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In order not to hinder gas production, we usually hope that the bottom hole effusion can be discharged to the surface with high-
pressure natural gas. For the production data of high water content gas wells, the problems of insufficient water content and
liquid-carrying capacity affecting gas well production should be considered. Based on the wellbore gas-liquid two-phase pipe
flow theory and heat transfer theory, the temperature and pressure coupling prediction model of a high water-bearing gas well
is established. Combined with the downhole throttling mechanism and gas-liquid two-phase homogeneous flow theory, the
temperature and pressure field distribution model is established. The results show that compared with the Ramey model and
Hassan and Kabir model, the temperature and pressure coupling prediction model of high water-bearing gas wells established
in this study has the smallest coefficient of variation in the four groups of data tests. Based on this, the effects of different
working conditions and choke diameter on downhole throttling characteristics of high water-bearing gas wells are analyzed.
The findings of this study are helpful to better predict the wellbore temperature and pressure coupling of high water-bearing
gas wells and provide more effective help for the smooth production of gas wells.

1. Research Status of Gas-Liquid Two-
Phase Well

The prediction of wellbore temperature and pressure field
has always been a major problem of common concern to
scientists [1] because it is related to the accurate construc-
tion of oil production technology [2, 3], the safety of pipe
string [4–6], the normal use of various downhole tools
[7], the reliability of production process [8], and the wax
and scale prevention of oil and gas wells affected by tem-
perature and pressure [9–12]. Nowadays, in the daily pro-
duction process of gas wells, the phase change of natural
gas in the wellbore is becoming more and more common
[13, 14]. For example, affected by the formation and other
environmental factors, formation water or other free water

often appears in the wellbore of producing gas wells, and
a large amount of accumulation will lead to fluid accumu-
lation in the wellbore. The site often hopes that the water
infiltrating from the formation to the bottom of the well
can be carried to the ground by high-pressure natural gas
fluid in time. In order to solve this engineering problem,
many scholars have proposed new calculation methods to
calculate and obtain the relevant data of gas well tempera-
ture, pressure field, and liquid carrying.

Abdelhafiz et al. [15] proposed a model for predicting
the temperature distribution of vertical wellbore systems
under circulation and shut-in conditions. The model can
simulate the transient temperature disturbance of drilling
fluid, drill string, casing string, cement behind the casing,
and surrounding rock formation. However, the coupling
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effect of temperature and pressure is not considered in the
model. Turner first considered the wellbore flow process
and established the droplet model. Among them, the calcu-
lation formula of critical gas velocity and the droplet param-
eters carried by gas flow are obtained based on the droplet
geometric size and force model [16]. However, the model
has requirements for the gas-liquid ratio. When the gas-
liquid ratio reaches a specific value (GLR > 1400m3/m3),
the model can be applied to the gas well with annular fog
flow. Based on Turner’s model, Gray considered the influ-
ence of temperature gradient, gas composition, fluid acceler-
ation, and other factors during liquid carrying in gas wells
and obtained the wellbore pressure drop of gas-liquid two-
phase pipe flow by using an empirical model [17]. However,
the Gray model has no different flow patterns, which is only
applicable to stable wellbore flow and not applicable to pro-
duction wells with effusion. In 2006, Ghalambor and Xu
proposed a new liquid-carrying model for gas wells [18]. In
view of the difficulty in calculating the pressure of multi-
phase flow gas wells, a simplified process is adopted. It is
considered that the kinetic energy of the gas is only slightly
higher than that required for liquid carrying in order to
bring droplets from the bottom of the well to the surface.
A method to predict critical flow is used to solve the defects
of the Turner model, which cannot effectively calculate the
pressure of multiphase flow gas wells, but the model only
explains the droplet being brought out of the wellhead from
the macro perspective, without considering the effects of
droplet morphology and wellbore environment. Based on
the formation process of droplets in gas wells, Li et al. pro-
posed an ellipsoidal droplet model considering factors such
as pressure and environment [19]. The calculation method
of liquid-carrying critical flow is obtained. Compared with
the Turner model, the calculated value is about 38% of its
result, which is more accurate than the Turner model, but
the model does not take into account the influence of well-
bore pressure and temperature environment on liquid-
carrying capacity. In 2010, Chaoyang adopted a new ellip-
soid model [20], considered the influence of droplet physical
model and size on stress mode, analyzed the liquid-carrying
process of gas wells with liquid in the wellbore, and obtained
a new ellipsoid calculation model. However, the application
is limited by the field well conditions.

