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Abstract
An appropriate injection well completion design requires a knowledge of pressure and temperature
profiles along the depth of the well. The results of sensitivity analysis can be used for preliminary
design calculations of injection wells to find the optimum injection surface parameters and wellbore
completion. In this study, the surface injection parameters and wellbore geometry are varied to
examine the sensitivity of the results for various parameters by using the numerical model during
water and gas injections. The results revealed that the temperature profile can be calculated for
a single phase with a small error in absence of the pressure profile, the error is less than 3 %. It
is found that the contribution of the acceleration term is too weak for building pressure and temperature profiles (less than 0.001%). Further, those comparisons of the results showed that except
near the critical point, the pressure profile is not sensitive to the wellhead injection temperature
(less than 1 %).
Keywords: Energy balance; momentum balance; radiation heat transfer; wellbore design.

1. Introduction
It has been one of the perennial objectives of the oil industry to increase the oil recovery
factor for a given reservoir at the minimum possible cost. This goal has led to the development
of numerous improved oil recovery (IOR) techniques [1-3]. Gas (methane, CH4, and carbon
dioxide, CO2) and water injections are among the most common IOR methods used in industry.
An Injection well is needed to implement those IOR techniques. An appropriate injection well
completion design requires a knowledge of pressure and temperature profiles along the depth
of the well [4-9]. The results of sensitivity analysis can be used for preliminary design calculations of injection wells to find optimum injection surface parameters and wellbore completion
(e.g. diameter of casing). It will further direct us to parameters which can also influence the
pressure and temperature profiles.
2. Methodology
In this study, the surface injection parameters and wellbore geometry are varied to examine the sensitivity of results for various parameters by using the numerical model developed
Moradi et al. [6]. Fig. 1 represents flowchart of the calculation procedure of the numerical
model. This numerical model has been selected for conducting the comparison due to it considers:
1. Joule Thompson effect in the wellbore.
2. Variable thermodynamic properties and overall heat transfer coefficient along the well depth.
3. Contribution of kinetic term in the energy balance equation.
4. Contribution of friction and acceleration terms in the momentum balance equation.
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Sensitivity studies start with a base case that uses the typical wellbore parameters. Table 1
shows input values used for the base case. Then one parameter at a time is changed to discover the corresponding changes of the wellbore behaviour. This work conducts sensitivity
analyses to study effects of wellhead injection temperature, wellhead injection pressure, injection mass flow rate, tubing size, overall heat transfer coefficient, radiation heat transfer,
and contribution of different parameters for momentum balance and energy balance.
Table 1. Input parameters as the base case
Parameter
Depth of the well
Deviation of wellbore from horizontal level
Diameter of the wellbore
External diameter of the casing
External diameter of the tubing
Geothermal temperature gradient
Injection mass flow rate
Injection temperature at the wellhead
Injection time
Internal diameter of the casing
Internal diameter of the tubing
Mean temperature of the surface
Thermal conductivity of the cement
Thermal conductivity of the earth
Thermal diffusivity of the earth

Value
914.4
90
0.384
0.128
0.07424
0.0364
1.8
25
100
0.1152
0.064
21.1111
0.3462
2.4234
0.00372

Unit
m
degree
m
m
m
°C/m
kg/s
°C
Day
m
m
°C
W/(m.°C)
W/(m.°C)
m2/s

Fig 1. The procedure for calculating the pressure and temperature profiles along the borehole
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3. Effect of wellhead injection temperature
Fig. 2 represents temperature profiles of the fluid flow in the tubing versus depth at different wellhead injection temperatures (25ºC, 65ºC, and 105ºC) during water, CO 2, and CH4
injection processes respectively. Comparisons of the results illustrate that the temperature
change of water between the wellhead and bottomhole is less than CO 2 and CH4; due to the
fact that the heat capacity of water is larger than CO2 and CH4 at temperature of 25°C, 65ºC, and
105ºC [10].
In addition, the results show that the fluid flow temperature inside the tubing during hot
fluid injection is much higher than the earth temperature. This fact should be considered during well completion and surface facilities design.

