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The temperature profile plays an important role in well integrity, flow assurance,

and well test. Meanwhile, the impact of engineering conditions should not be

ignored while calculating the well temperature profile. Therefore, in this study,

we established a model to analyze the changing law of the temperature profile

inside the production string of a high-pressure/high-temperature gas well

(HPHT gas well). The proposed model considers the flow friction caused by

a high production rate. Meanwhile, the variations in gas properties are taken into

account to increase the model accuracy, including gas density, flow velocity,

and viscosity. The analysis indicates that the temperature in the production

string decreases more andmore quickly from the reservoir to the wellhead. The

wellhead temperature changes more and more slowly with time. When the

reservoir temperature is too low to maintain production, it is useful to regulate

the production rate or inject the thermal insulating fluid into the annulus to

avoid the block caused by wax deposition or hydrate deposition. Considering

the sensitivity, feasibility, and cost, it is recommended to change the well

temperature profile by adjusting the production rate. If not applicable, the

thermal conductivity can also be optimized to change the temperature profile.
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Introduction

Due to the worldwide rapid increase in the consumption

and extensive application of natural gas for both industrial and

civil purposes, natural gas development has stepped into more

harsh strata and conditions, such as gas hydrate [1–3], shale/

tight gas [4, 5], deep water formation [6, 7], deep/ultra-deep

stratum [8, 9], and coalbed methane [10]. Among the aforesaid

resources of natural gas, the deep/ultra-deep stratum has great

potential for its rich reserves and high productivity. Deep/ultra-

deep natural gas is usually buried 5,000 m or deeper under the

ground, so the bottom hole temperature can be as high as 180 °C

[11, 12]. As a result, the temperature profile in the production

string is unavoidably changed by the natural gas from the

reservoir. Meanwhile, the temperature profile is an

important index for production safety. The applications are

as follows. First is well integrity. The increase in temperature

can lead to trapped annular pressure [13, 14]. This can cause

casing collapse [15, 16], cement integrity failure [17, 18], packer

sealing failure [19], and tubing deformation [20]. In addition to

trapped annular pressure, thermal stress would also damage

well integrity [21], such as the tubing buckling and cement

strength reduction. Second is flow assurance. The wax and gas

hydrate would block the production pathway when the

temperature is not high enough [22, 23]. In some gas wells

with high content of sulfur, sulfur deposition can also block the

production pathway [24]. When the abovementioned incidents

happen, effective measures such as heating, chemical plugging

removal, and ultrasound removal [25, 26] must be taken to

restart production. Third is the production test. The well

temperature distribution can reflect the reservoir energy, so

it is a classical method to estimate the productivity by analyzing

the wellbore transient temperature during the production test

[27, 28].

Henceforth, substantial efforts have been devoted to

calculate the wellbore temperature. The available research

works indicate that the calculation should consider different

engineering conditions, such as cement hydration [29], drilling

circulation [30], thermal insulation [31], and gas properties

[32, 33]. For an HPHT gas well, there are two factors that

cannot be ignored: first, the gas flow friction would generate

heat and decrease pressure because of the high production rate

[34]. Second, the gas properties would vary because the

temperature and pressure decrease remarkably from the

reservoir to the wellhead. For this reason, this study

establishes a model to analyze the changing law of the

temperature profile in HPHT gas wells. The model considers

the gas flow friction and variation in properties in order to

match the actual condition as closely as possible. A

dimensionless index is introduced to evaluate the

influencing factors, thus providing support for safe and

effective production of HPHT gas wells.

Calculation method of the
temperature profile inside the
production string

Conservation law in the production string

The reservoir gas is the heat resource to redistribute the

wellbore temperature. To calculate the temperature, some

assumptions are essential. First, the wellbore cross-section is

taken as a circle, and the pipes are concentric. Second, thermal

conductivity is used to express the wellbore heat transfer

capacity. Third, the production is stable without large

fluctuations, and the heat transfer along the flow direction is

so minor that it can be ignored. Based on the aforementioned

assumptions, the energy conservation equation can be

established in the micro-unit of the production string,

including the internal energy, kinetic energy, pressure energy,

gravitational potential energy, and heat transfer, as expressed by

Eq. 1:

