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In the gas drilling design, accurate prediction of wellbore temperature profile is
very crucial. Different from liquid drilling fluid, physical and thermophysical pa-
rameters of gases are sensitive to the change of pressure and temperature, at the
same time, the change of these parameters will react against the wellbore tempera-
ture and pressure. Based on the energy conservation principle, a temperature-pres-
sure coupling calculation model was established to predict the gas temperature
profile during gas drilling process. The model is solved by cycle coupling iteration
method. The calculation shows that annular temperature rises sharply near the
wellhead, drops sharply at bottom hole and is a little higher than the formation
temperature in other places. Without considering the influence of friction heat,
calculated temperature is lower than the actual temperature. Temperature trends
are the same under different pump rates and larger pump rate leads to larger
temperature range at the wellhead and at bottom hole. Compared with the pump
rate, bit nozzle size has more influence on the temperature drop range. Tempera-
ture reduction increases from 31.3-57.2 °C while bit nozzle size decreases from
539-339 mm?°.
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Introduction

With the increasing difficulty of oil and gas exploitation, more and more oil and gas
resources in the shale and carbonate reservoirs have been discovered and explored. However,
fractures are always well developed in these kinds of reservoirs, which result in the occurrence
of a loss circulation. Compared with the traditional drilling fluid, annulus pressure is lower in
gas drilling, so the loss circulation can be avoided partly. Therefore, gas drilling is more and
more widely used in drilling wells.

In the drilling design, accurate prediction of wellbore temperature is important for
achieving better fluid property and wellbore pressure. Compared with the traditional drilling
fluid, such as water-base drilling fluid or oil-base drilling fluid, gas is a kind of easily com-
pressible medium. Physical and thermophysical properties of gases are sensitive to the change
of pressure and temperature, at the same time, the change of these parameters will react against
the wellbore temperature and pressure. Therefore, it is more necessary to predict the wellbore
temperature profile accurately during the gas drilling and master its change rule.
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A number of researchers have studied the temperature distribution of drilling fluid in
the wellbore during the drilling operation. Ramey [1] presented an approximate solution the
wellbore heat-transmission problem involved in the injection of hot and cold fluids. In the mod-
el, heat transfer in the wellbore was considered as steady-state. Edwarson [2] modified Ramey’s
model by considering the influence of formation temperature. Raymond [3] presented a transient
heat transfer model without considering the influence of heat source. A numerical method was
used for the solution. Holmes and Swift [4] presented a model to calculate wellbore tempera-
ture under the condition of pseudo-steady flow state. Based on the research of Raymond, Keller
et al. [5] presented a model considering 2-D transient heat exchange in the formation. The
influence of the heat source on the temperature was also analyzed. The model showed that
the heat source has a great influence on the annular temperature. Marshall and Bentsen [6]
developed a computer model to solve the finite-difference equations describing transient heat
transfer in the wellbore and analyzed the influence of some parameters on the wellbore tem-
perature profile. Kabir et al. [7] presented a mathematical model for calculating the wellbore
temperature in different operations. In this model, the bottom-hole temperature was assumed
constant. Espinosa-Paredes et al. [8] developed a program which could estimate the initial
transient temperature distribution of the drilling fluid. The 2-D transient heat transfer during
drilling and shut-in conditions were considered in the numerical model. Wu et al. [9] devel-
oped a coupling numerical model for predicting the wellbore temperature profile. Hasan et al.
[10, 11] presented a unified method which could present the heat behavior under different con-
ditions. Analysis for single-phase and multi-phase flow was provided. Zhang et al. [12] used an
analytical model to predict the bottom-hole temperature and thermal stress under steady- and
unsteady-state were analyzed. Yang et al. [13, 14] presented a coupling numerical model for
wellbore-formation transient heat transfer. Influence of actual downhole string assembly and
casing program was analyzed. Yang et al. [15] presented a synthetic transient heat transfer mod-
el to calculate the wellbore temperature in the dynamic deepwater multi-gradient drilling. The
model was solved using the combination of finite volume method and dynamic laying method.
Li et al. [16] analyzed the temperature reduction at the well bottom and its effect on the rock
failure. Li et al. [17] presented an analytical model with closed form equation predict the well-
bore temperature profile in gas-drilling and identified the possible sources of error of the model.
The influences of Joule-Thomson cooling and drilling cuttings were considered in the model. Li
et al. [18] presented a numerical model to predict the wellbore temperature profile for gas-hy-
drate well drilling. It was found that Joule-Thomson cooling effect below the drill bit nozzle
diminished rapidly in a short interval above the bottom hole. Li e al. [19] developed a theo-
retical CO, wellbore flow model and solved the model by coupling pressure and temperature.