Fig. 2. Temperature profile during water, carbon dioxide, and methane injection at different wellhead
injection temperature (
) Tinj: 25 (°C); (
) Tinj: 65 (°C); (
) Tinj: 105 (°C); (
) Geothermal
temperature

Fig. 3 illustrates pressure profiles of the fluid flow in the tubing versus depth at different
wellhead injection temperatures during water, CO2, and CH4 injection processes respectively.
Comparisons of the results illustrate that, except near the critical point, the pressure profile is
not sensitive to the wellhead injection temperature during water, supercritical CO 2, and CH4
injection cases (less than 0.2 MPa), due to the fact that density changes are negligible in a
small range of temperature changes at a specific phase. For CO2 injection case, there is a
large temperature profile change between Tinj = 25ºC and Tinj = 65ºC & 105ºC due to phase
change. CO2 exists in liquid phase and near its critical point at Tinj = 25ºC and it is a dense
phase at this temperature but CO2 changes to supercritical phase at T= 65ºC &105ºC as it has
low density in supercritical condition [11-12], since the build up of the pressure at Tinj = 25ºC
is larger than Tinj = 65 ºC & 105 ºC.
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Fig. 3. Pressure profile during water, carbon dioxide, and methane injection at different wellhead injection temperature. (
) Tinj: 25 (°C); (
) Tinj: 31.1 (°C) [Critical temperature of CO2]; (
) Tinj:
65 (°C); (
) Tinj: 105 (°C)

4. Effect of wellhead injection pressure
Fig. 4 represents temperature profiles of the fluid flow in the tubing versus depth at different wellhead injection pressures (4.8 MPa and 6.8 MPa) during water, CO 2, and CH4 injection
processes respectively. Comparisons of the results illustrate that the temperature profile is
not sensitive to the wellhead injection pressure and the difference is less than 1.5°C. Fig. 5
shows pressure profiles of the fluid flow in the tubing versus depth at different wellhead injection pressures during water, CO2, and CH4 injection processes respectively. Pressure gradient for water case is larger than CO2 and CH4 cases because water has larger density [10-11].
5. Effect of injection mass flow rate
Injection mass flow rate determines the fluid production rate and thus, it is a significant
variable [13]. Fig. 6 represents temperatures profiles of the fluid flow in the tubing versus
depth at different injection mass flow rates of 0.8, 1.8, 2.8, and 3.8 kg/s for water, CO 2, and
CH4 injection processes respectively. Comparisons of the results illustrate that temperature
differences between the bottomhole and wellhead decreases by increasing the mass injection
rate. This is due to the fact higher injection mass flow rate equals higher velocity, therefore
the wellbore flow has less time for the heat transfer with the surrounding. The wellbore flow
temperature during CH4 injection case is more sensitive to injection mass flow rate due to its
small density and consequently higher velocity.
Injection mass flow rate strongly affects pressure changes during flow as shown in Fig. 9
during water, CO2, and CH4 injection processes respectively. As one would expect, the bottomhole pressure decreases with an increase in injection mass flow rate due to increasing the
velocity and subsequently increasing the friction term.
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Fig. 4. Temperature profile during water, carbon dioxide, and methane injection at different wellhead
injection pressure. (
) Pinj: 4.8 (MPa); (
) Pinj: 6.8 (MPa); (
) Geothermal temperature

Fig. 5. Pressure profile during water, carbon dioxide, and methane injection at different wellhead injection pressure. (
) Pinj: 4.8 (MPa); (
) Pinj: 6.8 (MPa); (
) Geothermal temperature
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Fig. 6. Temperature profile during water, carbon dioxide, and methane injection at different injection
) Massinj: 1.8 (kg/s); (
) Massinj: 2.8 (kg/s); (
)
mass rate. (
) Massinj: 0.8 (kg/s); (
Massinj: 3.8 (kg/s); (
) Geothermal temperature

Fig. 7. Temperature profile during water, carbon dioxide, and methane injection at different tubing
size. (
) Rtub: 0.01905 (m); (
) Rtub: 0.03175 (m); (
) Rtub: 0.0508 (m); (
) Geothermal
temperature
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Fig. 8. Pressure profile during water, carbon dioxide, and methane injection at different tubing size.
(

) Rtub: 0.01905 (m); (

) Rtub: 0.03175 (m); (

) Rtub: 0.0508 (m)

Fig. 9. Pressure profile during water, carbon dioxide, and methane injection at different injection mass
rate. (
) Massinj: 0.8 (kg/s); (
) Massinj: 1.8 (kg/s); (
) Massinj: 2.8 (kg/s); (
) Massinj:
3.8 (kg/s)