In 2012, Zhibin and Yingchuan considered the influence
of droplet parameters, stress model, and other factors on the
liquid-carrying capacity and gave a reasonable explanation
for the difference in the calculation results of liquid-
carrying capacity of each gas field [21], but the model
ignored the change of fluid flow pattern in the wellbore. In
2012, Zhi et al. established the critical liquid-carrying model
in the throttling process. It is qualitatively analyzed that
downhole throttling can improve the liquid-carrying capac-
ity of gas wells [22], but the model fails to solve the quanti-
tative relationship between liquid-carrying flow and gas
production. In 2014, Gang simplified the calculation of
droplet surface tension, ignored the influence of surface ten-
sion on the critical flow of liquid carrying, and replaced it
with quantitative constant. It is considered that the surface
tension will change with different temperatures and pressure

[23], but the quantitative relationship between surface ten-
sion and temperature and pressure is not described. In
2018, aiming at the problem of insufficient liquid-carrying
capacity of low-pressure and low-yield gas wells, Yang calcu-
lated the changes of critical liquid-carrying flow at different
depths [24] and obtained that high-pressure gas wells mostly
occurred at the wellhead and low-pressure and low-yield gas
wells mostly occurred at the bottom of the well. However, he
did not establish an appropriate critical liquid-carrying flow
prediction model but made a qualitative judgment. In 2020,
Jinbao established the prediction model of critical liquid-
carrying velocity of inclined gas wells based on the charac-
teristics of gas-liquid two-phase flow [25] and carried out
multiparameter sensitivity analysis. The prediction effect of
the model based on an annular fog flow pattern is better.

Through the above data investigation, it is concluded
that considering the throttling process, there is little research
on the change of critical liquid carrying the flow of gas well,
and the research on the change of flow pattern in wellbore
on the change of critical liquid carrying the flow of gas well
is rarely involved. Therefore, it is necessary to study the sim-
ulation of two-phase throttling temperature and pressure
field in high water-bearing gas wells. In addition, the above
methods do not mention the prediction of wellbore temper-
ature and pressure of high water cut natural gas under high
temperature and high pressure. Therefore, taking the gas
wells in the Daning Jixian block as the research object, this
paper not only considers the wellbore heat transfer but also
considers the influence of formation temperature and well-
bore pressure on the phase state of natural gas, establishing
the wellbore pressure coupling model of water-bearing gas
wells, and discusses the tubing diameter, gas production,
and the relationship between gas water ratio and wellbore
temperature field and pressure field. The technical process
of this study is shown in Figure 1.

Firstly, the gas-liquid two-phase pipe flow model of a
high water-bearing gas well is given. Secondly, the gas well
temperature and pressure are calculated according to the
model, and the relative errors are compared with the Ramey
model, Hassan and Kabir model, and field measured data.
Then, the downhole throttling model of high water content
gas well is introduced to calculate the throttling pressure
and temperature drop of high water content gas well, and
an example of gas well throttling pressure and temperature
drop is analyzed. Finally, the numerical simulation of down-
hole throttling is carried out.

2. Temperature Pressure Coupling
Calculation of High Water-Bearing Gas Well

Based on the wellbore heat transfer mechanism, considering
the gas thermophysical parameters and Joule Thomson coef-
ficient, a wellbore pressure-temperature coupling prediction
model for high water-bearing gas wells is established. The
relationship between the prediction model and Hassan and
Kabir model, Ramey model, and field measured data is
explored by using the coefficient of variation method, the
accuracy of the model is verified, the sensitivity of wellbore
temperature and pressure field is analyzed, and the
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relationship between tubing inner diameter, gas production,
and gas water ratio and wellbore temperature and pressure
field of high water cut gas wells is explored. The wellbore
temperature and pressure coupling model of single-phase
gas well and the temperature and pressure calculation model
of high water-bearing gas well are established, respectively.
The models are verified by Daji 14-1 and Daji 4-5 gas wells.

2.1. Prediction Model of Wellbore Pressure Temperature
Coupling Distribution in High Water-Bearing Gas Wells.
Gas wells with low liquid content are generally treated as
single-phase pure gas wells, but for gas wells with high water
content, the pressure and temperature prediction model of
single-phase gas wells cannot meet the accuracy require-
ments, so it is necessary to reestablish the pressure and tem-
perature prediction model on the basis of considering water
content.

In the daily production and management of natural gas
wells, the gas phase plays a dominant role, and there is only
a small amount of liquid. However, with the continuous
extension of production time, the liquid content in the well-
bore will also increase so that the flow characteristics in the
whole wellbore are completely different from the flow of
pure gas, reflecting the characteristics of two-phase flow. In
addition, due to the continuous attenuation of temperature
and pressure in the wellbore from the bottom to the ground,
mass exchange between gas and liquid occurs, and the phys-
ical parameters of gas and liquid change at the same time.
Therefore, it is necessary to establish a gas-liquid two-
phase pipe flow model in high water-bearing gas wells to
describe the dynamic model of gas and liquid wellbore flow.

The fluid flow in the wellbore is regarded as one-
dimensional flow, that is, the flow parameters and physical
parameters of gas and liquid phases on any section of the

pipeline are uniform, which is the average value of the sec-
tion. The homogeneous flow model in the two-phase flow
research method is used for analysis.

