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ABSTRACT

Article history:

In several design calculations including the development of programs to optimize
production, engineers and scientists require accurate prediction of temperature drop
due to flow in oil wells. The purpose of this research is to create mathematical models
to predict the effect of oil mass flow rate on temperature distribution in oil wells. A
numerical mathematical model is developed to study the parameters affecting the
dynamic and static temperature profiles in oil wells in production and shutting
operation. The temperature distribution of the oil from the reservoir to the surface and
the temperature distribution in the wall tubing of the oil well and casing, cement
sheaths, and surrounding formation is studied. The natural flow of oil wells in Alwahat
area located 70 Kilometres south of Marada area east of Libya in the Zaggut field called
(6Q1-59) is taken as a study case. In production case, different mass flow rates in winter
and summer seasons are studied. The temperature profile in the horizontal direction
is estimated at different depths. The Results show that the surface temperature of
crude oil increases with the rise in mass flow rate.
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1. Introduction
Crude petroleum is a complex mixture of primarily paraffin, naphthalene, and aromatic
hydrocarbons. There are two ways to collect the oil from the earth, the natural flow and the pumping
process. The method of pumping is used to extract oil from the reservoir to the earth's surface. This
process is used where the pressure difference is not sufficient to allow oil to rise because the
proportion of the gas melt in the oil is not sufficient to make it flow naturally, so certain wells have a
high proportion of the wax mixed with oil. The design of the pump depends on the well depth and
the specified oil. When a fluid flows in a tubing, the properties of the fluid will be affected by the rate
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of flow, tubing diameter, tubing roughness, and the properties of the surrounding formation. During
extraction of oil, the oil temperature varies as it flows from the reservoir to the surface. The fluid
enters into the wellbore at high temperatures near to the reservoir. As the fluid flows into the
wellhead, oil temperature decreases as a result of heat transfer to the surrounding earth. During
production process, heat is usually conducted throughout tubing, to annulus fluid, casing, cement
sheaths, and surrounding formation. Thus, each of these media has individual thermal properties
which make prediction of heat transfer more complex. Moreover, opening, shutting, restarting and
altering the production schedule are also the regular and daily program of a well-producing
operation, each of these operations performed in the temperature profile estimation in the oil wells.
In this paper, a numerical model is developed to study the parameters affecting the dynamic and
static temperature profiles in the oil well, the prediction of temperature profile estimation in the oil
wells. Thus far, this paper, a numerical model is developed to study the parameters affecting the
dynamic and static temperature profiles in the oil well. Furthermore, the prediction of temperature
profile in production and shutting operation will be studied.
There are two important contributory factors of heat transfer of the fluid, firstly, transfer of
energy up inside the well is accomplished by the fluid flow, which it depends on fluid properties.
Secondly, radial heat conduction from the well passing through the tubing, annular fluid to the casing,
cement sheaths, and throughout surrounding formation.
Thomas [1] suggested an estimated method to assess the temperature profile when the fluid is
hot injected. This approximation is important in the case of distinctly thin reservoir beds where the
fluid injected goes with high flow. The main factors in process design and production management
are mathematical prediction models of temperature distribution across porous media during thermal
flood processes [2]. Several models are proposed for the distribution of temperature in specific
geothermal and natural reservoirs and for the thermal injection model well-tested [3,4]. Lawal and
Vesovic [5] developed a one-dimensional heat transfer model to predict the distribution of
temperatures for various conditions. Authors used the relation between the temperature-dependent
oil density and the viscosity of a bitumen reservoir. As for the relative importance of natural
convection, authors have used the magnitude of Nusselt number and concluded that the importance
of free convection depends on the properties of rock and fluid including the duration of heating.
Lawal [6] modified this model for a steam-flooding operation. The author concluded that a maximum
of four zones (i.e., condensation, convection, conduction, and quiescent) may be defined at any
moment of the thermal flood.
Ramey [7] developed an approximate solution to the transient heat conduction problem involving
the passage of hot fluids through a well bore. It was assumed that the heat transfer in the well bore
was stable, and the transfer of heat to earth was unstable radial convection, and often called the
effect of thermal resistance in the well bore. The solution allowed the fluid, tubing, and casing
temperature estimation as a function of depth and time. Willhite [8] provided a detailed method for
calculating the overall heat transfer coefficient (U) for the completion in terms of natural convection,
conduction and radiation. This coefficient was found to be critical for estimating the temperature
profile in the well. Hasan and Kabir [9] have created a model that incorporates a new Thermal
Diffusiveness Equation solution. This approach allows integration of conductive and convective heat
transport effect between the well bore and the shape. A sensitivity study has showed that significant
differences exist between the predicted wellhead temperature and the surface temperature, and
that the fluid temperature gradient has found nonlinear. Their study further has showed that an
increase in free gas caused a lowering of wellhead temperature due to the Joule-Thomson (JT) effect.
For these situations, when multiphase flow was encountered the expression for fluid temperature
developed by Ramey [7] for single-phase flow was not applied.
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Hossain et al., [2] proposed methods that are used to establish design conditions for geothermal
wells with high temperatures including in it the geological conditions and types of reservoirs. The
primary basis for casing design is the temperature and pressure for a flowing and a shut-in well.
Xiongdong et al., [10] put together two theoretical models. The models were based on balance of
energy between the formation and fluid that flows through each conduit. Temperature profiles were
obtained with the proposed temperature model, and the results were compared with the measured
data. Samsuri et al., [11] studied the variation of original oil due to porosity estimation technique. It
concluded that original oil in place estimation is significantly influenced by technique used for
porosity determination in an interbedded reservoir as compared with a clean sand reservoir. Kutun
et al., [12] developed a computational model to study the factors that influence the dynamic and
static temperature profiles in geothermal wells. The model was based on equations of mass and
energy balance and coupled the reservoir to the well and took into account the heat losses from the
well's surroundings. Within the literature the model was tested using various analytical methods. A
synthetic method has been developed to define key parameters influencing temperature distribution
during both production operations and injection. Temperature behavior along the well was obtained
in the application model for a transition from static to dynamic.
2. Mathematical Model
The surrounding formation (T∞ ) as stated in the nomenclature, constitute other temperature
variables such as temperature gradient, pressure gradient, surface temperature and depth. The
change in temperature over the change in distance (dT/dx), is known as temperature gradient (TG)
and the pressure gradient is the change in pressure over the change in distance, dP/dx [13]. Thus,
the surrounding formation (T∞ ) is computed at specific distance and depth using the following
equation.
T∞ (z) = TG ∗ Depth + 𝑇𝑠𝑢𝑟 (z)