6. Effect of tubing size
The tubing radii of 0.01905, 0.03175, and 0.508 m were considered in this work to study
the effects of the tubing radius on the temperature and pressure profiles. Fig. 7 represents
temperature profiles of the fluid flow in the tubing versus depth at different tubing radius sizes
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during water, CO2, and CH4 injection processes respectively. Comparison of the results illustrates difference in temperatures between the bottomhole and wellhead decreases by decreasing the tubing radius size. It is because radiation heat transfer between tubing and casing is
the predominant heat transfer mechanism for the wellbore and the radiation heat transfer rate
is inversely proportional to radii difference of the tubing and casing. Therefore, by decreasing
the tubing radius (for a constant casing size), heat transfer rate also decreases. In addition to
that, higher fluid flow velocity occurs in the thinner pipe since the wellbore flow has less time
for heat transfer with the surrounding in smaller tubing sizes. The wellbore flow temperature
during CH4 injection case is more sensitive to the tubing radius size due to its low density and
consequently higher velocity. Fig 8 illustrates pressure profiles of the fluid flow in the tubing
versus depth at different tubing radii during water, CO 2, and CH4 injection processes respectively. As one would expect, the pressure at the bottomhole decreases with a decrease in the
tubing radius due to increasing the velocity and consequently increasing the friction term.
There is higher pressure drop for CH4 injection than water and CO2 by decreasing the tubing
radius because of its low density and consequently higher velocity. The bottomhole pressure
decreases more than 5 MPa for a small tubing radius.
7. Effect of overall heat transfer coefficient
Overall heat transfer coefficient (Uto) present thermal conductivity of the wellbore assembly [10].
The thermal resistivity of the wellbore assembly increases by decreasing overall heat transfer
coefficient and the heat transfer rate is a linear function of overall heat transfer coefficient [6].
Fig. 10 presents temperature profile of the fluid flow in the tubing versus depth at wellhead
injection temperature of 105ºC and different overall heat transfer coefficients and injection
times during water, CO2, and CH4 injection processes respectively. Comparisons of results for
small overall heat transfer coefficient show that the difference of temperature profile in the
early and long times is negligible due to lower heat transfer rate between the wellbore flow
and wellbore assembly. The difference of bottomhole temperatures are less than 1°C. However, heat transfer rate increases by increasing overall heat transfer coefficient since there is
higher temperature drop in long times. Fig. 11 illustrates pressure profile of the fluid flow in
the tubing versus depth at wellhead injection temperature of 105ºC for different overall heat
transfer coefficients and injection times during water, CO 2, and CH4 injection processes respectively. Comparisons of the results show that the pressure profile is not sensitive to the
overall heat transfer coefficient. The difference in bottomhole pressures is less than 0.4 MPa.
8. Effect of radiation heat transfer mechanism
Some commercial software packages [14-15] fail to consider radiation heat transfer mechanism in calculating the wellbore flow temperature. The contribution of the radiation heat transfer mechanism in building the temperature profile is studied in this section. Temperature profile versus depth during water, CO2, and CH4 injection processes at different wellhead injection
temperatures with and without consideration of the radiation heat transfer mechanism is presented in Fig. 12. Comparisons of the results show that the consideration of the radiation heat
transfer mechanism is not important at low temperature injection (difference in bottomhole
temperatures is less than 1°C with and without consideration of the radiation heat transfer
mechanism); but by increasing the difference between the wellbore flow temperature and the
formation temperature especially during hot fluid injection, it becomes an effective mechanism
in heat transfer and it must be considered in temperature profile computations.
Fig. 13 illustrates pressure profiles of the fluid flow in the tubing versus depth at different
wellhead injection temperatures during water, CO2, and CH4 injection processes respectively.
Comparisons of the results that show the pressure profile is not sensitive to the temperature
profile and radiation heat transfer mechanism. The difference of the bottomhole pressures
with and with consideration of radiation heat transfer is less than 0.2 MPa.
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Fig. 10. Temperature profile versus depth during water, carbon dioxide, and methane injection
for different overall heat transfer coefficients and injection times at the wellhead injection
temperature of 105ºC. (
) Utot: 1 (W.m-2.°C-1) & t: 1 (hr); (
) Utot: 10 (W.m-2.°C-1) & t:
-2
-1
1 (hr); (
) Utot: 1 (W.m .°C ) & t: 2400 (hr); (
) Utot: 10 (W.m-2.°C-1) & t: 2400 (hr);
(
) Geothermal temperature