Cf
dTf

dz
+ vf

dvf
dz

+ 1
ρf

dp
dz

+ g sin θ + 1
wf

dQ
dz

� 0 (1)

where Cf is the gas heat capacity inside the production string, J/

(kgK); dTf is the gas temperature change inside the production

string, K; dz is the length of the micro-unit of the production

string, m; vf is the flow velocity of gas, m/s; dvf is the flow velocity

change of gas, m/s; ρf is the gas density inside the production

string, kg/m3; p is the gas pressure inside the production string,

Pa; g is the gravity speed, m/s2; θ is the well inclination angle, °; wf

is the gas mass flow rate, kg/s; and dQ is the heat transfer along

the well radial direction, J/s.

In addition to the energy conservation law, the momentum

conservation law can also be applied in the micro-unit of the

production string, as expressed by Eq. 2:

dp
dz

+ ρfg sin θ + f
ρfv

2
f

2dtn
+ ρfvf

dvf
dz

� 0 (2)

where f is the friction efficient between the gas flow and

production string, dimensionless; and dtn is the inner

diameter of the production string, m.

Likewise, the mass conservation law can also be applied in the

micro-unit of the production string, as expressed by Eq. 3:

ρf
dvf
dz

+ vf
dρf
dz

� 0. (3)

Heat transfer along the well radial
direction

The heat transfers through the tubing, annular liquid,

casing, and cement sheath and finally comes to the

formation. This process can be divided into two parts. The
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first part is the heat transfer from the production string to the

cement sheath and the second is from the cement sheath to the

formation. According to the semi-steady method [35, 36], the

first part can be seen as a state, so the heat transfer can be

expressed by Eq. 4:

dQrw � Tf − Th

Rto
dz (4)

where dQrw is the heat transfer from the production string to the

cement sheath, J/s; Tf is the gas temperature inside the

production string, K; Th is the temperature of the cement

sheath, K; and Rto is the thermal resistance from the

production string to the cement sheath, mk/W.

As shown in Figure 1, Rto is the thermal resistance from the

production string to the cement sheath and can be obtained by

the thermal resistance series principle, as expressed by Eq. 5:

Rto � Rtct + Rcht +∑m
k�1

Rk
tc +∑n

j�1
Rj
te (5)

where Rtct is the thermal resistance of the tubing wall, mk/W; Rcht

is the thermal resistance of the annular liquid, mk/W; Rk
tc is the

thermal resistance of the kth casing wall, mk/W; and Rj
te is the

thermal resistance of the jth cement sheath, mk/W.

Hasan and Kabir [37] verified that the heat transfer from the

cement sheath to the formation conforms to Fourier heat

conduction law, which can be expressed by Eq. 6:

dQrf � 2πλe(Th − Te)
TD

dz (6)

where λe is the formation of thermal conductivity outside the

cement sheath, W/(mk); Te is the temperature of the formation

outside the cement sheath, k; and TD is the dimensionless

temperature of the formation outside the cement sheath,

dimensionless.

The formation temperature can be expressed by Eq. 7 when

the formation temperature is seen as a linear distribution:

Te � To + gt(h − z) (7)
where To is the surface ground temperature, k; gt is the

geothermal gradient, k/100 m; h is the well depth, m; and z is

the distance from the formation outside the cement sheath to the

well bottom, m.

The dimensionless temperature of formation can be

expressed by Eqs 8 and 9, as proposed by Hasan and Kabir [37]:

TD � { 1.1281
��
tD

√ (1 − 0.3
��
tD

√ ), tD ≤ 1.5,
(0.4063 + 0.5 ln tD)(1 + 0.6/tD), tD ≻ 1.5

(8)

tD � tαe
rw2

(9)

where tD is the dimensionless production time, dimensionless; t is

the production time, s; αe is the formation thermal diffusion

coefficient, m2/s; and rw is the wellbore radius, m.

