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ABSTRACT 

Survival of downhole drilling electronics is vital to 

successfully drill a deep well for geothermal heat 

extraction. In this paper, a traditional petroleum drilling 

rig is designed, and analysed to determine if such 

machinery can be preserved at temperatures exceeding 

250°C. To negate the effects of high temperatures, high 

cooler fluid flow rates (2-6 m3/min) were considered to 

rapidly cool the electronics. Conventional drilling 

methods supplemented with these high flow rates of 

magnitude ~6 m3/min are sufficient to continue to keep 

the MWD tools in an operable range. Large surface 

pumps are commercially available to supply this 

significant flow rate. However, greater pressure losses 

accompany a high flow rate. Thus, to resolve this issue 

specifically sized drill pipes/holes/bit sizes are required 

to minimize the pressure losses. Simulation results 

indicate that under given flow rates, MWD tools can 

optimally function and therefore avoids the need of 

specialized drilling machinery.  

1. INTRODUCTION  

Geothermal energy is a renewable energy system that 

can help reduce global CO2 emissions and transition 

modern day society to a low carbon economy (Gielen 

et al 2019). Due primarily to its reliability and 

versatility, geothermal energy presents itself as an 

attractive solution to meet the increasing energy 

demands while minimizing the environmental impact.  

In recent years, significant advances to geothermal 

drilling designs have led to consideration of closed-

loop systems. Such closed-loop systems utilize deeper 

high-enthalpy resources (Zhang 2019). A low 

temperature working fluid is injected, heated through 

the geothermal reservoir, and the heat energy is 

harvested at the outlet. In this sense, the system is 

independent of the petrophysical properties, (i.e. 

permeability and porosity) greatly reducing the 

exploration risk. Wanju (2021), further argues that 

there is no associated environmental or scaling issues 

with production of geothermal fluids to surface, making 

this process desirable.  

Targeting zones outside of typical oil and gas drilling 

areas pose new challenges. Unlike the sedimentary 

formations of most oil and gas reservoirs, geothermal 

formations, by definition, are hot (production intervals 

from 160°C to 300°C), hard, abrasive (quartz content 

above 50%), highly fractured and under-pressured 

(Finger and Blankenship 2010). Moreover, they often 

have very high solids content, and often contain 

corrosive fluids (Finger and Blankenship 2010). These 

conditions mean that drilling is usually difficult (rate of 

penetrations and bit life are typically low) and 

corrosion is often a problem (Cacini and Mesini 1994, 

Holligan et al. 1989). 

Furthermore, targeting these deeper zones, poses the 

technical challenge of drilling equipment viability. 

Both bottom hole and surface equipment will be subject 

to high temperatures. Thus, it is clearly necessary for 

the tools to withstand this parameter to optimally 

function. Conventional measurement while drilling 

(MWD) tools and equipment begin to fail at 

approximately 175°C (Sudworth and Galloway 2009). 

With conventional drilling equipment being vulnerable 

to high temperatures, one could argue that specialized 

tools are needed for geothermal drilling.  

This research aims to investigate if this is an inevitable 

request based on the current equipment available in the 

industry, or if there is a way to preserve the 

conventional MWD tools in deep high enthalpy 

systems. To do this, a conventional rig design was 

modelled, and numerous simulations were ran. A 

hydraulic and thermal sensitivity analysis on the 

injections parameters was further conducted to identify 

the ideal parameters for the well bore. Finally, drill 

string integrity via drilling mechanics was also 

conducted to understand if the extra – long drill string 

can withstand the forces in geothermal drilling. This 

work presents itself as a base reference for field 

applications for geothermal systems. 
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2. MODEL DESCRIPTION 

2.1 Model Design 

The wellbore and drill string model were established 

based on the following assumptions: 

1) The rig design is a cylindrical concentric 

system which consists of an inner pipe and an 

outer annulus. The working fluid is injected 

down the central dill pipe and returned to the 

surface up the annulus. 

2) The rig design is comprised of three basic 

components being: a drill pipe, a heavy weight 

drill collar, and a drill bit.  

3) To negate the effects of high temperatures, 

high fluid flow rates are only considered and 

therefore are only in the turbulent flow regime. 

Furthermore, the working fluid is water and is 

hydraulically modelled by the Bingham 

plastics fluid model.  

4) Heat energy resource only comes from the 

Earth’s geothermal gradient and is stored in 

the reservoir. Heat generated by the drill bit is 

ignored. 