2.1.1. Continuity Equation. Take the one-dimensional micro
element section dz to study; its diameter is d and the pipe
cross-sectional area is A, as shown in Figure 2. Establish
the flow model along the flow direction, and the continuity
equation can be expressed as

ρguga + ρlul 1 − að Þ = Q
A

=G: ð1Þ

Known

ρm = aρg + 1 − að Þρl: ð2Þ

In the homogeneous flow model, the sliding velocity
ratio is 1, that is, it is considered that there is no sliding
between gas and liquid phases, and the volumetric void frac-
tion is equal to the mass void fraction, so the following can
be obtained:

ρm = βρg + 1 − βð Þρl: ð3Þ

2.1.2. Momentum Equation. Similar to single-phase flow, the
momentum equation of homogeneous flow can be expressed
in the form of three pressure drop gradients, which can be
expressed as

−
dp
dz

=
dpg
dz

� �
+

dpf
dz

� �
+ dpa

dz

� �
: ð4Þ

The pressure gradient generated by the gravity of
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Figure 1: Technical flowchart.
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homogeneous flow is

dpg
dz

� �
= ρm sin θ: ð5Þ

The friction gradient can be expressed as

dpf
dz

� �
= τπd

A
: ð6Þ

Sorting:

dpf
dz

� �
= 2ρmg ⋅ f

1
d
v2

g
: ð7Þ

The acceleration pressure gradient can be expressed as

dpa
dz

� �
=G2 dvm

dz
: ð8Þ

Sorting:

−
dp
dz

= ρm sin θ + 2ρmg ⋅ f
1
d
v2

g
+G2 + dvm

dz
: ð9Þ

2.1.3. Energy Equation. In the homogeneous flow model,
according to the principle of energy conservation, the energy
conservation equation of micro element is

Flow work + Internal energy + Kinetic energy
+ Potential energy

= Add heat energy‐External work of the system:

ð10Þ

It can be expressed as

d pvð Þ + dU + d
1
2 u

2
� �

+ g sin θdz = dq − dw: ð11Þ

Substitute the basic parameters of two-phase flow:

d apug + 1 − að Þpul
h i

+ dq − pd aug + 1 − að Þul
� �

+ d
1
2 au

2
g +

1
2 1 − að Þu2l

� �
+ ρq sin θdz = dq − dw:

ð12Þ

Because there is no external work during gas-liquid two-
phase flow in the wellbore, therefore

d apug + 1 − að Þpul
h i

+ dq − pd aug + 1 − að Þul
� �

+ d
1
2 au

2
g +

1
2 1 − að Þu2l

� �
+ ρq sin θdz = dq:

ð13Þ

By introducing the specific enthalpy and taking the
micro element section with the length of dz on the oil pipe,
the energy conservation equation can be obtained as follows:

dh
dz

= −
VmdVm

dz
− g sin θ −

q
Q
: ð14Þ

The specific enthalpy is a function of temperature and
pressure, namely,

dh = ∂h
∂T

� �
p

dT + ∂h
∂p

� �
T

dp = CpdT − CJCpdp: ð15Þ

The heat transferred radially to the contact surface
between the cement sheath and the formation is expressed as

Q1 = −2πrtoU to T f − Ts

� 	
dz: ð16Þ

The radial heat transfer from the cement layer to the sur-
rounding stratum is

Q2 = −
2πke Ts − Teið Þdz

f tð Þ : ð17Þ

The heat transferred to the second contact surface is
equal to the heat given to the surrounding formation by
the second contact surface. The outlet temperature of each
section can be obtained simultaneously:

T f out = eλ zout−zinð Þ T f in −
g sin θ

λCp
+ η

λ
− Tein +

gl
λ

 !

+ g sin θ

λCp
−
η

λ
+ Teout +

gl
λ
,

η = CJ
dp
dz

−
v
Cp

dv
dz

, λ = 2πrtoU toke
Cpw ke + f tð ÞrtoU toð Þ : ð18Þ

𝜃
p+dp

z+dz

z z
vm

𝜌mgAdz

p

dz

Figure 2: Micro element diagram of one-dimensional gas-liquid
two-phase flow.
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The Joule Thomson coefficient can be expressed as [26]

CJ =
1
Cp

WgT

Zgρg

 !
∂Zg

∂Z

� �
p

−
1 −Wg

� 	
1 − βTð Þ

ρl

" #
, ð19Þ

where β = ð1/vÞð∂V/∂TÞp = ð−1/ρÞð∂ρ/∂TÞp.
The wellbore pressure-temperature coupling model of

the high water-bearing gas well needs to be solved by an iter-
ative method. The wellbore is divided into n sections.
Assuming that the thermophysical parameters in each sec-
tion are equal, the bottom hole temperature and pressure
parameters are set as the boundary conditions, and the rele-
vant physical parameters of the next section are calculated
according to the temperature and pressure until the com-
plete wellbore is calculated.

2.2. Example Calculation of Gas Well Pressure and
Temperature. Based on the established temperature and
pressure coupling model of the high water-bearing gas well,
the above model is verified in combination with the field
actual wellbore data, and the relative errors between the
Ramey model [27], Hassan and Kabir model, temperature-
pressure coupling model of high water-bearing gas well,
and field measured data are compared. The temperature
and pressure distribution of wellbore temperature-pressure
field with the change of tubing size, gas production, and
gas water ratio is analyzed.

