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Abstract: Temperature curves reflect geothermal gradients and local temperature anomalies, thus
providing a new understanding of the underground reservoir conditions. When encountering caverns or
fractures and fissures during drilling, lost circulation may occur and result in a change to the original
formation temperature field, and in severe cases, even the conventional open hole well logging data cannot
be obtained. This paper uses finite element analysis software COMSOL to establish a heat transfer model
for the wellbore/reservoir formation system during drilling and shut-in in the presence of lost circulation,
and a case study is made in a carbonate reservoir in the Tahe oilfield. On the basis of the above, we
analyze the temperature distribution in the leakage zone, and the studies have shown that the leakage
and petrophysical properties have an impact on the temperature of the wellbore and formation, hence
we can estimate the reservoir permeability using the temperature data. In addition, the determination
of the temperature recovery time after some drilling fluids have leaked into the formation will help
in recognizing the subsurface temperature field of the carbonate formation correctly, thus enhancing

production logging interpretation accuracy and improving the understanding of later measurements.
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1 Introduction

70% of the world’s hydrocarbon resources are found
in carbonate formations which are often deeply buried,
strongly heterogeneous, and have high-salinity formation
water (Dou et al, 2011; Erik et al, 2011). Fractured-cavernous
reservoirs in the Tahe oilfield are characterized by strong
heterogeneity, hence lost circulation often occurs when the
drill bit encounters natural fissures, fractures, or caverns, and
the drilling fluid flows into the newly available space, thus
the well must be rapidly completed and put into production.
The drilling fluid loss may affect log measurements and even
the safety of drilling operation in severe leakage zones in
the reservoir, resulting in the lack of open hole well logging
data (Chin, 2002). Therefore, it is important to identify
leakage zones and to simulate the variation of the formation
temperature, thus providing evidence for the original
formation temperature and temperature logging results, which
are affected by drilling fluid invasion. The understanding
of temperature logging data will be a profitable supplement
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when the other logging information is unavailable, especially
in the wells which must be rapidly completed and put into
production during lost circulation.

In 1962, Ramey established a function of wellbore
temperature, depth and production time, which is known
as Ramey’s equation. This equation assumed that the fluid
flows only in the tubing and casing, and does not flow into
the formation (Ramey, 1962; Atkinson et al, 1978). In 1991,
Beirute simulated temperature profiles in wells during fluid
circulation, cementation and shut-in, respectively (Beirute,
1991). In 1996, Feng et al established the temperature
fields of wells and formations, but it was not a real multi-
field coupled model (Feng et al, 1996). Xu and Cui (1996)
established a well temperature field model using two-
phase flow theory and heat transfer theory, and solved the
temperature fields of wellbores and formations by coupling
iteration, but this model did not consider convective heat
transfer. Conventional simulations of temperature fields
mostly use the finite difference method, and research into
the finite element method of solving temperature fields has
yet to be perfected. In this paper, we use the finite element
software COMSOL to solve the problems of velocity field
and temperature field, assuming that the fluid in the well is
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pipe flow, which can be described by the Navier-Stokers (NS)
equation, and the fluid in the formation is laminar flow, which
can be calculated by Darcy’s equation. By applying this
method, the velocity field is of more practical significance.
In this paper we predict the drilling fluid temperature and
discuss the effect of petrophysical properties of reservoirs on
drilling fluid and formation temperatures. In addition, we also
simulate the temperature fields of the leakage zones in the
carbonate reservoir.

2 Mathematical modeling

In numerical simulation of the temperature field, in
addition to the alteration of fluid flow caused by the formation
temperature change, the heat transfer in porous media caused
by fluid flow should also be taken into account. Meanwhile,
the stress field affects the flow field due to the changes
of reservoir permeability and porosity (Zeiser and Durst,
2005; Georgiadis et al, 1999; Gao et al, 2012). Therefore,
the drilling fluid invasion and lost circulation is a multi-
field coupling problem of temperature, pressure and velocity
fields in porous media (Sheng et al, 2009). For modeling, we
assume that:

1) The formation is homogenous and isotropic.

2) The thermodynamic parameters of the medium (such
as thermal conductivity, specific heat capacity, etc.) do not
change with temperature.