According to the semi-steady method and the conservation

principle of radial heat flow, the heat transfer in the two

aforementioned parts is equal. Then, the temperature of the

cement sheath, Th, can be expressed by Eq. 10:

Th � TDTf + 2πλeRtoTe

TD + 2πλeRto
. (10)

The heat transfer on the radial direction can be obtained by

combining Eq. 10 and Eq. 6, as expressed by Eq. 11:

dQ � 2πλe(Tf − Te)
TD + 2πλeRto

dz. (11)

Impact of the gas flow friction

The gas flow friction can increase the gas internal energy

while decreasing the pressure energy. The friction efficient is the

key parameter to calculate gas flow friction [38], as expressed by

Eq. 12:

f �
64
Re

, Re≤ 2000

[1.14 − 21g(Ra
dtn

+ 21.25
Re0.9

)]−2
, Re> 2000

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (12)

where Ra is the roughness of the production string inner wall, m;

and Re is the Reynolds number, dimensionless.

The Reynolds number can be expressed by Eq. 13:

Re � ρfvfdtn

μ
(13)

where μ is the gas viscosity, Pas.

After the friction efficient is obtained, the gas pressure inside

the production string can be expressed by Eq. 14:

dp
dz

� −ρfg sin θ − f
ρfv

2
f

2dtn
− ρfvf

dvf
dz

(14)

Likewise, the gas temperature in the production string can be

obtained by substituting Eq. 15 and Eq. 11 into Eq. 1, as expressed

by Eq. 14:

dTf

dz
� f

ρf v
2
f

2Cfdtn
− 2πλe(Tf − Te)
wfCf(TD + 2πλeRto) (15)

Impact of the gas properties

According to the mass conservation law, the change of gas

flow velocity can be calculated by Eq. 16:

dvf
dz

� −vf dρf
ρf dz

(16)
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Natural gas is compressible, so its density can be expressed by

Eq. 16:

ρf �
pfMg

ZgRTf
(17)

where Mg is the molar mass of gas, kg/mol; Zg is the gas

compression factor, dimensionless; and R is the gas constant,

J/(kgmol).

The gas compression factor is related to the pressure and

temperature [39], as expressed by Eq. 18:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Zg � A1 + A2 lnpr + A3(lnpr)2 + A4(lnpr)3 + A5/Tr + A6/T2
r

1 + A7 lnpr + A8(lnpr)2 + A9/Tr + A10/T2
r

pr � 10−6pf

4.666 + 0.103γg − 0.25γ2g
,

Tr � 273.15 + Tf

93.3 + 181γg − 7γ2g
,

(18)
where A1, A2, A3, A4, A5, A6, A7, A8, A9, and A10 are constants,

dimensionless; pr is the pseudo-contrast pressure, dimensionless;

Tr is the pseudo-contrast temperature, dimensionless; and γg is

the gas relative density, dimensionless.

The value of the constants used in Eq. 17 are as follows: A1 =

1.1153, A2 = 0.079, A3 = 0.01588, A4 = 0.00886, A5 = −2.1619,

A6 = 1.1575, A7 = −0.05368, A8 = 0.014655, A9 = −1.80997, and

A10 = 0.9548. In addition to the velocity and density, the viscosity

also changes with the temperature, as expressed by Eq. 19:

μ

μ0
� (Tf

T0
)1.5

T0 + 110.4
Tf + 110.4

(19)

where μ0 is the gas viscosity under normal temperature, Pas; and

T0 is the test temperature, k.

Solution method

Solution of the temperature profile inside
the production string

It can be observed from the aforementioned calculation

method that a coupling relationship exists among the

temperature, pressure, and gas properties. In order to solve Eq.

14, the well should be divided into a short section in the axial

direction with length△z. The short section is numbered as 0, 1, 2,

3, ......, i-1, i+1, ......, h/△z. As a result, the temperature of the ith

section can be expressed by Eq. 20 by the difference of Eq. 15:

Ti
f(t) �

1
A + Δz(ATi−1

f (t) + ΔzTi
e + AΔzfi−1(vi−1f )2

2Cfdtn
)

A � wfCf[TD + 2πλeR
i
to]

2πλe

(20)

where A is a calculation parameter.

As shown in Figure 2, the gas properties used in Eq. 20 are

obtained under the pressure and temperature of the last well

section, as expressed by Eq. 21:

Gi � f(Ti−1
f , pi−1

f ) (21)

whereGi is the gas properties used to calculate the temperature of

the ith well section, including velocity, density, and viscosity

shown in 1.4.