2.2.1. Comparison of Wellbore Temperature and Pressure
Field Models. Table 1 shows the wellbore structure parame-
ters of Daji 14-1 and Daji 4-5 in a block.

For the above Daji 14-1 well, the surface casing run-
ning depth is 554.91m, the gas reservoir casing running
depth is 2471.75m, the surface casing running depth of
Daji 4-5 well is 554.64m, and the gas reservoir casing run-
ning depth is 2486.47m. As the overall GWR of the two
wells is less than 2000, they cannot be treated as single-
phase gas wells. Using the temperature pressure coupling
theoretical model of high water-bearing gas wells, write
the measured basic parameters of gas wells into the pro-
gram (such as bottom-hole temperature, bottom hole pres-
sure, well depth, and fluid density in the well) as the initial
conditions and replace them into the temperature pressure
coupling theoretical model of high water-bearing gas wells
set above. The well is divided into micro element segments

for an iterative solution. Because the fourth-order Runge
Kutta method is more accurate to solve the differential
equation, the fourth-order Runge Kutta method is used
to solve the differential equation. To sum up, the calcula-
tion results through MATLAB programming are shown
in Figure 3.

As shown in Figure 3, the wellbore temperature and
pressure coupling prediction model of high water-
bearing gas well established in this paper has higher accu-
racy and is closer to the field measured data than the
Hassan and Kabir model and Ramey model. It can be
seen from the figure that the Ramey model cannot cor-
rectly judge the wellbore temperature and pressure field
of the high water-bearing gas well; the Hassan and Kabir
model is more accurate than the Ramey model because it
has the theoretical basis of a two-phase pipe flow model.
However, when calculating the wellbore temperature and
pressure field, it adopts the method of first calculating
the pressure drop and independently considers the rela-
tionship between pressure change and temperature
change, which has a large deviation from the field reality.
For Daji 14-1 well model, the temperature prediction is
more accurate and the pressure prediction error is large.
There are two reasons for this phenomenon: (1) the
model is caused by the discontinuity of formation pres-
sure gradient in pressure calculation; (2) the actual mea-
surement error of the measured pressure data will also
lead to the deviation from the theoretical calculation
value. For Daji 4-5 well, wellbore pressure prediction is
more accurate and temperature error is relatively large.
This may be due to the approximate continuous change
of geothermal gradient in the calculation of formation
temperature. The theoretical model can be applied to
engineering practice.

2.2.2. Model Error Analysis. Since the dimensions and well
conditions of the four groups of data in Figure 3 are different
from each other, a unified error cannot be used for compar-
ative analysis. The coefficient of variation is introduced to
describe the deviation between the models relative to the
field measured data. The coefficient of variation can be
expressed as

Cv =
σ

μ
: ð20Þ

Table 1: Structural parameters of well Daji 14-1 and Daji 4-5.

Daji 14-1 well Daji 4-5 well Gas water ratio (m3/m3) 800

Artificial bottom hole (m) 2448.3 2472.3 Tubing wall thickness (mm) 6.45

Outer diameter of surface casing (mm) 244.5 244.5 Formation thermal conductivity (W/(m·K)) 1.72

Wall thickness of surface casing (mm) 8.94 8.94 Thermal conductivity of oil pipe (W/(m·K)) 50.5

Outer diameter of gas reservoir casing (mm) 139.7 139.7 Thermal conductivity of casing (W/(m·K)) 50.5

Gas reservoir casing wall thickness (mm) 9.17 9.17 Thermal conductivity of cement sheath (W/(m·K)) 0.95

Gas production (m3/d) 30715 51220 Annular thermal convection coefficient (W/(m2·K)) 0.86

Outer diameter of oil pipe (mm) 88.9 88.9 Fluid convection heat transfer coefficient (W/(m2·K)) 0.82
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Through the coefficient of variation analysis of the four
groups of data, the results are shown in Table 2.

The data discrete points in Table 2 are represented in
two-dimensional coordinates, as shown in Figure 4.

As shown in Figure 4, the temperature-pressure coupling
prediction model of high water-bearing gas well established
in this paper has the smallest coefficient of variation in the
four groups of data tests, indicating that the dispersion
degree with the field measured data is the smallest and has
the highest accuracy.

3. Establishment of Downhole Throttling
Model for High Water-Bearing Gas Wells

This paper introduces the pressure and temperature changes
of natural gas fluid in the gas wellbore through the choke
and puts forward the solution model of downhole throttling
pressure and temperature. Mainly for single-phase gas wells
and high water content gas wells in downhole throttling
operation, combined with downhole throttling mechanism,
the downhole throttling pressure and temperature drop
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model is established to predict the fluid flow parameters
before and after throttling. Combined with the wellbore
pressure and temperature prediction model, the whole well-
bore pressure and temperature distribution under throttling
conditions is obtained. Finally, the accuracy of the model is
verified by comparing field data.

3.1. Downhole Throttling Mechanism. For conventional gas
well testing, a fixed nozzle or variable nozzle is usually used
for throttling and depressurization. It is of great theoretical
value and practical significance to study the variation of
pressure and temperature with flow and orifice diameter
before and after throttling [28].