Fig. 11. Pressure profile versus depth during water, carbon dioxide, and methane injection for
different overall heat transfer coefficients and injection times at the wellhead injection temperature of 105ºC. (
) Utot: 1 (W.m-2.°C-1) & t: 1 (hr); (
) Utot: 10 (W.m-2.°C-1) & t: 1
-2
-1
(hr); (
) Utot: 1 (W.m .°C ) & t: 2400 (hr); (
) Utot: 10 (W.m-2.°C-1) & t: 2400 (hr)
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Fig. 12. Effect of the radiation heat transfer mechanism on the temperature profile along the wellbore. (
) Tinj: 25 (°C) [Considered]; (
) Tinj: 25 (°C) [Without consideration]; (
) Tinj: 65 (°C) [Considered]; (
) Tinj: 65 (°C) [Without consideration]; (
) Tinj: 105 (°C) [Considered] ; (
) Tinj:
105 (°C) [Without consideration]; (
) Geothermal temperature

Fig. 13. Effect of the radiation heat transfer mechanism on the pressure profile along the wellbore. (
)
Tinj: 25 (°C) [Considered]; (
) Tinj: 25 (°C) [Without consideration]; (
) Tinj: 65 (°C) [Considered];
(
) Tinj: 65 (°C) [Without consideration]; (
) Tinj: 105 (°C) [Considered] ; (
) Tinj: 105 (°C)
[Without consideration]
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9. Effective parameters for momentum balance
The total pressure gradient is the sum of the hydrostatic gradient, acceleration gradient,
and frictional gradient [16]. Fig. 14 represents the hydrostatic, acceleration, and frictional terms
versus depth respectively. Comparisons of the results [6] show that the contribution of the
acceleration term is so weak to build a pressure profile (less than 0.0001 MPa) therefore it
can be ignored to conduct faster calculations. The gravity term is the predominant term for
building the pressure profile for dense fluid flow (e.g. liquid or near critical point phase) but
its contribution reduces in gas phase flow as shown in Fig. 14.

Fig. 14. Contribution of the hydrostatic, acceleration, and friction terms for building the pressure profile.
(
) Water; (
) Carbon dioxide; (
) Methane

Fig. 15. Contribution of heat transfer between the
wellbore and formation term for building temperature profile

Fig. 16. Contribution of changing the kinetic energy term for building temperature profile
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10. Effective parameters for energy balance
The energy balance equation includes the change in kinetic energy, potential energy per
unit mass, and heat transfer rate between wellbore and formation. The potential energy per
unit mass (gdz) is constant along the wellbore depth and its contribution depends on the
length of the wellbore.
Fig. 15 represents heat transfer at the wellbore/formation interface and Fig 16 shows change
in kinetic energy along the wellbore depth calculated by the new procedure. Comparison of
Figures 15 & 16 reveals that the kinetic energy change is negligible (less than 0.02 kJ/kg) and
therefore, ignoring the kinetic energy term in energy balance equation is a reliable assumption
to increase the speed of calculations.
11. Conclusions
In this study, the surface injection parameters and wellbore geometry are varied to examine the sensitivity of results for various parameters by using the numerical model developed
Moradi et al. [6]. The main findings are summarized below:
 During the hot fluid injection, radiation becomes an effective mechanism in heat transfer
and it must be considered in temperature profile computations.
 For single phase, the temperature profile can be calculated with a small error in the absence
of the pressure profile, (the error is less than 3 %).
 The contribution of acceleration term is so weak for building pressure and temperature
profiles (less than 0.001%).
 The pressure profile is a strong function of the tubing size. The bottomhole pressure decreases more than 30 % for a small tubing radius than a large radius.
 Except near the critical point, the pressure profile is not sensitive to the wellhead injection
temperature (less than 1 %).
Nomenclature
CH4
CO2
Massinj
Pinj
t
Tinj
Utot

Methane
Carbon dioxide
Injection mass flow rate (kg/s)
Wellhead injection pressure (MPa)
time (hr)
Wellhead injection temperature (°C)
Overall heat transfer coefficient (W.m-2. °C-1)
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