5) The dimensions of the geothermal reservoir 

are assumed infinite compared to the wellbore, 

so the reservoir boundary will not affect the 

production performance. 

6) The system is set at steady state with only heat 

conduction occurring as the mean of heat 

transfer. Heat convection between the 

working fluid flow and the surrounding rock 

formation is ignored. Thermal resistance is 

also ignored. 

7) All physical and material properties of the 

working fluid, drill pipe, casing, and 

cementing, are pressure and temperature 

independent. 

8) The casing, cementation, and insulation layers 

are all regarded to as homogeneous and 

lumped into the model as one layer with a 

calculated overall heat transfer coefficient. 

9) Any corrosive components, like H2S, possibly 

present in the formation are ignored. 

10) The mass flow rate of the working fluid 

remains constant throughout the entire system, 

as there is no mass exchange.  

2.2 Governing Equations  

The hydraulics methodology was adopted from Chapter 

4: Drilling Hydraulics in the SPE Applied Drilling 

Engineering textbook by Bourgoyne Jr. et al., (1991). 

Similar work in determining the thermal profile has 

been published by Li et al. (2016).  

(a) Hydraulics 

The basis of many fluid flow equations is an expression 

of hydraulic conservation of energy between two points 

in a system. The energy equation simply states that the 

energy of a fluid entering the control volume, plus any 

shaft work done on or by the fluid, plus any heat energy 

added to or taken from the fluid, plus any change of 

energy with time in a control volume must be equal to 

the energy leaving the control volume (Beggs and Brill 

1973). The energy equation can be written in 

differential form, and further simplified to the final 

form as: 

(𝑑𝑃)𝑇𝑜𝑡𝑎𝑙 = (𝑑𝑃)𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 + (𝑑𝑃)𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 + (𝑑𝑃)𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛   [1] 

Specifically for the descending section of the wellbore, 

equation [1] can be further defined with various 

components to account for the total pressure drop 

(Ohaegbulam and Izuwa 2017): 

(𝑑𝑃)𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 =  𝑎𝑔𝑟𝑎𝑣𝑖𝑡𝑦(𝜌𝑠𝑖𝑛𝜗)(∆𝑥)            [2] 

(𝑑𝑃)𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 
𝜌0.75𝑣1.75𝜇𝑝 

0.25

6320 𝐷1.25
(∆𝑥)             [3] 

It should be noted, that based on the outlined 

assumptions, for a constant area, steady-state flow, the 

effect of acceleration is negligible, and can be generally 

neglected (Ankalm and Wiggins 2005, Hemante 1998). 

Moreover, over for the frictional pressure drop for the 

ascending section, the defined as:  

(𝑑𝑃)𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =
𝜌0.75𝑣1.75𝜇𝑝 

0.25

4901 (𝐷𝐼𝐷−𝐷𝑂𝐷)
1.25
(∆𝑥)                           [4] 

Pressure drop due to elevation in the annulus is the 

same as equation [2]. However, it is subtracted as 

opposed to added.  

The pressure drop at the bit was estimated with 

equation [5].  

(𝑑𝑃)𝐷𝑟𝑖𝑙𝑙 𝐵𝑖𝑡 =
𝜌 𝑄2

2𝐶𝑑𝐴𝑇𝑜𝑡𝑎𝑙
2                            [5] 

(b) Thermodynamics 

Like the hydraulic conservation of energy balance, a 

similar thermodynamics balance can be conducted on 

an element in the system. The thermodynamics energy 

equation can be written in differential form, and further 

simplified to the final form as: 

(𝑑𝑄)𝑇𝑜𝑡𝑎𝑙 = (𝑑𝑄)𝐹𝑙𝑢𝑖𝑑 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 + (𝑑𝑄)𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 + (𝑑𝑄)𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛               [6] 

Birch et al. (1968) expressed the heat flux term as the 

heat flow component that originates from the lower 

crust or mantle of the earth. In this case, it is the 

synonymous to a source term, QFormation.  