3.1.1. Thermodynamic Analysis of Downhole Throttling. The
process of downhole high-pressure fluid passing through the
choke belongs to isentropic expansion, accompanied by the
conversion of pressure energy and kinetic energy. Natural
gas does not exchange heat with the outside world during
throttling, which is called adiabatic throttling [29]. Enthalpy
is a function of pressure and temperature. Due to the iso-
enthalpy process, the pressure drop after throttling is caused
by the change of temperature. Adiabatic throttling effect is

usually expressed by the Joule Thomson coefficient.

αH = ∂T
∂p

� �
H

: ð21Þ

The throttling coefficient is a physical parameter
related to the specific state of gas, which can be calculated
by looking up the diagram method and calculation for-
mula. The average throttling coefficient can be calculated
by means of the enthalpy pressure diagram and iso-
enthalpy calculation formula of natural gas, and the gas
temperature after throttling can be obtained. If the tem-
perature drop after throttling is too large and the gas tem-
perature is too low, resulting in condensation or frost, it is
advisable to reduce the gas adiabatic throttling coefficient,
and measures can be taken to reduce the throttling pres-
sure drop and increase the gas temperature before
throttling.

3.1.2. Downhole Throttling Critical Flow Conditions. When
natural gas flows through the choke in the well, the flow pro-
cess obeys the nozzle flow equation, that is, there are critical
and subcritical areas, as shown in Figure 5.

When ðp2/p1Þ ≤ ð2/ðk + 1ÞÞk/ðk−1Þ, the natural gas flow
reaches the critical flow state, and the pressure wave gener-
ated before throttling will not be transmitted to after
throttling.

When ðp2/p1Þ > ð2/ðk + 1ÞÞk/ðk−1Þ, the natural gas flow is
subcritical, and the pressure wave generated before throt-
tling will be transmitted to after throttling, resulting in well-
head pressure fluctuation [30].

Therefore, the fluid is generally required to be in a criti-
cal flow state for downhole throttling design.

3.2. Calculation of Throttling Pressure and Cooling Drop in
High Water-Bearing Gas Wells

3.2.1. Calculation of Throttling Pressure Drop in High Water-
Bearing Gas Wells. According to the theorem of momentum,
there are

Gg2vg2 +Gl2vl2 −Gg1vg1 −Gl1vl1 = p1 − p2ð ÞA2: ð22Þ

It is assumed that there is no mass exchange between gas
and liquid phases and their respective densities do not
change significantly. Continuity equations are available:

Gg1 = Gg2 =Gx,
Gl1 =Gl2 = G 1 − xð Þ, ð23Þ

vg1 =
Gg1
ρgAg1

= Gx
ρgA1α

,

vg2 =
Gg2
ρgAg2

= Gx
ρgA2α

,
ð24Þ

Table 2: Coefficient of variation of each model.

Coefficient of variation
CV

Paper
model

Hassan and
Kabir model

Ramey
model

Wellbore temperature of
Daji 14-1 well

0.114 0.162 0.284

Wellbore pressure of Daji
14-1 well

0.041 0.080 0.083

Wellbore temperature of
Daji 4-5 well

0.169 0.256 0.293

Wellbore pressure of Daji
4-5 well

0.022 0.037 0.042
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Figure 4: Comparison of coefficient of variation of each model.
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vl1 =
Gl1
ρlAl1

= G 1 − xð Þ
ρlA1 1 − αð Þ ,

vl2 =
Gl2
ρlAl2

= G 1 − xð Þ
ρlA2 1 − αð Þ ,

ð25Þ

where αH is the change rate of temperature with pressure
during natural gas throttling, if αH > 0. After throttling, the
temperature will be consistent with the change of pressure.
αH is not only a function of pressure but also a function of
temperature. Therefore, ΔT can only be solved
approximately.

Approximate calculation

ΔT = 〠
p2

p1

αHΔp, ð26Þ

where αH is the average value of αH in the range of Δp.
The calculation method is

αH = 〠
p1

p2

yiαH : ð27Þ

Substituting equations (22), (23), and (24) into equation
(27) can obtain

p2 − p1 =
G2

A2
1ρl

A1
A2

1 − A1
A2

� � 1 − xð Þ2
1 − α

+ ρl
ρg

x2

α

" #
: ð28Þ

For homogeneous flow, the section void fraction is equal
to the mass void fraction, and the above formula can be sim-
plified as

Δp = G2

A2
1ρl

A1
A2

1 − A1
A2

� �
1 + x

ρl
ρg

− 1
 !" #

: ð29Þ

Obviously, through the above formula, on the premise of
knowing the mass flow and fluid parameters, the gas-liquid
two-phase throttling pressure drop can be calculated by for-
mula (29).

