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1. INTRODUCTION 

Prediction of fluid temperature in the wellbore is required to ascertain the fluid density and viscosity, 

and in turn to calculate the pressure-drop or the maximum allowable pumping rate for a number of 

operations. Borehole temperature is also a significant parameter in determining wellbore stability. 

Overheating causes substantial change to rock stress, which has a subsequent effect on wellbore 

stability, which may lead to loss of drilling fluid circulation, stuck drillpipe (which requires costly 

operation, e.g., side tracking) and other drilling problems. A number of wellbore heat transfer studies 

have been conducted, and they can be classified into two categories: analytical methods, and 

numerical methods. 

Analytical methods require less time and energy, but are not as accurate as numerical methods, 

because analytical methods require additional assumptions and simplifications to reduce the 

calculations. Therefore, analytical methods may be restricted to simpler geometries. For most 

engineering problems, analytical methods are usually the first approaches to reach for a solution. 

An early analytical model14 to predict circulating fluid temperature assumes steady-state linear heat 

transfer between the annular fluid and the formation, which was not widely applied due to the steady-

state assumption. Later, Hasan et al.6 (1996) improved the previous model by taking into account the 

variable fluid inlet temperature and variable heat flux. Karstad and Aadnøy11 (1997) investigated the 

temperature effects during drilling and expanded previous models to be able to handle both an 

increasing well depth and a variable mud-in temperature, but, it is only valid for short time frames 

(i.e., the drilling phase). Karstad10 (2006) provided a more comprehensive and improved model to 

predict circulating fluid temperature (backward and forward circulation) and bottomhole pressure 

during drilling operation. This model also considers the effects of riser, hydraulics and rotation on off-

shore wellbore heat transfer.  

Compared to analytical method, numerical methods are more time-consuming and require extensive 

data input, but they provide relatively accurate predictions. One of the first numerical models to 

calculate drilling fluid temperature profile as a function of time was developed by Raymond17(1969) 

using a finite difference method. Keller et al.12 (1973) improved the previously available models by 

considering multiple casing strings in the completion layout, which provided more flexibility. 

Wooley23 (1980) then developed the model to predict wellbore temperatures in different operating 

conditions. This method does not decouple soil and well calculations like previous models, it 

simultaneously computes temperatures in the two regions, which can improve speed and accuracy. 
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Chen and Novotny3 (2003) developed a numerical simulator to predict wellbore temperature profiles 

in wells with multiple temperature gradients and wellbore deviations.  

Most of the previous studies ignores mechanical friction, which can be a main heat source 

contributing to the overheating of drilling fluids. In deviated and horizontal wells, the drill string is 

normally in contact with the borehole wall, especially in high dogleg sections. Actual applications 

indicate that a tremendous amount of heat can be generated from the drill string. This study propose a 

heat transfer model for wellbore temperature prediction by considering the mechanical frictions. An 

analysis of frictional heat sources for different operations is also presented, which would be useful to 

minimize costly problems caused by overheating during drilling. 

2. NUMERICAL MODEL FOR WELLBORE HEAT TRANSFER  

In this model, all heat transfer processes are assumed to be transient. The frictional heat source is 

included locally at each segment. The assumptions of the model include: 

 Incompressible fluid with constant properties; 

 No radiation heat transfer; 

 Formation properties are independent of temperature; 

 Radial temperature gradient of drilling fluid is negligible; 

 The pore fluid is assumed to have Newtonian properties; 

 The flow in the formation is in the radial direction only; 

 Heat generated from viscous flow is neglected because it is insignificant compared to mechanical 

friction. 

A control volume method can be used to analyze the heat exchanges between the fluids in the 

annulus, inside the drillpipe, and the formation, as shown in Figure 1: 

 

Figure1. Control volume for heat rates 

The heat exiting the annulus can be formulated as: 

),(),( , tzTmctzq ampa                                                                                                                  (1) 

The heat entering the annulus is: 

),(),( , tzzTmctzzq ampa                                                                                                  (2) 

The heat transfer from annulus to formation is: 

zTThrq faafaf  )(2                                                                                                              (3) 

The heat transfer from drill pipe to annulus involves convection heat transfer by tubular drilling fluid 
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and conduction heat transfer across the drillpipe wall. The electrical analogy is used to simulate heat 

flow from drillpipe to annulus, which can be illustrated by Figure 2. 

 

The following relationship can be obtained: 
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The change in internal energy with time is: 
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The heat balance in the annulus can be presented as: 

 

 

 

Which is equivalent to the following equation: 

Eaafasapa qqtzqqqtzzq  ),(),(                                                                                 (7) 

Upon rearrangement, we can obtains: 
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Similarly, the heat balance for the drillpipe can be formulated as: 

Epappp qqtzzqtzq  ),(),(                                                                                                   (10) 
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To solve equations (8) and (11), initial and boundaries conditions are required. 
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The initial condition for the annulus and inside pipe temperature profiles are that it is the same as the 

geothermal temperature, which can be represented by: 

ztsfap TVDGTzTzT  )0,()0,(                                                                                                     

(13) The boundary conditions are: 

 Controlled drilling fluid temperature at the inlet: 

inletp TtT ),0(                                                                                                                                     (14)  

 No heat transfer between drillpipe and annulus fluid at the bottomhole: 

),(),( tLTtLT ap                                                                                                                               (15) 

The temperature profile of the formation can be obtained through the diffusivity equation with the 

inclusion of convection heat transfer of formation pore fluid, as illustrated in Eq-16: 
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where  
fpf

f

f
c

k

,
   is formation diffusivity, fk  is formation thermal conductivity, f  is the 

density of formation rock, fpc ,  is the specific heat capacity of formation rock, fl  is the density of 

pore fluid, and flpc ,  is the specific heat capacity of pore fluid. 