In summary, a lot of models have been developed in the past decades for predicting the well-
bore temperature profile. However, most of these models were developed for the liquid drilling fluid
and physical and thermophysical properties of drilling fluid were assumed constant, while physical and
thermophysical properties of gases were sensitive to the change of pressure and temperature. In order
to improve the accuracy of gas drilling design and ensure drilling safety, it is necessary to calculate the
wellbore temperature in the gas drilling and understand the influence of the drilling parameters, such
as pump rate, nozzle size, on the wellbore temperature profile. The objective of the study is to develop
a temperature-pressure coupling calculation model to predict the wellbore temperature profile in the
gas drilling. The effect of heat source and Joule-Thomson cooling effect, interaction between tempera-
ture-pressure and gas parameters are all considered in the model. The model is solved by cycle cou-
pling iteration method. In addition, a sensitivity study is carried out to investigate the influence of some
related parameters, such as bit nozzle size and pump rate, ezc., on the wellbore temperature profile.
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Physical model

well is illustrated in fig. 1. As the fig. 1 shows,
during the drilling process, the whole circula-
tion consists of three stages [20]:

Surface

The physical model of gas-flow in the

Gas enters the drill pipe at the wellhead and
flows down the drill pipe. In this stage, gas
enters the drill pipe with certain temperature.
When gas-flows down the drill pipe, gas tem-
perature is mainly influenced by the convec-
tion heat transfer between the inner wall of Gas
the drill pipe and the gas in the drill pipe.

Gas-flows through the bit nozzle and enters ~ "omation Lo

the annulus at the bottom hole. In this stage, SRR s
under the influence of Joule-Thomson cool- Drill collar

ing effect, the gas temperature drops sharply %7#&
when it flows through the bit nozzle. The gas NS\ poombole
temperature in the downstream of the drill  pigure 1. The physical model of gas-flow during
bit is much lower than the gas temperature circulation period

in the upstream of the drill bit.

Gas-flows up the annulus to the surface. In this stage, gas-flows upwards to the surface in
the annulus, the temperature is mainly influenced by the heat generated by friction and the
convection heat transfer between the inner wall of the casing pipe and the gas in the annulus,
and between the outer wall of the drill pipe and the gas in the annulus.

Drill pipe

e
.

Mathematical model

Fundamental assumption

Gas injection temperature is equal to the surface temperature.

Rock density, casing pipe density and drill pipe density are constant. Thermophysical pa-
rameters of rock, casing pipe and drill pipe, such as specific heat and thermal conductivity,
are constant.

Formation temperature gradient is known and the calculation of initial formation tempera-
ture is based on the linear change.

The heat generated by the drill bit breaking rock is ignored. The influence of rock debris on
the gas temperature is ignored.

Time step is very short. In each iteration, physical and thermophysical parameters of gases
have little change, which can be ignored.

Thermal model development

In relation the overall circulation in the gas drilling, five heat transfer regions are

needed to be identified:

the drill pipe,

the pipe wall,

the annulus,

the casing pipe or the wellbore wall, and
the formation.
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Transient heat exchange model in the drill pipe

When gas enters the drill pipe with certain temperature and flows down, gas tempera-
ture is determined by [21, 22]:
— heat carried by the downward flowing gas,
— convection heat transfer between drill pipe and gas in the drill pipe,
— heat generated by the friction between gas and drill pipe, and
— internal energy of gas changes with time.