(1)

where the (TG) thermal gradient and expressed as by Çengel [13]
𝑇

−Tsur

𝑏ℎ
TG = 𝑇𝑜𝑡𝑎𝑙
𝑑𝑒𝑝𝑡ℎ

(2)

The following equation is used to calculate the thermal resistance (Rth) for vertical section of oil
well as shown in Figure 1.
Rthtotal = R1 + R 2 + R 3 + R 4 + R 5 + R 6
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Fig. 1. Thermal resistance in vertical section of oil well

In order to simplify the derivations of the mathematical model, the flow is assumed to be fully
developed incompressible single phase. The fluid properties are assumed constant with temperature
at a specific distance (dx), more so, increasing or decreasing fluid mass flow rate can affect the
temperature distribution significantly, and the heat transfer by conduction in vertical direction (z) is
negligible. The conservation of energy equation for the steady flow of a fluid in a tubing by Ennil and
Elfaghi [14] as shown in Figure 2 can be expressed as
Q̇ = ṁ ∗ 𝐶𝑝 ∗ (T m.o − Tm,i )

(5)

Applying this equation to the differential control volume (c.v), we obtained
dQ̇ = ṁ ∗ Cp ∗ ([Tm + dTm ] − Tm )

(6)

dQ̇ = ṁ ∗ Cp ∗ dTm

(7)

Fig. 2. Control volume for internal
flow in oil well
(Ts −Tm )
̇
dQcond
= Rth
total