The energy equation can be written in differential form, 

and further simplified to the final form as: 

 (𝑚𝐶𝑝)𝑑𝑒𝑐𝑒𝑛𝑑𝑖𝑛𝑔  
(∆𝑇) =  (2𝜋𝑟𝑈)(∆𝑥)(∆𝑇′)            [7] 

The left side of equation [7] illustrates the enthalpy the 

fluid gains by descending in the wellbore. As the 

working fluid descends, it extracts geothermal energy 

from the surrounding annulus. The sum of geothermal 

energy absorbed, and the gravitational potential energy 

change should be equal to the total internal energy 
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change in the working fluid (Sun 2018). The right-hand 

side of equation [7] represents the heat transfer from the 

annulus to the central drill pipe. Since the working fluid 

is colder than the heated fluid in the drill pipe, the 

expected heat transfer from the hotter annulus to the 

colder drill pipe will occur. Therefore, the ∆T term on 

the left-hand side is the change in temperature during 

the decent down the well, whereas the ∆T' on the right 

is the change in temperature through the drill pipe from 

the annulus.  

The overall heat transfer coefficient for the descending 

drill pipe, U, is taken as the constant heat transfer 

coefficient for the drill pipe material from the literature. 

While one could argue that a more precise model would 

take the mean average temperature between the inlet 

and outlet of the node, the presumed assumption that ∆x 

is very small relative to the length of the wellbore 

allows us to assume that the difference between the 

temperature at the inlet, and the temperature of the 

midpoint are equivalent. 

Moreover, the temperature change in the annulus can 

be modelled as:  

(𝑚𝐶𝑝)𝑎𝑠𝑐𝑒𝑛𝑑𝑖𝑛𝑔 
(∆𝑇) = (2𝜋𝑟𝑎𝑠𝑐𝑒𝑛𝑑𝑖𝑛𝑔𝑈

′)(∆𝑥)(∆𝑇′)

 −(2𝜋𝑟𝑑𝑒𝑐𝑒𝑛𝑑𝑖𝑛𝑔𝑈)(∆𝑥)(∆𝑇′)                            [8] 

The overall heat transfer coefficient for the conductive 

heat transfer from the formation to the annulus is given 

by U’. A constant value for the overall heat transfer 

coefficient across the wellbore face and the drill pipe 

can be assumed as done by Holmes and Swift (1970). 

However, by applying a simplified mathematical 

equation, as in Willhite (1967), we can represent the 

overall heat transfer coefficient across the casing, 

cement, and annulus by Equation [8]. 

(𝑈𝑡𝑜𝑡𝑎𝑙
′ )−1 =

(

 
 

𝑟𝑡𝑖 𝑙𝑛(
𝑟𝑡𝑜 
𝑟𝑡𝑖
)

𝜆𝑡𝑢𝑏
+
𝑟𝑡𝑖 𝑙𝑛(

𝑟𝑖𝑜 
𝑟𝑡𝑜

)

𝜆𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛
+ 

𝑟𝑡𝑖 𝑙𝑛(
𝑟𝑐𝑒𝑚 
𝑟𝑐𝑜

)

𝜆𝑐𝑒𝑚
+ 

𝑟𝑡𝑖 𝑙𝑛(
𝑟𝑐𝑜 
𝑟𝑐𝑖

)

𝜆𝑐𝑎𝑠
+

𝑟𝑡𝑖 

(ℎ𝑐+ℎ𝑟)𝑟𝑡𝑜)

 
 

        [9] 

Equation [8] is a comprehensive equation that includes 

the tubing, annulus, casing, and cementation all as 

separate entities. For the scope of this work, the 

cementing and, casing and along with the insulation 

layer have been removed before the calculation. 

Moreover, compared with the insulation layer and 

cementing layer, the thermal conductivity of the metal 

drill pipe can be several orders of magnitude higher 

(Sun 2018). For this reason, Equation [9] can be 

simplified to the following: 

(𝑈𝑡𝑜𝑡𝑎𝑙
′ )−1 = (

𝑟𝑡𝑖 𝑙𝑛(
𝑟𝑡𝑜 
𝑟𝑡𝑖

)

𝜆𝑡𝑢𝑏
+

𝑟𝑡𝑖 

(ℎ𝑐+ℎ𝑟)𝑟𝑡𝑜
)          [10] 

It should be once again noted, that based on the outlined 

assumptions, for steady-state flow, where there is no 

reaction occurring, the effect of accumulation is 

negligible. 

2.3 Solving Methodology 

The proposed model was solved iteratively, using a 

finite difference numerical method. The wellbore is 

divided into small nodes, n, with equal lengths. Figure 

1 is a schematic of the drilling rig for the hydraulic and 

thermal modelling The temperature and pressure for the 

first node, n0, in the descend are known quantities. 