Using Darcy’s law, the pore fluid velocity can be expressed as: 
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where P is pore pressure, f  is the permeability of formation rock, and fl  is the viscosity of pore 

fluid. 

Substituting Equation (17) into Equation (16) and rearranging yields: 
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The following initial and boundary conditions are needed to solve equation (18) to obtain the transient 

formation temperature profile: 

The initial condition is that the initial formation temperature is the same as the geothermal 

temperature: 

ztsff TVDGTzrT )0,,(                                                                                                             (20) 

The boundary conditions are: 

 Formation temperature is the same as geothermal temperature away from the wellbore: 

zGTtzrT tsf  ),,(                                                                                                                (21) 

Surface temperature and formation temperature at the bottomhole are constant. 

3. MECHANICAL FRICTION HEAT SOURCES 

Friction from drillbit: A considerable amount of work has been done on this subject by various 

authors with different bit types. In this study, a general formula is used to estimate the heat generated 

at drillbit (originating from the work of Warren5): 
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where J is Joule’s constant,   is bit efficiency (the portion of work done by the drillbit that is used to 

break the rock), WOB  is weight on bit, ROP  is the rate of penetration, N  is rotary speed (RPM), 

and bitM  is torque at bit. 

Friction from drag force between drillpipe and formation/casing: In rotary drilling, heat generated 

from the drag force is one of the primary components. However, the effect of this factor on wellbore 

temperature profiles has not been addressed in recent studies. Therefore, in order to evaluate the value 

and significance of drag force, a 3D drag and torque model was investigated.  

Details of the drag and torque model can be found from the work of Mitchell and Miska26. The unit 

contact force resulting from the drag and torque model, which subsequently relates to the drag force, 

is then utilized to estimate the heat generated by this mechanical drag: 

 In rotating mode (rotary drilling): 
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 In sliding mode (downhole motor drilling): 
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where J is Joule’s constant, f  is friction coefficient, cw  is unit contact force, pr  is the outer radius 

of drillpipe, N  is rotary speed (RPM), ROP  is the rate of penetration, and s  is length. 

3.1. Case Study and Verifications 

A case study is conducted by using the model discussed above to illustrate the practical application of 

the model. The well trajectory for the case study is shown in the following figure (Figure 2). 

 
Figure2. Well trajectory 

 

Figure3. Wellbore structure 
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The wellbore structure is shown in Figure 3, and the drill string configurations are shown in Table 1. 

The drill string is mostly composed by 127mm drill pipe and 10 drill collars with 165 mm. 

The thermal parameters of the formation, fluid, and drill string are shown in Table 2. The formation 

temperature gradient is 2.3 oC/100m.  

Table2. Thermal parameters for the simulation 

Item Specific heat capacity (J/kg) Thermal conductivity (W/(m K)) Density (g/cm3) 

Formation 837 1.82 2.6 

Drilling fluid 1674 1.73 1.3 

Pore fluid 3977 1.73 0.85 

The simulated temperature profiles in different regions in the wellbore are shown in Figure 4. As 

shown in the figure, the predicted annulus mud temperature is compared to downhole measurements. 

It can be seen that the model prediction results is consistent with the actual measurements, which 

proves the accuracy of the model. Compared to the virgin formation temperature, both the mud 

temperature inside the drill pipe and in the annulus are higher in at the surface and lower below 

certain depths. And the annulus temperature is general higher than the temperature inside the drill 

pipe, except at the bottom of the wellbore. This represents that the mud is cooling the wellbore at 

downhole, and got heated by the formation before flowing back to the surface, which is also 

consistent with the practical process. 

 

Figure4. Temperature profiles at different region of the wellbore 

The temperature distributions of drilling fluid in different operating conditions are shown in Figure 5. 

It can be seen that bottom hole temperature reaches a very high value in rotary drilling mode. 

However, the majority of additional heat added is due to the drill bit during the sliding mode; the 

amount of frictional heat generated from drag force is negligible (3%) compared to rotary drilling 

(75%), as shown in Figure 6. This is because the rotary speed is much higher than the rate of 

penetration, and thus drag force in rotating mode is more significant than in sliding mode. 

 

Figure5. Temperature profile at different drilling mode 
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Figure6. Heat generation from mechanical friction 

The formation temperature profile is also simulated at different depth using the model. While most of 

the existing models assume a constant wall temperature, in the model, the transient effect in this 

model is noticeable in the near wellbore region, especially at different well depths (Figures 7-9). At 

shallow depth, heating effect (formation temperature increases with time) is observed whereas at 

higher depth mostly cooling is taking place. These changes in formation temperature alter the 

thermally induced stresses in the affected region and consequently change the prediction of mud 

weight window. 

 

Figure7. Constant Wall Temperatures (Shahabadi-Farahani34 – 2005) 

 

Figure8. Transient Wall Temperature (Medium Depth) 
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Figure9. Transient Wall Temperature (High Depth) 

4. CONCLUSION 

The following conclusions are reached through the study: 

 A new model which considers the effects of the heat created from the contacts between drillpipe 

and casing/formation is proposed to predict the dynamic wellbore temperature during drilling. 

 The new model is utilized in a practical well to study the dynamic temperature changes. Study 

shows that the majority of additional heat added is due to the drill bit during the sliding mode; the 

amount of frictional heat generated from drag force is negligible compared to rotary drilling.  

 The model can be used to accurate prediction temperature profiles in the wellbore at the design 

stage or mud and downhole tools selection during drilling operation. 
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