3.2.2. Calculation of Throttling Temperature Drop in High
Water-Bearing Gas Wells. In the process of gas-liquid com-
munication through the choke, because the specific heat

capacity of the liquid is much larger than that of the gas,
the temperature reduction rate of the liquid is much slower
than that of the gas, so the energy transfer direction is from
the liquid with higher temperature to the free gas with lower
temperature. In addition, because the gas-liquid two-phase
flow velocity in the throat of the choke is very fast, which
is generally close to or exceeds the Mach number, the heat
and mass balance of the gas-liquid two-phase cannot be
established again in a very short time and can only be rees-
tablished from the throttle outlet to the pressure recovery
section. The basic equation satisfied by the heat exchange
capacity is

ð30Þ

Obviously, equation (30) expresses that the heat
absorbed by the gas phase is equal to the heat released by
the liquid phase when the gas and liquid are connected
through the choke. Ignoring the changes of mass fraction
and specific heat capacity with pressure and temperature
conditions, equation (30) can be expressed as

1‐Mg

� 	
CVl T1 − T2ð Þ =MgCVg T2 − Tg

� 	
: ð31Þ

The left end of equation (31) fully exchanges heat to
obtain heat balance due to the high temperature of the liquid
phase and the heat released by the liquid; the right end rep-
resents the heat absorbed by the gas due to the low temper-
ature of the gas phase.

Generally, the enthalpy difference is used to calculate the
energy change of material in the process. The enthalpy of
material is the sum of ideal gas enthalpy H0 and isothermal
enthalpy difference H −H0 at this temperature. The thermo-
dynamic equation of isothermal enthalpy difference is

H −H0 =
ðV
0

T
∂p
∂T

� �
V

− p
� �

dV + RT Z − 1ð Þ: ð32Þ

The equation of state of natural gas can be transformed
into pressure in the form of

∂p
∂T

� �
V

= R
V − b

−
∂α/∂T

V V + bð Þ + b V − bð Þ : ð33Þ

Substituting (32) into (31), the isothermal enthalpy dif-
ference formula can be obtained:

H −H0
RT

= T ∂α/∂Tð Þ − α Tð Þ
RT2

ffiffiffi
2

p
b

ln Z + 2:414B
Z − 0:414B + Z − 1ð Þ,

ð34Þ

T
∂α
∂T

= −〠
n

i=1
〠
n

j=1
xixjmj αiαjTrj

� 	0:5 1 − kij
� 	

, ð35Þ

B = bp
RT

: ð36Þ

Flow (Q)
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P2/P1

Critical flow
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flow region

Figure 5: Flow characteristics of downhole choke.
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3.3. Example Analysis of Gas Well Throttling Pressure and
Temperature Drop. After obtaining the throttling pressure
drop and temperature drop models of single-phase gas wells
and high water content gas wells, combined with the well-
bore temperature and pressure model, the wellbore tem-
perature and pressure field under throttling condition
can be analyzed. Taking Daji 4-5 gas well as an example,
the wellbore temperature and pressure field under throt-
tling conditions are analyzed and its sensitivity is also ana-
lyzed. The effects of water content, choke diameter, and
gas production on the temperature-pressure field under
throttling conditions are mainly considered. Combined
with field data, the depth of the downhole choke is verified
and analyzed.

Combined with the hydrate distribution curve of well
Daji 4-5, Th = 14:5°C and surface temperature Td = 12:96°C
can be obtained. Combined with the field data, the ground
temperature gradient of well Daji 4-5 is 2.4°C/100m, and
M0 = 41m/°C can be obtained after conversion. Take BK =
0:5 and k = 1:3, and iteratively obtain Z1 = 0:85 at the corre-
sponding temperature through the deviation coefficient of
wellbore natural gas. Select 4mm choke diameter and substi-
tute formula (35) as follows:

Lmin ≥ 41 × 14:5 + 273ð Þ × 0:5−0:85× 1:3−1ð Þ/1:3 − 12:96 + 273ð Þ
h i

:

ð37Þ
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(a) Temperature comparison of Daji 4-5 well before and after throttling
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Figure 6: Choke temperature and pressure distribution of Daji 4-5 well.
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Figure 7: Effect of gas water ratio on throttle temperature and pressure distribution.
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By solving equation (37), the minimum running depth of
well Daji 4-5 choke is 1800m. The node analysis method is
used to obtain the wellbore temperature and pressure distri-
bution under throttling conditions. The steps are as follows:
(1) the temperature and pressure distribution from the bot-
tom of the well to the inlet of the choke is solved by the well-
bore temperature and pressure program. (2) The
temperature and pressure distribution in the throttling sec-
tion is solved by using the throttling temperature and pres-
sure drop model. (3) Taking the throttled temperature and
pressure as the new initial value and substituting it into the
temperature and pressure calculation program, the tempera-
ture and pressure distribution from the choke outlet to the
wellhead is solved. The calculated results are shown in
Figures 2 and 3.