These are the inlet pressure and temperature. The 

temperature and pressure at the top of the annulus are 

independent and unknown quantities. The presented rig 

design can be subcategorized into two parts: (a) 

working fluid flowing down to the target depth, and (b) 

working fluid flowing returning up to the surface. Each 

subcategory has been modelled separately, as shown 

below.  

(a) Working Fluid Flowing Down to Target 

Depth 

As there is no change diameter along the length of the 

central drill pipe, it is expected that there is no 

subsequent variation in velocity, apparent viscosity, 

and frictional pressure loss. As such the differential 

pressure drop at any given depth or node can be 

modelled by equation [11a]. Subsequently, the average 

temperature of any nth block down the depth to the 

target depth can be modelled by equation [11b]. 

{
 
 

 
 (𝑑𝑃)𝑑𝑒𝑐𝑒𝑛𝑑𝑖𝑛𝑔 =

𝜌0.75𝑣1.75𝜇𝑝 
0.25

6320 𝐷1.25
(∆𝑥) −

𝑎𝑔𝑟𝑎𝑣𝑖𝑡𝑦(𝜌𝑠𝑖𝑛𝜗)(∆𝑥)

(𝑚𝐶𝑝)𝑑𝑒𝑐𝑒𝑛𝑑𝑖𝑛𝑔 
(𝑇𝑛 − 𝑇𝑛−1) −

(2𝜋𝑟𝑈)(∆𝑥) (
𝑇𝑛+𝑇𝑛−1

2
−

𝑇𝑛
′+ 𝑇𝑛+1

′

2
) = 0

           [11a, b] 

(b) Working Fluid Flowing Up the Annulus 

As the fluid ascends in the annulus, the temperature 

continues to rise due to the heat absorption from the 

surrounding formation.  It cannot be implied that the 

temperature of the fluid reaches the geothermal 

gradient temperature at the total vertical depth. As such, 

at the point where the working fluid has reached the 

total depth, the temperature will still be lower than the 

formation temperature. However, at a certain point in 

the ascending wellbore, the working fluid’s 

temperature should become higher than the formation 

temperature due to the geothermal gradient (Sun 2018). 

When this happens, the heat flux reverses back into the 

formation. This justifies why an insulation layer near 

the top of the wellbore is required. 

The differential pressure drop at any given depth or 

node in the annulus can be modelled by equation [12a]. 

Subsequently, the average temperature of any nth block 

up can be modelled by equation [12b]. 

{
  
 

  
 (𝑑𝑃)𝑎𝑠𝑐𝑒𝑛𝑑𝑖𝑛𝑔 =

𝜌0.75𝑣1.75𝜇𝑝 
0.25

4901(𝐷𝐼𝐷 −𝐷𝑂𝐷)
1..25 (∆𝑥) + 𝑎𝑔𝑟𝑎𝑣𝑖𝑡𝑦(𝜌𝑠𝑖𝑛𝜗)(∆𝑥)

(𝑚𝐶𝑝)𝑎𝑐𝑐𝑒𝑛𝑑𝑖𝑛𝑔
 (𝑇𝑛

′ − 𝑇𝑛+1
′ ) =

(2𝜋𝑟𝑎𝑐𝑐𝑒𝑛𝑑𝑖𝑛𝑔𝑈
′)(∆𝑥) (

𝑇𝑛
′+ 𝑇𝑛+1

′

2
− 𝑇𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛)

−(2𝜋𝑟𝑑𝑒𝑐𝑒𝑛𝑑𝑖𝑛𝑔𝑈)(∆𝑥) (
𝑇𝑛
′+ 𝑇𝑛+1

′

2
−
𝑇𝑛+𝑇𝑛−1

2
 )

[12a,b] 
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To solve the outlet pressure and temperature any node, 

the governing equations were solved iteratively. 

Knowing that the boundary condition of pressure and 

temperature at the bottom hole in the drill collar and the 

annulus are equal, the system of equations can be 

simplified and an estimate for the outlet temperature 

and pressure can be solved for a single node. Using the 

calculated outlet parameters, a new and refreshed outlet 

pressure and temperature can be obtained. If the 

boundary condition as defined above has been met, then 

this new parameter is considered the inlet parameter for 

node ni+1. This iterative process can be extended to n 

number of nodes down and up the system. A Python 

code was prepared to run through these iterations. 

 

Figure 1: Schematic of drilling rig with indicated 

fluid flow and heat transfer.  

