag force

t

n

b

e

c

d

F

F

F

w

w

w

Equilibrium of moment:

0+ × + =
�

��� �dM
t F m

ds
(B-3)

where:

 
⎧ = κ +⎪
⎨

= ×⎪⎩

�� �

� � �

t

p d

M EI b M t

m r w
(B-4)

 = pipe bending stiffness

  = pipe curvature

 = magnitude of moment required for pipe rotation

 = pipe radius vector

κ

�

t

p

EI

M

r

Combine equations (B-1) to (B-4), and obtain the corresponding scalar equations for
force and moment equilibrium:

0

0

0

0

0

0

⎧ − κ + • + • =⎪
⎪
⎪⎪ + κ − τ + • + • + • =⎨
⎪
⎪
⎪ + τ + • + • + • =
⎪⎩

⎧ + • =⎪
⎪
⎪κ − κτ − + • =⎨
⎪

κ⎪ + + • =⎪⎩
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n e d

n
t b e d c

b
n e d c

t

t b

n

dF
F w t k w t

ds

dF
F F w n k w n w n

ds

dF
F w b k w b w b

ds

dM
m t

ds

M EI F m n

d
EI F m b

ds

(B-5)
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System (B-5) consists of 6 scalar equations that can be solved simultaneously for the
desired components of forces and moments along the string.
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0

cos 0

sin 0
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⎪
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e z c

t e z c

e z c

dF
w t w

ds

F w n w

w b w

+>/3.

"����	ϕ ��	���	�������	�����	��'��	��	���"�	��	%�'���	,#
���	����	�������	�����	���	 �	���������!	��	�����"�*

( ) ( )2 2

0

⎧ = κ + +⎪⎪
⎨
⎪ + ± μ =⎪⎩

c t e z e z

t
e z c

w F w n w b

dF
w t w

ds

+>/�.

� ��	�������'	��!��	+>/0.	��!����	��*

0

cos sin 0

sin cos 0

0

0

⎧ + =⎪
⎪
⎪κ + + ϕ + μ ϕ =⎨
⎪

− ϕ + μ ϕ =⎪
⎪⎩

⎧ − μ =⎪
⎨
⎪ κ =⎩

t
e z

t e z c c

e z c c

t
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w t
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It is observed that the weakness of this simplified model is that the last equation in
(B-8) cannot be satisfied.

The unit contact force is calculated from:

( ) ( )2 2

2

0

1

⎧ + =⎪
⎪⎪
⎨

κ + +⎪
=⎪

+ μ⎪⎩

t
e z

t e z e z
c

dF
w t

ds

F w b w b
w

(B-9)
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C – Figures and Graphs
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Drillpipe ID   3.958 in   
Drillpipe OD   4.5 in   
Hole Diameter   8.5 in   
Pipe Unit Weight in Air 12.75 lb/ft   
Pipe Thermal Conductivity 20 BTU/(h.ft.°F) 
           
Fluid Density   10 ppg   
Fluid Specific Heat Capacity 0.4 BTU/(lb.°F) 
Fluid Thermal Conductivity 1 BTU/(h.ft.°F) 
Fluid Viscosity   110 lb/(ft.h)   
Fluid Inlet Temperature 75 °F   
           
Formation Density   165 lb/ft3   
Formation Specific Heat Capacity 0.2 BTU/(lb.°F) 
Formation Thermal Conductivity 1.3 BTU/(h.ft.°F) 
Formation Surface Temperature 60 °F   
Geothermal Gradient   0.0127 °F/ft   
           
Circulation Rate   300 gpm   
ROP    50 ft/h   
Rotary speed   100 RPM   
Time    10 h   
WOB    5 kip   
Bit Torque    1000 ft.lbf   
           
Friction Coefficient   0.3     
Bit Efficiency   80%     
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