It can be seen from Figure 6 that the wellbore tempera-
ture and pressure distribution change strongly after throt-
tling. When the downhole choke is lowered at the position
of 1800m in the wellbore, the temperature and pressure
have a sudden change at this position, and the temperature
and pressure have decreased significantly. Due to the heating
of the fluid in the wellbore by the ground temperature gradi-
ent, the temperature of the fluid in the wellbore will recover
after throttling and then gradually decrease until the well-
head. The wellhead temperature after throttling is slightly
lower than that before throttling, but the overall difference
is small. After throttling, the pressure decreases greatly,
making the wellhead in a low-pressure state compared with
that before throttling, to achieve the purpose of preventing
hydrate formation.
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Figure 8: Effect of throttle nozzle diameter on throttle temperature and pressure distribution.
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Figure 9: Effect of gas production on throttling temperature and pressure distribution.
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In the actual downhole throttling process, there are
many factors affecting the wellbore temperature and pres-
sure distribution after throttling, such as gas water ratio,
choke diameter, and gas production. Through the field data,
combined with the established throttling model, the sensitiv-
ity of the throttled wellbore is analyzed. The results are
shown in Figures 7–9.

Combined with the throttling temperature and pressure
distribution model of single-phase gas well and the throt-
tling temperature and pressure distribution model of high
water-bearing gas well, the throttling sensitivity of the Daji
4-5 gas well is analyzed. Figure 7 shows that (1) with the
decrease of gas water ratio, the fluid water content in the
wellbore increases and the throttling temperature decreases
more; (2) on the premise of keeping the wellhead flow pres-
sure unchanged, change the gas-water ratio to obtain the
pressure change after throttling. With the decrease of gas-
water ratio, the pressure before throttling becomes higher
and higher, and the throttling pressure drop becomes larger
and larger. Figure 8 shows that (1) with the increase of noz-
zle diameter, the throttling temperature drop becomes
smaller and smaller. This is because the increase of nozzle
diameter increases the amount of fluid passing through the
nozzle at the unit interface, resulting in the weakening of
the throttling effect, resulting in a smaller throttling temper-
ature drop; (2) with the increase of orifice diameter, the
throttling pressure drop decreases gradually. Figure 9 shows
that (1) with the increase of gas production, the temperature
before throttling gradually increases, and the throttling tem-
perature drops gradually increases. The higher the produc-
tion, the higher the wellhead temperature after throttling.
(2) With the increase of gas production, the pressure before
throttling increases gradually, and the pressure drop
increases gradually.

3.4. Numerical Simulation of Downhole Throttling. In order
to obtain the variation of internal parameters of the throt-
tling flow field, CFD simulation can be used. The gas-water
mixing choke can be regarded as a steady and compressible
flow problem of fluid through sudden contraction and sud-
den expansion pipeline. The purpose of the solution is to
simulate the velocity field and temperature field of the
downhole choke through Fluent. The working medium is
gas-water two-phase fluid. Usually, the fluid flow state will
change after passing through this pipeline. With reference
to the actual parameters of the well example, the outer diam-
eter is selected as Φ73mm tubing movable downhole choke
with an inner diameter of Φ62mm, choke diameter d = 3:8
m, length l = 20mm, inlet section L1 = 100mm, and outlet
section L2 = 300mm. The structural model is shown in
Figure 10.

The structural grid in this paper is mainly generated by
ICEM CFD 2020 R2, and the boundary layer at the throttle
valve is encrypted. At the same time, in order to reduce
the number of grids, a coarser grid is used in the part where
the inlet and outlet are far away from the throttle valve. The
grid diagram is shown in Figure 11. Through the grid inde-
pendence analysis, the number of grids greater than 200,000
has no effect on the calculation results. Finally, about

200,000 grids are selected for calculation, as shown in
Figure 12.

We use Fluent to run the model. First, open multiphase
model, energy model, and viscous model, respectively. Then,
in the multiphase flow model, phase 1 is defined as the main
phase as methane, and phase 2 is defined as the dispersed
phase as water-liquid. Throttle inlet pressure p1 = 17:5MPa
, T1 = 340K. Throttle outlet pressure p2 = 6MPa, T2 = 300
K. The flow of natural gas in the restrictor is considered as
a steady state.

Using energy equation and standard k − omega model,
the natural gas flow in the restrictor is regarded as a com-
pressible fluid. The mixture homogenization model based
on pressure is used to simulate the changes of pressure,
velocity, and temperature in the internal flow field of the
restrictor.

The general change trend of pressure is that the gas pres-
sure before throttling does not change significantly. The
cross-sectional area at the throttling inlet decreases sharply
and the flow rate increases abruptly (as shown in
Figure 13), resulting in the instantaneous reduction of the

L1 L2l

d

Figure 10: Geometric model of restrictor.

Figure 11: Schematic diagram of mesh.
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Figure 12: Mesh independence.
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internal flow field from high pressure to low pressure (as
shown in Figure 14). Throttling converts the pressure energy
into kinetic energy. Near the throttling outlet, the flow rate
of high-speed gas begins to decrease with the mixing with
the surrounding gas. The pressure rises to a certain extent
and then tends to be stable. It can be seen from the temper-
ature distribution curve in Figure 15 that there is a large
temperature drop process at the throttling position. The
temperature of the fluid reaches the lowest value after pass-
ing through the throttling nozzle, and then, the low-
temperature gas and the surrounding gas fuse and rise grad-
ually under the action of the ground temperature gradient.