2.1 Temperature field modeling

Taking the wellbore and the surrounding formation as
the research object, the entire system follows the energy
conservation equation in the process of drilling fluid invasion
(Zhang et al, 2011), as shown in Eq. (1), where velocity u is
calculated by the velocity field of the percolation model:

(pC),, %+ pCu-VT =V-(k VT)+Q

ko =(1-@)k, +pk )
(pC),, =(1-9)p,C, +ppC

where k and k, are the thermal conductivity coefficients of the
fluid and the matrix, W-m™-°C™; k,, is the equivalent thermal
conductivity coefficient, W-m™-°C"; C and C, are the specific
heat capacity of the fluid and the matrix, kJ-kg"-°C"'; p and
p, are the density of the fluid and the matrix, kg'm™; ¢ is the
formation porosity; and Q is the heat source, W-m™. The
initial and boundary conditions needed to solve Eq. (1) are as
follows (Xu, 1994):

1) Initial condition:

The initial temperatures of the formation and the wellbore
are the temperatures measured under static state conditions:

T).o=T._ G,z )

2) Boundary condition:

The upper and bottom boundaries of the formation are
adiabatic:

or _er
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The heat is transferred by convection between the
wellbore and the formation:

oT
—ka—|r:a(T—Tf)|r (4)
n

where Gy is the geothermal gradient, °C/100 m; a is the
convection heat transfer coefficient of the formation,
W-(m*-°C)"; and T} is the drilling fluid temperature, °C.

2.2 Fluid-solid coupling and seepage modeling

The fluid flow in the wellbore is affected by stress, where
we may describe this conduit flow by the Navier-Stokers
(NS) equation (Liu and Liang, 2009; Liang, 2013; Fang and
Zi,2013), and use Darcy’s equation to describe the migration
of fluid in the porous medium. In this paper, we combine
Darcy’s equation (Baber et al, 2012) and the NS equation to
solve the coupling problem of the fluid flow in wellbore and
porous media.

The NS equation describing fluid flow in the wellbore can
be written as follows:

du
£ E=plF+771V2u —-VAR (5)

where F represents the external stress, N-m™~, which can be
expressed as follows:
oP, oP, oP,
(F.,F,F)=(—+pg,.——+pg,,——+pg.) (6
Ox oy 0z
where P, is the drilling fluid pressure, Pa; u is the velocity
vector, m's™; p, is the drilling fluid density, kg-m™; #, is the
drilling fluid viscosity, Pa-s; g is gravity acceleration, m-s”.
The fluid flow in the reservoir is described by Darcy’s
equation:
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where P, is the reservoir pressure, Pa; p, is the reservoir
fluid density, kg-m”; y; and X, are the effective compression
coefficient of the fluid and the matrix, m-S*-kg™'; #, is
the formation fluid viscosity, Pa‘s; K, is the reservoir
permeability, 10”°um?’; ¢ is the reservoir porosity.

The conditions for solving Eqs. (5) and (7) are as follows
(Jietal, 2011):

1) Initial condition:

The wellbore pressure is Pywhen £ =0, i.e.

P(x,y,2,0)|,-, =P, (8)

2) Boundary condition:
The pressure applied on the wellbore wall is P,; and the
reservoir pressure in the infinite distance is P,.

{P(X, y: Z3 Z)|I:0 =Ijl

©)
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2.3 Model establishment and simulation

We used COMSOL MULTIPHYSICS software to solve
the heat transfer equation and flow equation in porous media
using a thermal-fluid coupling method (Liu and Wang, 2008).
First, we construct a geometrical model of the real formation.
Then, we select a physical field equation which is needed in
simulation. We set the initial formation temperature, initial
circulation rate of the drilling fluid, as well as the physical
properties of the formation such as porosity, permeability
and heat transfer coefficient based on the log data and local
temperature gradient (Saenger et al, 2011). Next we perform
mesh generation for the geometrical model. Refined grids
on the wellbore wall are needed in order to improve the
calculation accuracy and efficiency. Finally, we run the
simulation. The reservoir parameters and temperature are
checked to determine whether the simulation has converged.
If not, an additional iteration is conducted, in which the
nonlinear coefficients are updated and the tolerances are
tightened, until the specified target convergence condition is
achieved (Lu and Wheeler, 2009; Lacroix et al, 2003; Sun et
al, 2012).

3 Results and discussion

3.1 Numerical simulation of the temperature field
during drilling fluid invasion

Some drilling fluid may invade the formation during
drilling, which causes changes in the temperatures of the
surrounding formation and the drilling fluid in the wellbore
and reservoir (Ning et al, 2013; Poulsen et al, 2012). We
establish a model with a wellbore radius of 0.2 m, and the
formation surrounding the wellbore is 4 m in the radial
direction and 2 m in thickness. The wellbore is filled with the
drilling fluid, and the formation is porous, with a porosity of
0.05. Assuming that the wellbore fluid is characterized by free
flow, which is described by Eq. (5), and the fluid flow in the
reservoir is described by Darcy’s equation, which is shown in
Eq. (7), the temperature fields of the wellbore and formation
follow energy conservation, shown in Eq. (1).