Solution of the pressure profile inside the
production string

Moreover, the gas properties also change in that the flow

friction influences the wellbore pressure and temperature. The

gas pressure can also be calculated, as expressed by Eq. 22:

pi
f � pi−1

f − (ρifg sin θ + fiρ
i
f(vif )2
2dtn

)Δz − ρifv
i
fΔvif (22)

where △vf is the change of gas velocity in the short well

section, m/s.

Because the well bottom temperature and pressure are

available through well logging, the calculation starts from the

well bottom, as expressed by Eq. 23.⎧⎪⎪⎪⎨⎪⎪⎪⎩
T0
f � Tb,

p0
f � pb,

△v0f � 0,
G1 � f(T0

f , p
0
f ) (23)

where Tb is the well bottom temperature, K; and pb is the well

bottom pressure, Pa.

Changing law of the temperature
profile

Changing law under different factors

An HPHT gas well is selected from Ref. [40] as a case well to

study the changing law. The basic parameters can be found in the

reference. The temperature distributions in the production string

under different influencing factors are shown in Figure 3. The

detailed analysis is as follows:

1) Changing law under different production times. As shown in

Figure 3A1, the temperature inside the production string

decreases from the well bottom to the wellhead more and

more quickly. According to Figure 3A2, the wellhead

temperature increases as the production prolongs, but the

increasing rate gradually decreases, and the increment value is

not so large. For example, the wellhead temperatures are
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358.33K, 361.77K, 364.56K, 365.73K, and 367.62K,

respectively, under the production times of 10, 50, 200,

365, and 1000 days. This indicates that the largest

temperature difference appears at the wellhead. Moreover,

the changing rate of the temperature profile becomes slower

and slower as the production continues. This means that the

wellhead temperature would keep stable under normal

production. However, the production histories of some gas

wells showed that the wellhead temperature sometimes

fluctuates remarkably. This situation may be caused by

some incidents, such as reservoir energy depletion,

production string block, or water invasion.

2) Changing law under different production rates. As shown in

Figure 3B1, the whole temperature profile increases as the

production increases. Alternatively, the temperature change

becomes smaller and smaller as the well depth increases.

Combining Figure 3B2, it can be observed that the maximum

temperature change appears at the wellhead. For example, the

wellhead temperatures are 349.85K, 365.73K, 390.77K, and

416.21K, respectively, under the production rates of

300 000 m3/d, 400 000 m3/d, 600 000 m3/d, and

800 000 m3/d, while the temperatures at the well bottom

are equal. This can be explained by two reasons: first, a

larger production rate brings more heat from the deep gas

reservoir. Second, the heat generated by the flow friction

increases. For some gas wells blocked by the wax deposition or

the gas hydrate, the production rate can be increased in order

to enhance the temperature profile of the gas wells.

3) Changing law under different values of the annular liquid

thermal conductivity. The main function of the annular liquid

is to prevent tubing collapse by balancing the pressure

difference [41]. Meanwhile, the annular liquid also plays a

role in thermal insulation by improving its thermal

conductivity [42]. As shown in Figure 3C1, the annular

liquid with higher thermal conductivity can enhance the

temperature profile inside the production string. Similar to

the impact of the annular liquid thermal conductivity, the

maximum temperature change appears at the wellhead, but

the trend is the opposite. Taking the wellhead temperature in

Figure 3C2 as an example, the temperature increases from

358.58K to 374.42K when the annular liquid thermal

conductivity decreases from 1.0 W/(mK) to 0.4 W/(mK).

Hence, the annular liquid with low thermal conductivity

can be applied to mitigate the trapped annular pressure. If

necessary, the annular liquid thermal conductivity can be

even lower, thus increasing the temperature profile. Likewise,

this can also be used in the prevention of wax deposition or

the gas hydrate block in low-temperature gas wells.

4) Changing law under different values of the gas-specific heat

capacity. As shown in Figure 3D1, the temperature profile

increases as the gas heat capacity increases. According to

Figure 3D2, the wellhead temperature has an approximate

positive linear relation with the gas-specific heat capacity,

which is the same as the impact of the production rate. Since

natural gas is compressible, the temperature has an impact on

the heat capacity. Currently, there are several methods to

express the impact of temperature on gas capacity, including

the formula HYSYS software and API formula. However,

these methods may not be applicable when the natural gas is

mixed with different kinds of gas or the temperature is very

high [43]. Therefore, the gas heat capacity should be tested in

order to improve the calculation accuracy of temperature

distribution in gas wells. On the other hand, the specific heat

capacity of the production fluid would also change when the

water enters the wellbore, thus leading to a change in the well

temperature distribution.