4. Summary and Conclusions

Compared with the Ramey model and Hassan and Kabir
model, the wellbore temperature and pressure coupling pre-
diction model of the high water content gas well in this
paper is closer to the field measured data.

(1) With the decrease of gas water ratio, the fluid water
content in the wellbore increases and the throttling
temperature decreases more

(2) On the premise of keeping the wellhead flow pres-
sure unchanged, change the gas-water ratio to obtain
the pressure change after throttling. With the
decrease of gas-water ratio, the pressure before throt-
tling becomes higher and higher, and the throttling
pressure drop becomes larger and larger. With the
increase of the orifice diameter, the throttling tem-
perature drop becomes smaller and smaller. This is
because the increase of the orifice diameter increases
the amount of fluid passing through the orifice at the
unit interface, resulting in the weakening of the
throttling effect, resulting in the smaller throttling
temperature drop

(3) With the increase of orifice diameter, the throttling
pressure drop decreases gradually. With the increase
of gas production, the temperature before throttling
increases gradually, and the throttling temperature
drop increases gradually. The higher the production,
the higher the wellhead temperature after throttling

(4) With the increase of gas production, the pressure
before throttling increases gradually, and the pres-
sure drop increases gradually. There is a large
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Figure 13: Pressure nephogram and curve of flow field in restrictor.
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Figure 14: Cloud diagram and curve of flow field velocity in restrictor.
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Figure 15: Cloud diagram and curve of total temperature of flow field in restrictor.
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temperature drop process at the throttling position.
When the fluid passes through the throttling nozzle,
the temperature reaches the lowest value, and then,
the low-temperature gas merges with the surround-
ing gas and rises gradually under the action of the
ground temperature gradient

In conclusion, through comparison, the model estab-
lished in this paper has more accurate prediction data, but
this research model is only applicable to the prediction and
calculation of temperature and pressure field of high water
cut two-phase flow gas wells.

Nomenclature

ρg and ρl: Gas density and liquid density (kg/m3)
ug and ul: Gas flow rate and liquid flow rate (m/s)
a: Section air content
Q: Mass flow (kg/s)
G: Mass flow rate (kg/(m2·s))
β: Volumetric gas content
τ: Shear stress between fluid and pipe wall (N/m2),

τ = ðA/πdÞρmg ⋅ 4f ð1/dÞðv2/2gÞ
f : The frictional resistance coefficient of two-phase

flow
G: Mass flow rate (kg/(m2·s))
vm: The specific volume of two-phase flow (kg/m3)
h: Specific enthalpy (J/kg)
Vm: Flow rate of mixture (m/s)
q: Heat of unit control body (J/m·s)
Q: Mass flow of wellbore fluid (kg/s)
Cp: Specific heat capacity of fluid at constant pres-

sure (J/(kg·K))
CJ : Joule Thomson coefficient of gas-liquid two-

phase fluid
rto: Outer diameter of oil pipe (m)
U to: Total heat transfer coefficient (J/ðm ⋅ s ⋅ KÞ)
T f : Wellbore fluid temperature (K)
Ts: Temperature of the second contact surface (K)
ke: Formation thermal conductivity (J/ðm ⋅ s ⋅KÞ)
Tei: Formation temperature at any depth (K)
f ðtÞ: Dimensionless time function
T f out: Fluid temperature at the outlet of each section

(K)
zout: Outlet of each section (m)
zin: Entrance of each section (m)
T f in: Fluid temperature at the inlet of each section (K)
Teout: Formation temperature at the outlet of each

section (K)
Tein: Formation temperature at the inlet of each sec-

tion (K)
w: Mass flow of wellbore fluid (kg/s)
Wg: Gas mass flow (kg/s)
Zg: Deviation coefficient of natural gas
ρg: Gas density (kg/m3)
ρl: Liquid density (kg/m3)
Cv: Coefficient of variation
σ: Standard deviation

μ: Average value
G: Mass flow (kg/s)
v: Flow rate (m/s)
A2: Throat sectional area (m2); g and l, respectively,

represent gas phase and liquid phase, and 1 and
2 represent throttle inlet and throttle throat,
respectively

x: Mass air content
α: Section void content
yi: Mole fraction of component i in the gas phase
ΔT : Temperature change before and after throttling

(K)
Δp: Pressure change before and after throttling

(MPa)
p1 and p2: Pressure value before and after throttling (MPa)
Mg: Gas phase mass fraction
CVl: Specific heat capacity of liquid phase at constant

volume (kJ/(kg·K))
CVg: Specific heat capacity of gas phase at constant

volume (kJ/(kg·K))
T2: Temperature before throttling (K)
T2: Gas-liquid two-phase heat balance temperature

after throttling (K)
Tg: Temperature under downstream pressure of

isoenthalpy process (K)
kij: Adiabatic index of natural gas with different

components
Trj: Comparison temperature of component j (K)
R: Gas constant (8314 kJ/(kmol·K)).
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