3. RESULTS AND DISCUSSION 

An example case for the rig design was defined by the 

model parameters outlined in Table 1 and is illustrated 

in Figure 1. Detailed model validation with publicly 

available data is currently under way. By defining these 

parameters, a series of simulation type curve outputs 

were generated by the model. This was the first step in 

better understanding the pressure drop and heat transfer 

profile over the length of the wellbore. 

Table 1: Parameters of reservoir and rig design 

systems used as a base case for model 

validation. 

Drillstring Parameters Value 

     Inner diameter of drillpipe, m 0.15 

     Outer diameter of drillpipe, m 0.17 

     Inner diameter of casing, m 0.30 

     Outer diameter of casing, m 0.35 

     Inner diameter of drill collar, m r 0.10 

     Outer diameter of drill collar, m 0.18 

     Heat transfer coefficient of drillpipe, W/m2 15 

     Well length, m 5,000 

Working Fluid Parameters  

     Fluid flow rate, m3/s 0.075 

     Inlet temperature of fluid, oC 21.1 

     Density of fluid, kg/m3 1000 

     Yield Point of the fluid, N/m2 620 

     Plastic viscosity of the fluid, Pa.s 0.015 

     Specific gravity of the fluid 1.2 

     Specific heat capacity of the fluid, J//kg oC  4180 

Reservoir Parameters  

     Reservoir thermal gradient, oC/m 0.07 

     Reservoir fracture pressure gradient, kPa/m 15.75 

 

There is merit in acknowledging that two other 

conventional rig design configurations were 

considered. The total pressure losses from these 

systems were far greater than our proposed 

configuration and therefore were ignored.  

3.1 Validation  

Figure 2(a) and 2(b) shows the pressure and 

temperature profiles at any given depth of the wellbore, 

respectively. In both Figures, the dotted blue line 

indicates profile in the descend, while the solid red line 

indicates the profile in the ascend. The solid black line 

in the bottom Figure indicates the reservoir thermal 

gradient.  

 

 

Figure 2: Top: Pressure variation with well depth. 

Bottom: Temperature variation with well 

depth for the model.  

From Figure 2 (top), it is observed the fluid pressure 

increases with an increase in wellbore depth. The fluid 

deeper in the wellbore is subject to great overburdened 

pressure induced by gravity of the upper fluid (Sun et 

al. 2018). As a result, the pressure increases with depth. 

The change in slope at 4,000m, is due to the change in 

radius from the drill pipe to the drill collar. By 

comparing the blue and red line, the fluid pressure at 

the total vertical depth of the well in the ascending 

section, is approximately 90% higher than the pressure 

at the wellhead. This trend was also observed by Sun 
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(2018), in his model of a closed loop geothermal 

system, despite incorporating the horizontal section. 

Figure 2 (bottom) illustrates the temperature profile 

over the depth of the wellbore for the base case.  

Publicly available FORGE data was used to further 

calibrate and validate the model. The input parameters 

for the model are outlined in Table 2.  

Table 2: FORGE data parameters of reservoir and 

rig design systems used for model validation. 

Drillstring Parameters Value 

     Inner diameter of drillpipe, m 0.12 

     Outer diameter of drillpipe, m 0.14 

     Inner diameter of casing, m 0.28 

     Outer diameter of casing, m 0.30 

     Inner diameter of drill collar, m r 0.07 

     Outer diameter of drill collar, m 0.20 

     Heat transfer coefficient of drillpipe, W/m2 15 

     Well length, m 2,540 

Working Fluid Parameters  

     Fluid flow rate, m3/s 0.050 

     Inlet temperature of fluid, oC 47 

     Density of fluid, kg/m3 995 

     Yield Point of the fluid, N/m2 300 

     Plastic viscosity of the fluid, Pa.s 0.025 

     Specific heat capacity of the fluid, J//kg oC  4180 

Reservoir Parameters  

     Reservoir thermal gradient, oC/m 0.07 

     Reservoir fracture pressure gradient, kPa/m 15.75 

 
Figure 3 illustrates the pressure and temperature 

profiles for the FORGE data set. The data has a 

calculated pump pressure of 18,000 kPa (2,620 psi) 

(FORGE, 2021) From Figure 3 the smooth pipe model 

underestimates the pressure build up significantly as it 

models a surface pump pressure of 11,400kPa 

(1,650psi). The temperature measurements also match 

the FORGE data set. The data has a measured inlet and 

outlet fluid temperature of 47oC and 56oC, respectively 

(FORGE, 2021). As seen in, Figure 3, the modeled 

outlet temperature is 60oC, and agrees with the reported 

experimental measurements.  