The equation that describes the gas temperature in the drill pipe can be expressed:
2
or, o\mi’T,
Oy — Pg4c, a—zl—zﬂ’ihl ([ -12) = pyc, %

Transient heat exchange model of the drill pipe

The drill pipe separates the gas in the drill pipe from the gas in the annulus. The drill
pipe temperature is determined by:
— heat generated by the vertical heat conduction of the drill pipe,
— convection heat transfer between gas in the pipe and the inner wall of the drill pipe, gas in
the annulus and the outer wall of the drill pipe, and
— the internal energy of the drill string changes with time.
The equation that describes the drill pipe temperature can be expressed:

’T,  2nh 2ryh oT.
k,—2+— ([ -T,)+ =22 (T, -T,) = p,c, —=
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Transient heat exchange model in the annulus

When gas-flows through the bit nozzle and flows up in the annulus, the gas temperature
is determined by:
— heat carried by the upward flowing gas,
— the convection heat transfer between gas in the annulus and the outer wall of the drill pipe,
gas in the annulus and the inner wall of the casing pipe or wellbore,
— heat generated by the friction between gas and drill pipe, gas and wellbore wall, and
— internal energy of gas changes with time.
The equation that describes the gas temperature in the annulus can be expressed:

o7, oT;
O, + PeadC,q a—Z3+2nrzh2 (T2 —T3)+ 2mrshy (T, — T ) = pgacgn(r32 —rzz)a—;r 3)

Transient heat exchange model in the formation

Based on the energy balance, heat transfer model at the interface of the wellbore wall
(casing wall) can be expressed:

b S (1, 13) @

Under the influence of well structure, £, differs at different depth. In the casing sec-
tion, k,,is equal to the thermal conductivity of casing pipe. In the open-hole section, k, is equal
to the thermal conductivity of rock.
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Formation temperature is mainly influenced by the radial and vertical heat conduc-
tion. Considering calculation simplicity, rock anisotropy is ignored. Radial thermal conductiv-
ity is equal to the vertical thermal conductivity. The temperature distribution in the formation
is expressed:

o1, T 195 _ pe 0T
2 o non ke ot

1

©)

Dittus-Boelter equation is applied to the calculation of convection heat transfer co-
efficient. The specific calculation method can be referred to the reference [21]. Specific heat
capacity of gas is regarded as constant.

Transient heat exchange model at the bottorn hole

In the previous models of the wellbore temperature profile, it was always assumed that
the temperature of drill fluid, drill pipe and borehole wall were same at the bottom hole. How-
ever, when calculating the wellbore temperature profile for the gas drilling, this assumption is
not accurate. When gas-flows through the bit nozzle during gas drilling, under the influence of
Joule-Thomason cooling effect, gas temperature drops dramatically. The gas temperature in the
downstream of the bit can be expressed:

p k'-1/k'
Tn :Tup[ dnJ (6)

B

Heat source item

In the gas drilling, drill pump system and rotation system provide hydraulic energy
and mechanic energy, respectively. Some of the energy is used to break rock and carry cutting,
the rest is consumed in the form of heat, which will affect the wellbore temperature distribution.
The heat sources consist of three parts: heat generated by the friction, heat generated by the
rotation of drill pipe, and heat generated by rock breaking of bit. In this article, only the heat
generated by the friction is considered. The heat can be expressed:

O=gq (%) (7)

Pressure model development

According to the law of conservation of mass and the theorem of momentum, the
formula calculating the pressure drop in the drill pipe can be expressed:
drP dv, pv
—=—pV. _1+ _fL 8
o PN tre/ D ®)
For the same reason, the formula calculating the pressure drop in the annulus can be
expressed:
dpP dv, v’
=y _
& e PP p

o
It is usually considered that, in the gas drilling, the gas-flow pattern in the annulus is
turbulent flow. In this kind of flow pattern, roughness has more influence on the friction coeffi-
cient than the Reynolds number. Friction coefficient equation is defined [23-26]:

©)
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2
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According to the aerodynamics, pressure in the downstream and upstream of bit has
the following critical relationship [27, 28]:

(10)

k'k'-1
P 2
Zdn _ (I_J (11)
Pup k'+1

The calculation of pressure drop between P,, and Py, at the bit is based on the flow
state. The specific calculation equation can be referred to the reference [23].
Initial and boundary conditions

— The initial temperature of gas in the pipe and annulus, wellbore or casing, drill pipe are same
at any depth and equal to the original formation temperature at the same depth. The relation-
ship between initial formation temperature and depth can be expressed [29, 30]:

Ir=T,+g/H (12)

— It is assumed that formation temperature far away from the wellbore is undisturbed, which
means it is equal to the original formation temperature:

oT,
-t =0 (13)
or r—>m
T(r—>o,zt)=T,+gH (14)
— No heat exchange occurs between the sur-
face formation and atmosphere:

Define computational mesh in the radial and axial directions ‘

T(r,z=0,t)=T, (15)

‘ Define parameters of each node ‘

Numerical solution

: The numerical model can be trans-

formed into a fully implicit finite form and
Gauss-Seidel iteration method is used to solve
r the algebraic equations. The quality of grid is

P —— Calculate TP at s Bt important to the accuracy of the calculation. In
pipe pressure basedon T, P, i general, in the situation that the vertical length
of the grids are less than 3% of the total well
depth, the accuracy of the calculation can be
ensured. The radial element size is increased

as the exponential relationship. A cycle cou-
pling iteration method is used to solve the
model [31-34]. The flow chart of the calcula-
tion is shown in fig. 2.

Figure 2. The flow chart of the coupling
calculation
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Case study

The following is an example to analyze the wellbore temperature profile during gas
drilling. The data of this example are taken from reference [23]. The depth of the well in the
example is 3048 m, bit diameter is 200 mm, outer diameter of the drill collar is 158.8 mm, and
the length of the drill collar is 152.4 m. Pump rate is 0.8 m?/s. Bit nozzle size is 539.0 mm?. The
surface temperature is 25 °C and the geothermal gradient is 0.03 °C. The other data used in the
model are provided in tabs. 1 and 2.

Table 1. String assemble and casing program

Parameter Outer diameter [mm] Inner diameter [mm] Depth [m]
Drill string 139.7 121.3 3048.0
Casing 219.0 201.2 2133.0
Table 2. Thermophysical parameters of each media
Parameter Density [kgm™>] | Specific heat [Jkg'°C™'] | Thermal conductivity [Wm'°C]
Gas 1.25 1040 0.024
Pipe 8000 400 43.75
Cement 2140 1000 0.7
Rock 2650 800 2.25

Figure 3 shows the wellbore temperature
profile after four hours of circulation. Different
from the wellbore temperature profile with liquid
drilling fluid, temperature in the pipe increases
almost parallel with the formation temperature.
At the bottom hole, when gas-flows through the 15001
bit nozzle, the gas temperature drops dramati-

0

1 e Temperature in the drill pipe
2 == Formation temperature
3 s Annular temperature

500

Depth [m]

1000+

cally under the influence of the Joule-Thomson 20001
cooling effect. 25004
According to the eq. (10), the faster the
gas-flow velocity is or the rougher the wellbore 3000
is, the larger the friction is and more heat is gen- 3500 L , )
erated. At the drill collar, as the wellbore is rough 20 40 60 80 100 120

d th 1 f b Temperature ['C]
an € annular Cross-section be€comes narrow Figure 3. Model-predicted wellbore

which makes gas-flows faster, more heat is gen-  temperature profile
erated and annular temperature increases rapidly.