Evaluation of the influencing factors

The wellhead is convenient to observe, so it can be taken

as an index to reflect the wellbore temperature distribution

and reservoir temperature. As stated previously, the changing

law and the changing degree are different under the influences

of different factors. Limited by the value ranges and the units

of different factors, it is hard to directly compare the

sensitivities of the influencing factors. For this reason, a

FIGURE 1
Heat transfer along the well radial direction.

FIGURE 2
Sketch map of the short section of the production string.
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new dimensionless index is proposed by Zhang et al. [44],

which is called the ratio of standard deviation coefficient. To

eliminate the impact of the factors’ units, this index is the

ratio of the standard deviation coefficient of wellhead

temperature and influencing factor. To eliminate the

impact of the value range, it is necessary to get the starting

point of the value range back to 0. Based on the two principles,

the ratio of the standard deviation coefficient can be obtained

in three steps. The first step is to get the starting point of the

value range back to 0, as expressed by Eq. 24:

x′
j � xj −min(x1, x2, x3 . . . . . .xn) (24)

where x′
j is the jth value of the factor x after returning to 0; xj is

the jth value of the factor x; and n is the number of the factor

values.

The second step is to calculate the standard deviation of the

influencing factors and the wellhead temperature, as expressed by

Eq. 25:

σ �

������������∑j�n
j�1

(x′
j − xifa)2
n

√√
(25)

where σ is the standard deviation and xifa is the average value of

the factor value change.

FIGURE 3
(Continued).
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Finally, the ratio of the standard deviation coefficient can be

expressed by Eq. 26:

Cr � σpxifa

σxThead
× 100% (26)

where Cr is the ratio of the standard deviation coefficient,

dimensionless; σp is the wellhead temperature standard deviation,

K; σx is the standard deviation of the influencing factor; and Thead is

the average value of the wellhead temperature, K.

Figure 4 shows the evaluation results. The sensitivity is

presented by the new index, the ratio of the standard deviation

coefficient. Here, the sensitivity in Figure 4 means the ability

of the influencing factors to change the wellhead temperature.

The higher the sensitivity is, the stronger the ability is. The

horizontal axis represents the feasibility to adjust the wellhead

temperature through the related factor. It can be seen that the

gas-specific heat capacity has the highest sensitivity, while the

production time has the lowest. Nevertheless, there are few

methods to change the gas heat capacity in that this is a

property determined by the production fluid. The production

time can only be adjusted by stopping or continuing

production. In other words, adjustment of the production

time would disturb the production. The production rate can

be adjusted through the oil nozzle. The only disadvantage is

FIGURE 3
(Continued). Changing law of the temperature profile under different factors. (A1) and (A2) are the impacts of production time. (B1) and (B2) are
the impacts of production rate. (C1) and (C2) are the impacts of annular liquid thermal conductivity. (D1) and (D2) are the impacts of gas heat
capacity.
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that the reservoir energy may be not able to last long at high

production rate. The thermal conductivity of the annular

liquid is easy to adjust by selecting different kinds of

thermal-insulated liquids [45]. Given the cost, it is

recommended to change the well temperature profile by

adjusting the production rate. If not applicable, the thermal

conductivity can be optimized to change the temperature

profile.

Conclusion

1) The wellhead temperature increases as the production time

increases, but the changing rate of the temperature profile

becomes slower and slower as the production continues.

Therefore, the obvious change in wellhead temperature can

reflect potential production incidents of gas wells, such as

reservoir energy depletion, production string block, or water

invasion.

2) The production rate and annular liquid thermal conductivity

can improve the temperature profile inside the production

string, which can be used to prevent wax or hydrate

deposition in gas wells with low temperature. The gas-

specific heat capacity and temperature have a coupling

relationship, so the changing law of gas-specific heat

should be considered to improve the calculation accuracy.

3) Consideringthesensitivity, feasibility,andcost, it is recommended

tochange thewell temperatureprofilebyadjusting theproduction

rate. Ifnotapplicable, thethermalconductivitycanbeoptimizedto

change the temperature profile.
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