(8)

The equation then takes the form
̇
dQcond
= dQ̇

(9)
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(Ts −Tm )
Rthtotal

= ṁ ∗ Cp ∗ dTm

(10)

The total thermal resistance Rthtotal is calculated from the following equation
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where Fi is constant in the same part but it varied from part to another.
dTm
dz
dTm
dz
dTm
dz

= Fi (Ts − Tm )

(18)

= Fi Ts − Fi Tm

(19)

+ Fi Tm = Fi Ts

(20)

Eq. (20) is a non-homogeneous linear ordinary differential equation (first order ODEs) which is in
the form of the following Bernoulli differential equation [15].
𝑦̅ + P(z)y = r(z)

(21)

y(z) = e−N ∫ eN . r(z) dz + c e−N

(22)

where (N) = ∫ P(z)dz
Let P = F ,

r(z) = F . Ts , and Ts = bz + a

The general solution for first - order ODE Eq. (22) is given by the following equation
b

T𝑚 = bz − F + a + c . e−Fz

(23)
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Eq. (23) is used in all parts from the bottom to the top to compute the mean temperature of the
oil for every point at any part by using the thermal resistance. After the medium temperatures of the
crude oil and the surrounding formation are computed for different depths, the rate of heat transfer
is computed from the oil to the layers through the tubing wall and the casing. Then, the temperature
distribution in every layer at the same depths are obtained.
Q̇ =

Tave − Ts

Q̇i =

T(i) −T (i+1)

(24)

RthTot

Ri

= Q̇

(25)

Where Ri is the thermal resistance of layer (i)
T (i+1) = T(i) − Q̇ ∗ R i

(26)

This equation computes the temperature distribution in the layers at every layer.
3. Case Study
The temperature distribution of the oil from the reservoir to the surface and the temperature
distribution in the tubing wall and the surrounding layers of the oil well is taken into account in this
research. To calculate the temperature distribution in the wellbore at different depths, the wellbore
is divided into four main parts, and then every main part divided to different sections based on the
oil well surrounding formation which is shown in the Figure 3. There are four casing; the casings begin
around the production tubing from the surface to the different depths, the depths of each casing are
determined by the geological conditions, and safety requirements, and there are cement sheaths
between each casing. All the casing and the production tube are designed from carbon steel. Figure
4 shows the wellbore schematic and dimensions of the casing and tubing.

Fig. 3. Schematic well bore diagram
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Fig. 4. Vertical section of the oil well and surrounding formation

4. Results and Discussions
Figure 5 shows the temperature distributions of surrounding formation at winter and summer
seasons. The formation temperature is different based on the surface temperature. The temperature
difference between crude oil and the surrounding formation in the winter season is higher than the
difference between them in the summer season, because there is a difference in the surface
temperature of the earth in summer and winter seasons. The formation temperature effects the
temperature profile of the crude oil. The temperature profile for same oil well changed with the
change of the season.
Figure 6 shows the temperature distribution at different mass flow rates in winter season. The
figure illustrates that with increasing of mass flow rate, the crude oil temperature at the surface is
increased. Temperature profile at the depth 1000 m with difference mass flow rates in summer
season is taken as an example. Figure 7 shows temperature distribution from the center of the well
pipe to the surrounding layers at two mass flow rates at summer season. The temperature of oil is
high and then it drops outside the pipe and remains almost constant through other layers.
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Fig. 5. Formation temperature distribution in different seasons

Fig. 6. Temperature distribution for different mass flow rates
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Fig. 7. Temperature profile at depth 1000m in summer season for difference mass flow
rate

5. Conclusions
From the analytical simulation carried out and the data analysis and results, following inference
are drawn.
i. The developed mathematical model is able to solve the effect of oil mass flow rate on
temperature distribution at production case in oil wells, as well as the temperature
distributions along the tubing from the reservoir to the surface.
ii. The created model includes the total thermal resistance and modes of convection heat
transferring mechanism were accounted.
iii. The Results show that with increasing of mass flow rate, the crude oil temperature at the
surface is increased.
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