When gas-flows into the casing section, as casing roughness is smaller than the well-
bore roughness, the friction heat decreases compared with that in the annular open-hole section.
From the black dashed line in fig. 3, it can be seen that annular temperature trends in the casing
section and open-hole section are approximately same, which are both parallel with the forma-
tion temperature, but the temperature difference between annulus and formation in the open-
hole section is larger than that in the casing section. When gas-flows up to the wellhead, under
the influence of pressure reduction, gas expands and gas-flow velocity rises rapidly, leading to
the friction heat increases. So the annular temperature trend reverses near the wellhead, which
increases fast. On the other hand, under the influence of annular temperature, temperature in the
pipe increases faster near the wellhead than in the deep.
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O— - : : ' The wellbore temperature profile with-

E 500, } T Temeature nthe il ipe out considering the influence of heat source is
g BT Amulrtempersture shown in fig. 4. Comparing with fig. 3, it indi-
© 1000+ cates that heat source has great influence on the
1500 gas temperature distribution in the drill pipe and
annulus. Without considering the heat source,

2000 although the temperature trends are still parallel
55001 with the formation temperature in most parts of
well section, temperature, no matter in the pipe

30001 or annulus, are 5-10 °C lower than that in the
1500 situation of considering the heat source. At the

20 40 60 80 100 120  bottom hole, there is little difference in the tem-
Temperature ['C] perature reduction, but bottom-hole temperature
Figure 4. Model-predicted wellbore differs largely. Bottom-hole temperature is 79 °C
temperature profile without considering considering the heat source and it is 69 °C with-
the heat source L.
out considering the heat source. When gas-flows
up from the bottom hole, it takes longer time for the annular temperature to recover without
considering the influence of heat source. As shown in fig. 4, without considering the influence
of heat source, annular temperature at the bottom hole increases in curve rather than in line.
Figure 5 shows the wellbore temperature profile with flow rate of 1 m*/s. By com-
parison with fig. 3, it can be found that, under the condition of different flow rates, the trends
of the wellbore temperature profile are similar, but temperature ranges near the wellhead and
at the bottom hole are a little different. Figure 6 shows the annular temperature profile with
different flow rates. Except the wellhead and the bottom hole, annular temperature increases
with the increase of gas-flow rate. This is because that larger gas-flow rate means faster flow ve-
locity and more friction heat. The temperature differences under different flow rates are small.
At the bottom hole, temperature reduction range increase with the increase of the gas-flow
rate. Temperature reduction increases from 31.3-36.3 °C while gas-flow rate increases from
0.8-1.2 m?/s, so does the outlet temperature. Outlet temperature increases from 55.1-81.1 °C
while gas-flow rate increases from 0.8-1.2 m?/s.

0 . . , 0
1
€ | Temperaturcinthediilpipe | 1= Temventureintedilipbe
< 500 = ;nnu\atrter[r\pe';]am:e E 500+ 3 e Annular temperature
o o
a8 a8
1000+ 1000
1500 1500+
2000+ 2000
Temperature ['C]
60 70 80 90 100 110
2500+ 25004 _
EZQOO SEErasr g
3000 EO I B i
3100 s e B - e B e 1
3500 " : g y : 3500 , . . .
20 40 60 80 100 120 20 40 60 80 100 120
Temperature [°C] Temperature ['C]
Figure 5. Model-predicted wellbore Figure 6. Model-predicted annular

temperature profile with pump rate of 1 m%/s temperature profile with different pump rates
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Figure 7 shows the wellbore temperature
profile with bit nozzle size of 339 mm?. A com-
parison between figs. 3 and 6 shows that bit noz-
zle size has great influence on the temperature
reduction range at the bit. Temperature reduction
increases from 31.3-57.2 °C while bit nozzle
size decreases from 539-339 mm?. It can be in-
dicated that the smaller the bit nozzle size is, the
larger the temperature reduction range is. After
gas-flows up a distance from the well bottom,
the wellbore temperature tends to be same. This
means that the bit nozzle size only affects the
temperature near the bottom hole. On the other
hand, compare with the influence of the flow rate,
the nozzle area is the primary influencing factor
of temperature reduction range.