We take well Y in the Tahe oilfield as an example, in
which the initial temperatures of the drilling fluid and the
formation are 50 °C and 126.6 °C respectively. Fig. 1 shows
the temperature profile changing with time. We simulate
the temperature-time profiles of the drilling fluid and the
formation with different porosities using this model, as
shown in Fig. 2. During drilling, the drilling fluid invades the
formation, then heat transfer occurs, and the temperature of
the drilling fluid in the wellbore gradually rises after drilling
fluid circulation is halted, while the formation temperature
decreases rapidly to 116 °C and then increases to its initial
value. Fig. 2(a) is the temperature field of the wellbore and
its surrounding formation (the origin at the well center with
coordinates of (0, 0)). The drilling fluid temperature increases
rapidly in the first two days, then reaches a constant when
it is close to the formation temperature. The drilling fluid
temperature increases quickly in low porosity reservoirs.
The lower the porosity, the smaller the amount of drilling
fluid which invades the formation, and the faster the heat

transfers between the drilling fluid and the reservoir. Fig.
2(b) is the reservoir temperature at coordinates of (0.3, 0),
which is 0.3 m away from the borehole axis. The heat is
continuously transferred from the formation to the drilling
fluid, so the formation temperature decreases quickly then
recovers slowly to its initial value. At first five hours (see the
small diagram in Fig. 2(b)), we can see that the high porosity
reservoir temperature reduces rapidly, but the temperature
recovery process is relatively slow, which is due to the fact
that invasion is more likely to occur in high permeability
formations.

We then simulate the change of temperature with depth in
the formation after invasion, shown in Fig. 3. The formation
temperature in Well Y (a depth of 5,680-5,700 m) was
measured after the well was shut in for 30 days. It can be
seen that the numerical results agree well with the measured
values.
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Fig. 1 Temperature distribution profiles during
shut-in in the presence of lost circulation (¢=0.05)

3.2 Numerical simulation of drilling fluid loss

The fractured-cavernous reservoir in the Tahe oilfield
exhibits strong heterogeneity, hence some of the drilling
fluid often penetrates into the formation when the drill bit
encounters caverns or large fractures (Wang et al, 2010;
Huang et al, 2011; Kang et al, 2012). The temperature of
the drilling fluid which has invaded the formation is usually
low, which decreases the reservoir temperature around the
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Fig. 2 Temperatures of drilling fluid and formation
changing with time at different porosity values

wellbore, and the drilling fluid will be heated continuously
by the formation, showing as an anomaly on the temperature
curve. When the drilling fluid temperature stabilizes at close
to the formation temperature, the temperature curve will have
gradually returned to the normal geothermal gradient (Ma,
2005; Stjern et al, 2003).

We took well Y in the Tahe oilfield as an example to
calculate the temperature change at different leakages. The
data showed that the leakage interval was 5,733.66-5,738.19
m, and the amount of leakage was 14.67 m?, the density of
the drilling fluid was 1.12 g-cm”, and the temperature of the
leakage interval was 126.6 °C, which was measured after

5680

Simulated

5685 ¢ Measured

5690 | M

Depth, m

5695

5700 L L
126.47 126.49 126.51

126.53

Formation temperature, °C

Fig. 3 Change of temperature with depth after drilling fluid
invasion in well Y at a depth of 5680-5700 m

the well was shut in for 30 days. According to the static
temperature curve of the formation, the temperature of this
formation interval was 126.63 °C. According to the statistics
of the formation pressure, the static formation pressure was
65.0 MPa. Therefore, the reservoir formation is assumed
to be a horizontal layer with dimensions of 40mx60m
(radiusxthickness), where a wellbore is located at the center
and penetrates a cavern of 14.67 m® at coordinates of (0, 0,
24.5), as shown in Fig. 4.
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Fig. 4 Geometric model of leakage in well Y at a depth
0f 5733.66-5738.19 m

When drilling to the formation interval where a cavern is
encountered the drilling fluid may flow into the cavern and
we use the energy conservation equation to describe the heat
exchange between the cold drilling fluid and the formation.
Beyond the cavern the process of drilling fluid invasion still
occurs due to the formation permeability. Fig. 5 shows the log
results of well Y after 30 days of shut-in. In Fig. 5, TEM(M)
is the measured data, TEM is the simulated values, and we
can calculate the oil production and water production by using
the water holdup and flow rate, respectively. We observed
the enlargement of holes at the leakage intervals, along with
a sudden pressure reduction and a temperature decrease.
We can see that the simulation results are well matched
with the measured data, which has a significant meaning to
identification of the leakage formation and forecast of the
formation temperature. We select two points respectively in
the cavern (at coordinates of (0.5, 0, 26.5)) and the formation
(at coordinates of (0.5, 0, 23.5)) to simulate the changes
of temperature with time, as shown in Fig. 6. The average
simulated temperature of the cavern, which is obtained on
the 30th day, is 125.4 °C, and the relative error less than
0.95%. In the lost circulation process, the drilling fluid flows
into the cavern, then heat transfer occurs, the formation
temperature decreases rapidly and then increases slowly back
to its initial value, while the drilling fluid absorbs heat from
the surrounding formation, and finally a thermal balance is
achieved when the drilling fluid temperature gradually rises.
The reservoir temperature reduces with time first, which is
caused by lost drilling fluid, and then gradually recovers, the
recovery time is about twice that of the reduction time, as
shown in Fig. 6(a).
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Fig. 5 Log results of well Y with drilling fluid leakage of 14.67 m?, after 30 days of shut-in
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Fig. 6 Temperatures of the drilling fluid in the cavern (0.5, 0, 26.5)
and the formation (0.5, 0, 23.5) changing with time