 

 

Figure 3: Pressure variation with well depth for 

different inlet fluid flow rates.  

3.2 Sensitivity Analysis 

The base model above was defined by using traditional 

drilling parameters. One can argue that the model is 

highly dependent on the injection parameters that it is 

fed. To further understand the relationship between the 

injection parameters and the profiles, the effects of the 

injection parameters are discussed, more specifically 

the flow rate, and the inlet temperature of the fluid. 

(a) Fluid Flow Rate Sensitivity 

The fluid rate is the simplest variable to manipulate in 

this design, but also the one which has the highest 

sensitivity. Firstly, a series of five volumetric flow rates 

(2 m3/min, 3 m3/min, 4 m3/min, 5 m3/min, 6 m3/min) 

were inputted into the model. All other parameters 

remained consistent with what is outlined in Table 1.  

Figure 4 shows the pressure profile of the formation in 

descending drill pipe and the ascending annulus 

sections for various flow rates. As the working fluid’s 

flow rate increases, pressure at a given depth also 

increases. This is due to the increase in the frictional 

pressure drops experienced by higher rate fluid flow. 

Note that the change in slope at 4,000m is the change 

in diameter between the drill pipe and drill collar. 

Subsequently, the horizontal line at 5,000m is the 

pressure drop across the drill bit. As shown in Figure 4, 

the maximum flow rate that can be used to maintain a 

total pressure drop under the 34,350 kPa (5,000psi) 

condition is approximately 5.65m3/min. The difference 

in pressures from the ascending and descending 

sections at the surface is the minimum pressure that 

must be supplied by the surface pump. 

 

Figure 4: Pressure variation with well depth for 

different inlet fluid flow rates.  

In Figure 5 we can see the frictional pressure drop 

component of the total pressure. The horizontal spikes 

are direct result of the collar geometry. It is evident 

from Figure 5, that driving pressure drop comes from 

the frictional pressure component at drill collars, BHA 

and the drill bit provide substantially higher-pressure 

spikes at higher flow rates, two available solutions can 

be applied. One solution assumes a flow diverter to be 

placed above the collars to maintain high flow rate in 

the drill string, and low flow rate through drill collars, 

BHA and drill bit. This would allow to maintain lower 

pressure drop across the bottom part of the BHA. The 

second solution assumes tapered drill strings, where the 

drill pipe with larger ID is deployed in the upper part of 

the drill string, to reduce pressure drop across the drill 



Manolakos et al. 

 6 

pipe. This solution would beneficially work in the cased 

hole sections of the wellbore. 

 

Figure 5: Frictional pressure drop, and drill bit 

pressure drop variation with well depth for 

different inlet fluid flow rates. 

 

Figure 6: Temperature variation with well depth for 

different inlet fluid flow rates.  

Figure 6 shows the temperature profile of the formation 

in descending drill pipe and the ascending annulus 

sections for various flow rates. The solid black line 

represents the formation temperature distribution along 

the length of the formation. Formation temperature is a 

function of depth and for the purposes of this 

model 
𝑑𝑇

𝑑𝑥
 
𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛

is assumed constant throughout the 

depth of the well. Naturally so, the gradient is linear and 

equal and opposite up and down the wellbore.  Figure 6 

illustrates, that as the working fluid’s flow rate 

increases, temperature at a given depth will also 

increase. It is further observed that the bottom hole 

temperature does not reach the maximum formation 

temperature under these given flow rates. The general 

temperature profile remains the same and is simply 

translated horizontally to a greater temperature. The 

difference between the inlet and outlet temperatures 

also increases as the flow rate increases. Also, as the 

fluid returns to the surface, there are points where the 

temperature of the fluid exceeds the geothermal 

temperature gradient. The heat flux direction in the 

annulus turns from positive to negative. To combat any 

heat loss to the formation throughout this depth range, 

viable insulation options should be further explored and 

integrated at these indicated depths. 

(b) Relative Roughness Sensitivity 

A sensitivity on various pipe roughness was also 

conducted. Initially all drill pipe and dill collar surfaces 

were assumed to be smooth and therefore equation [4], 

was used to calculate the pressure drop. Equation 4 does 

not explicitly incorporate pipe roughness. This 

assumption, however, is an oversimplification. Pipe-

roughness effects are found to be very significant in the 

estimation of friction pressures of drilling fluids (Shah, 

1990). These effects are more pronounced with less 

viscous fluids than with more viscous fluids and at 

higher rates with both fluids (Shah, 1990).  