Conclusions

1 e Temperature in the drill pipe
2 Formation temperature
3= Annular temperature

500+

10004

Depth [m]

1500

2000+

2500+

3000+

35004— : : : :
20 40 60 80 100 120
Temperature ['C]
Figure 7. Model-predicted wellbore
temperature profile with bit nozzle 339 mm?’

In this study, a temperature-pressure coupling calculation model was developed for
predicting the wellbore temperature profile in gas drilling. The model was solved by cycle cou-
pling iteration method. The following conclusions are drawn based on the analysis.

Temperature in the pipe increases parallel with the formation temperature. At the bottom
hole, under the influence of Joule-Thomson cooling effect, there is a large temperature re-
duction at the bit. Near the wellhead, annular temperature rises rapidly under the influence
of friction heat.

Heat source has great influence on the temperature distribution. Wellbore temperature con-
sidering the influence of heat source is higher than that without considering the influence of
heat source at the same depth.

Gas-flow rate has limited influence on the wellbore temperature except the bottom-hole
temperature and wellhead temperature. Temperature ranges at the bottom hole and near the
wellhead increase with the increasing gas-flow rate.

Bit nozzle size has great influence on the temperature reduction range at the bottom hole.
The smaller the bit nozzle size is, the larger the temperature reduction range is. On the other
hand, after gas-flows upward a distance from the bottom-hole, the wellbore temperature
tends to be same, whatever the bit nozzle size is.

Nomenclature

¢, — specific heat capacity of gas, [Jkg '°C'] h, —convection heat transfer coefficient of the

¢, —specific heat capacity of the drill pipe, outer wall of drill pipe, [Wm2°C]
[Jkg'C™] h;  — convection heat transfer coefficient of the

D; —hydraulic radius of drill pipe, [mm] wellbore wall, [Wm2°C™]

D, —hydraulic radius of annulus, [mm] ke — thermal conductivity of the formation,

e  —absolute roughness, [mm] [Wm°C]

f —friction coefficient, [-] k, — thermal conductivity of the drill pipe,

g  — gravitational acceleration, [ms?] [Wm°C]

g —the geothermal gradient, [°Cm '] ky - thermal conductivity of borehole wall,

H —well depth, [m] (casing/rock), [Wm™'°C']

hy  —convection heat transfer coefficient of the k' — specific heat ratio of gas, []

inner wall of the drill pipe, [Wm2°C'] P, —pressure in the downstream of the bit, [MPa]
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P,, —pressure in the upstream of the bit, [MPa] T, — formation temperature far away from the
Q  —heat source term of unit length, [Wm™] welbore
Q. —energy source term of unit length in the T, - surface temperature, [°C]
annulus, [Wm™] T.,, — temperature in the upstream of the bit, [°C]
0O, —energy source term of unit length inside the t  —time variable, [s]
drill pipe, [Wm™'] v;  — gas velocity in the drill pipe and annulus,
q — gas-flow rate, [m’s'] [ms™]
7, — inner radius of the drill pipe, [m] v, — gas velocity in the drill pipe and annulus,
r,  —outer radius of the drill pipe, [m] [ms™]
r;  —wellbore radius, [m] z  —axial direction distance, [m]
r;  —radial distance in the formation, [m]
T, - gas temperature in the drill pipe, [°C] Greek symbols
T, —temperature of the drill pipe, [°C] p. — density of gas in the drill pipe, [kgm ]
T; —temperature of gas in the annulus, [°C] pe  — density of gas in the annulus, [kgm~]
T, —borehole wall temperature, [°C] .
Ty — temperature in the downstream of the bit, [°C] Subscribt
T: - formation temperature, include casing, i —node number of the formation in the r
cement sheath and rock, [°C] direction, 4 <1< 10
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