Fig. 7 shows the influence of porosity and cavern shape
on the temperature of the drilling fluid in the cavern. Fig.
7(a) is the temperatures of the drilling fluid in the cavern

changing with time at different porosity values, where the
cavern is assumed to be a cuboid with the same dimensions
of 3.238 mx1 mx4.53 m (LxWxH). We see the drilling fluid
temperature in the low porosity reservoir is closer to the
measured value. Fig. 7(b) is the temperatures of the drilling
fluid in the cavern changing with time with different cavern
shapes, where the reservoir porosity is assumed to be the
same. A comparison of temperature distributions in three
types of cavern shape shows the drilling fluid temperature
in the cuboid cavern with dimensions of 9.78 mx1 mx1.5 m
(LxWxH) is closer to the measured value, and the porosity
has a relatively smaller influence on the simulated values
than the cavern shape. Therefore, we need to choose the
appropriate porosity and cavern shape in the simulation, and
the simulation results are also an indication for determination
of the cavern shape and location.

Fig. 8(a) is the wellbore wall temperature varying with
depth when the well is shut in for 1, 5, 10, 20, 30 d after a
total of 15 m’ of the drilling fluid is lost into the formation,
where x coordinate is 0.2, y coordinate is 0 and z coordinate
increases from 0 to 50 (well depth is from 5,712.69 to
5,762.69). The temperature of the drilling fluid invading the
formation is usually low, so the temperature curve shows a
clear anomaly. The drilling fluid which has penetrated into the
formation sharply reduces the formation temperature initially.
The formation then slowly recovers towards its normal
temperature. Fig. 8(b) shows the relationship between the
leakage amount and temperature on the 30th day. After 30 d,
the 5 m’ drilling fluid escaped into the cavern is getting close
to thermal equilibrium with the formation, but the leaks of 30
m’ and 45 m’ of drilling fluid are clearly still in the process
of recovery. Therefore, there is a direct relationship between
well temperature, leakage and logging time. The temperature
of the leaking fluid tends to increase with time, and the
smaller the leakage is, the faster the heat transfers between
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Fig. 8 Influence of logging time and leakage
volume on reservoir temperature

the leaked drilling fluid mud and the formation, and the faster
the temperature of the lost drilling fluid increases.

In this paper, we assume that the formation is porous
resulting in drilling fluid invasion and drilling fluid loss
occurs when a cavern is encountered. Due to the complex
distribution of fractures and the difficulty in determining the
widths, fractures are not considered in this paper. However,
fractures commonly exist in carbonate formations, thus there
is a need for further study.

4 Conclusions

1) The fluid flow in the wellbore is affected by stress,
where we may describe this conduit flow by the Navier-
Stokers (NS) equation, and use Darcy’s equation to describe
the migration of fluid in the porous medium. The velocity
fields of fluid flow in the porous reservoir and free flow in
the wellbore are solved by combining both equations, and the
numerical solution to the flow velocity is obtained under the
given boundary conditions.

2) Substituting the obtained velocity field into the energy
conservation equation gives the temperature fields of the
formation and the wellbore. In this paper, heat transfer and
heat convection between the wellbore and the formation
are considered, giving a real multi-field coupled model. In
addition, the initial and boundary conditions used to solve the
equation are analyzed.

3) By simulating the formation and wellbore temperatures
after invasion of the drilling fluid from the wellbore to the
formation, it can be seen that when the low-temperature
drilling fluid flows into the reservoir, the reservoir temperature
decreases, and the drilling fluid will be heated continuously
by the formation, which shows clearly on the temperature
curve. When the drilling fluid temperature stabilizes close
to the formation temperature, the temperature curve will
gradually return to the normal geothermal gradient. Due to the
drilling fluid lost into the formation, the reservoir temperature
reduces with time first and then gradually recovers. The
recovery time is about twice that of the reduction time, and
the duration depends on multiple factors, such as the rock
porosity, permeability and leakage.

4) The changes in the formation and wellbore temperatures
with time are simulated after some drilling fluids have leaked
into the formation. The simulated temperatures agree quite
well with the measured values, which lays a foundation for
potential applications of inversions of temperature curves.
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