An empirical correlation for the determination of 

friction factors for fully developed turbulent flow in 

circular pipes, is presented by Colebrook, 1939 and 

given by, 

1

√𝑓
= −4 log(0.269

𝜀

𝐷
+

1.255

𝑁𝑅𝑒√𝑓
             [13] 

This correlation is an explicated correlation where 

friction factor is found on both sides of the equation. As 

such, it can only be solved numerically with iterative 

guesses. Roughness values for different types of pipes 

can be found in literature. The frictional pressure drop 

in the pipe, with roughness incorporated can be 

calculated by,   

(𝑑𝑃)𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =
𝑓𝜌𝑣2

3.742 𝐷
(∆𝑥)                           [14] 

Equation [14] can also be used for determining the 

pressure drop in the annulus. The equivalent diameter 

should be used in this case and can be calculated by,  

𝐷𝑒 = 0.816(𝐷𝐼𝐷 − 𝐷𝑂𝐷)                           [15] 

 

Figure 7: Frictional pressure drop for a rough pipe 

for different flow rates. 

Figure 7 shows the frictional pressure drops for the 

various flow rates for both the smooth pipe and a rough 

pipe. In all cases, the roughness of the drill pipe and 

collars were set at a maximum value for riveted steel at 

0.0025in (63.5μm) (Streeter, 1962). Irrespective of the 

flow rate, the pressure profile follows an identical 
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trend, where the rough pipe has a higher pressure drop, 

in comparison to the smooth pipe. The pressure 

increase can be seen to be anywhere between 30 – 50%, 

depending on the flow rate.  

Since the previous smooth pipe hydraulics model, 

underestimated the pump pressure, this methodology 

was repeated with the FORGE data parameters. Using 

this, along with a riveted steel surface roughness of 

0.0008in (20.3μm), the model predicted a surface 

pressure of 18,700kPa (2,700psi), which agrees with 

the reported FORGE surface pressure. 

Pipe roughness was only considered in the hydraulics 

model. Future work will expand to the thermal model, 

especially in the case of adding thermal insulation.  

3.3 Rig Design Integrity and Mechanical Stress Test  

The mechanical integrity of the specified sized pipe 

needs to be assessed, to ensure that the pipe does not 

fail under high loads. Critical points were identified on 

the drill string, and the stresses at these points were 

assessed. 

The Von Mises Combined Stress Failure Criterion was 

used as a guide in determining the success or failure of 

the string. The stress analysis indicated that the selected 

drill pipe size, and grade are acceptable choices for the 

specified design, and under the intended conditions. 

The selected equipment will offer enough strength for 

this application, as any stress likely to be experienced 

within this system is well be below the yield strength of 

selected equipment. It is worth noting, that a margin of 

overpull of 45,000kg was included in the stress 

analysis, as a safety consideration for any additional 

forces applied to the string if the string experiences any 

unforeseen technical problems. (i.e. getting stuck).  

3.4 Pressure Losses in Surface Equipment  

A simple surface equipment layout has been considered 

and is shown in Figure 8. The surface equipment and 

piping that was of greatest concern was the piping from 

the mud pumps to the wellbore. This section has been 

indicated as the critical region below.  

 

 

Figure 8: Block flow diagram of the surface 

equipment layout.   

Evaluating the pressure losses in the critical region was 

determined by the Darcy-Weisbach equation. The 

friction factor for this equation was defined by Swamee 

and Jain (2013) as,  

 

𝑓 =
1.325

[ln(
𝜀

3.7 𝐷
+
5.74

𝑅𝑒0.9
)]2  

             [15] 

The two equations were applied to every portion of the 

critical region, with the assumption that the flow 

remained turbulent throughout. The conclusion is that 

using pipe sizes with an internal diameter greater than 

0.254m, does not significantly affect the surface 

pressure losses, despite varying flow rates. An optimal 

internal diameter is recorded to be 0.15m as anything 

smaller yield high pressure losses. While the pressure 

losses in surface equipment is present, they are minimal 

in comparison to the pressure losses that occur 

throughout the drill string and wellbore of the system. 

 

3. CONCLUSIONS 

In this paper, a model was developed for simulating and 

evaluating a working fluid’s pressure and temperature 

profile through a vertical wellbore traditional 

petroleum drill string equipment. Ultimately, the 

configuration with minimum pressure and heat losses 

was chosen to be the ideal one. This configuration was 

set as the base case. Additional sensitivities were 

conducted, primarily with the injection parameters, of 

the working fluid’s temperature and pressure. These 

sensitivity studies suggest the following:  

(a) A simplified conventional rig design was 

defined and modelled using third party 

software to understand and analyse the 

pressure and temperature profiles of a vertical 

geothermal wellbore. Based on this simplified 

model, and the conclusions drawn in this 

paper, specialized drilling equipment like 

higher pressure rated components (top drives, 

hoses, valves, etc.), higher flow rate 

components (more pumps), higher temp rated 

components on surface are not required for 

geothermal drilling.  

(b) The temperature profile for a geothermal well 

is parabolic, and under the given conditions, is 

shown to be under the geothermal temperature 

gradient. Only in the ascending wellbore, does 

the working fluid exceed the temperature 

gradient. To avoid heat loss back to the 

formation, it should be of interest to properly 

insulate these depths to maximize the energy 

in the working fluid.  The inner drill pipe 

roughness is not simulated for the thermal 

model. When thermal insulation is considered, 

surface smoothness should be considered as a 

part of maximizing the energy in the working 

fluid. 

(c) From the simulation, it is supported that 

bottom hole tools and measurement devices 

can withstand the temperatures, assuming that 

the defined flowrate and conditions are met. In 
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real life, however, drilling fluids can have 

substantially higher mud weight and viscosity 

than just fresh water. This should be 

accounted in the future sensitivity analysis and 

can be added to account for circulating 

temperature estimation. 

(d) The results indicated that drilling a geothermal 

well using standard petroleum equipment is 

possible with the right bottom hole assembly 

combination. With downhole tools temp 

limitation of 175 oC and rig pressure 

limitations of 35MPa (5000psi) the considered 

sensitivity analysis indicates that drilling a 

geothermal well using standard petroleum 

equipment is possible with the right bottom 

hole assembly combination and maintaining 

flow rates within 2 - 6 m³/min. Our 

preliminary modelling indicates that the 

thermal model works well against data 

provided by FORGE. Additionally, the 

hydraulics model works well when we 

incorporate a reasonable surface roughness.  

(e) With regards to the physical – forces, the 

proposed design is a viable option for a high 

temperature, high pressure rig design.  
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NOMENCLATURE 

Term  Definition 

     𝒂𝒈𝒓𝒂𝒗𝒊𝒕𝒚 = acceleration due to gravity, m/s2 

𝒇 = friction factor, dimensionless 

𝒎 = mass, kg 

𝒏 = node  

𝒓 = radius, m  

𝒗 = fluid velocity, m/s 

𝑨𝑻𝒐𝒕𝒂𝒍 = Total nozzle area, m2 

𝑪𝒅 = nozzle coefficient, unitless 

𝑪𝒑 = Specific heat capacity, coefficient, J/kg oC  

𝒅𝑷 = pressure drop, kPa 

𝒅𝑸 = enthalpy drop, J 

𝑫 = diameter of pipe (drill pipe or collar), m 

𝑫𝒆 = equivalent diameter of annulus, m 

𝑫𝑰𝑫 = inner diameter of pipe, m 

𝑫𝑶𝑫 = outer diameter of pipe, m 

𝑸 = volumetric fluid flow rate, m3/s 

𝑸 = volumetric fluid flow rate, m3/s 

𝑵𝑹𝒆 = Reynold’s number, dimensionless 

𝑻 = temperature, ℃ 

𝑼 = overall heat transfer coefficient for descend, W/m2 

𝑼′ = overall heat transfer coefficient for ascend, W/m2 

∆𝒙 = difference in elemental distance, m 

∆𝑻 = difference in temperature for descend, oC 

∆𝑻′ = difference in temperature for ascend, oC 

𝝑 = well deviation, degrees 

𝜺 = roughness, inches 

𝝀 = thermal conductivity, W/m oC 

𝝆 = fluid density, kg/m3 

𝝉 = fluid yield point, N/m2 

𝝁𝒑 = plastic viscosity, Pa.s 
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𝝁𝒂 = apparent viscosity, Pa.s 

𝝁𝒂 = apparent viscosity, Pa.s 
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