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ABSTRACT

The flow behavior of shale gas horizontal wells is relatively complex, and this should be regarded as the main
reason for which conventional pipe flow models are not suitable to describe the related dynamics. In this study,
numerical simulations have been conducted to determine the gas-liquid distribution in these wells. In particular,
using the measured flow pressure data related to 97 groups of shale gas wells as a basis, 9 distinct pipe flow models
have been assessed, and the models displaying a high calculation accuracy for different water-gas ratio (WGR)
ranges have been identified. The results show that: (1) The variation law of WGR in gas well satisfies a power
function relation. (2) The well structure is the main factor affecting the gas-liquid distribution in the wellbore.
(3) The Beggs & Brill, Hagedorn & Brown and Gray models exhibit a high calculation accuracy.
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1 Introduction

Shale reservoir is characterized by extremely low porosity and very low permeability, self-generation
and self-storage. Horizontal wells and large-scale fracturing stimulation technologies are usually used to
develop shale gas reservoirs, and the cluster well development mode is adopted. Multiple horizontal wells
with different bottom extension directions are arranged on one platform. A large amount of liquid is
injected into the formation during fracturing. With the continuous extraction of shale gas, the pressure
and gas production of the gas well is getting lower and lower, and the liquid-carrying capacity of
wellbore is weakened, which leads to the risk of liquid loading or even water flooding at any time. It is
of great significance to understand the gas-liquid two-phase flow of shale gas well, which is beneficial to
determine reasonable tubing running depth or design artificial lift, further improve the liquid-carrying
capacity of gas well and develop shale gas efficiently.

Numerous scholars have investigated the characteristics of gas-liquid two-phase pipe flow in
conventional gas wells, including wellbore gas-liquid two-phase flow pattern, liquid holdup model and
pressure drop model, etc. Williams [1] proposed a method of predicting the type of two-phase flow in
wellbore of a gas well using a program written in FORTRAN, Bill-FlowTRAN.f95 (the flow regimes
covered are mist, transition, and slug flow). Lina et al. [2] evaluated the best correlation of 63 different
void fraction models under specific conditions. Mansour et al. [3] obtained a new correlation for bubble
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migration length to the upper pipe wall. Kim et al. [4] derivated a new slug flow model to calculate the
pressure gradient for horizontal and near horizontal pipes.

However, due to the characteristics of shale gas wells, such as variable wellbore trajectory, long
horizontal section and different liquid production sources, the wellbore flow is complex, and a single
method is not enough to describe the flow features of all shale gas wells. In particular, the misjudgment
of flow would inevitably lead to an erroneous prediction of gas well performance [5]. According to the
literature, more researchers focus on the two-phase flow in shale gas reservoirs [6—8]. Regarding gas and
liquid distribution characteristics in the wellbore, Li [9] and He et al. [10] used a numerical simulation to
study the wellbore flow of shale gas horizontal well and recognized that the deflection is the most
difficult to carry liquid. Yu et al. [11], through an indoor experiment, further proved that 55° is the most
challenging liquid carrying point, and concluded that 60°~70° is the best target well section for
implementing drainage and gas production technology. In terms of wellbore pressure distribution, Liu
et al. [12] compared the pressure calculated by the six commonly used pressure calculation models with
the measured pressure of a single well and found that the Mukherjee & Brill model gave the smallest
calculation error. Similarly, Liu [13] used 50 groups of measured pressure data of shale gas wells to
evaluate and optimize six commonly used pipe flow models. With 45° as the limit, when the well
deviation angle is less than or equal to 45°, the Hagedorn & Brown Revised model is more applicable;
Otherwise, Beggs & Brill Revised model is recommended. Xie et al. [14] proposed a new pressure drop
calculation model suitable for shale gas well production by comprehensively considering the pressure
drop under different flow patterns. Obviously, it is necessary to continue to study the characteristics of
wellbore gas-liquid distribution. It is of great practical significance to develop a reasonable, simple, and
suitable pipe flow model that can be widely used in mines. In this study, the extent of influence of well
structure on gas-liquid flow when running small tubing in the wellbore was determined.

2 Methods

According to the production characteristics of shale gas wells, simplified wellbore models were
constructed, and the gas-liquid distribution of wellbore in different well types was studied by a numerical
simulation. The models for calculation of wellbore pressure in different ranges of water-gas ration (WGR)
were optimized.

2.1 Production Characteristics of Shale Gas Wells

According to different production methods, shale gas production can be roughly divided into three
stages (see Fig. 1):
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Figure 1: Schematic diagram of production stage division of shale gas well
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1. Casing is used in the initial stage of production.

2. After the pressure and production drop to a pre-determined extent, a tubing is put into the hole
without snubbing to improve the liquid-carrying capacity of the gas well.

3. With the further decline of pressure and production, the gas well enters the stage of low pressure and
low production. Its flow capacity is weak, and it faces the risk of liquid loading or water flooding at
any time. It is therefore necessary to implement drainage and gas production processes such as the
use of plungers and foam to assist drainage.

Judging from the actual production in the field, there are great differences in the duration of each stage.
In the early stage of shale gas development, the production time of casing was long, generally more than
600 days, and even as long as 1200 days for some gas wells. With the gradual maturity of drainage and
gas production technology, the timing of tubing intervention has been advanced. The duration of casing
production has been shortened, and mainly takes 180 days or less at present. At the same time, due to the
scale of hydraulic fracturing, reservoir flow capacity, organic matter content and other factors, the
duration of each production well in the stages of casing production and tubing production varies greatly,
thus affecting the time of occurrence of the low-pressure and low-production stage. However, in general,
the pressure and production of shale gas wells decrease rapidly, the low-pressure and low-production
stage lasts longer, and the cumulative gas production in this stage accounts for a large proportion. Shale
gas wells have great gas production potential under low pressure.

Due to the special extraction methods, the first few months of shale gas well production is the main
period of fracturing-fluid flowback. During this period, the daily water production rises to peak levels and
then drops rapidly. It generally decreases to a lower level after 40~90 days in shallow shale gas wells
(buried below 3,500 m in depth). In contrast, after 90 days, the daily water production is still at a high
level in the production of deep shale gas wells (buried over 3,500 m deep). It is relatively large in the
middle and later stages of production. However, the WGR variation of both shallow and deep shale gas
wells basically meets the power function relationship, as shown in Fig. 2.
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Figure 2: Variation curve of daily water production and WGR in different shale gas wells

2.2 Computational Models and Conditions

Based on the production characteristics of shale gas, a numerical simulation method was used to
preliminarily explore the influence of different well types on gas-liquid two-phase distribution when
tubing was running at 60°.
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Shale gas wells can be classified into three types: up-dip, down-dip, and nearly horizontal. Its horizontal
section is long, up to 3,000 m. And the dip angle of the horizontal section of most gas wells is within —10°
~10°. Three simplified wellbore models of up-dip, horizontal, and down-dip wells were established
according to the structural characteristics of shale gas wells (see Fig. 3). The models consist of vertical,
inclined, and horizontal sections. Both the vertical and horizontal sections are round tubes with
dimensions of ®60 mm x 3,000 m and @140 mm x 3,000 m, respectively. An inclined section connects
them with a radius of curvature of 1 m. The horizontal section of the up-dip and down-dip wells is
inclined by 10°, and the difference lies in one up-dip and the other down-dip. Fig. 4 shows the definition
of the tubing running depth (the tubing runs 20° in the example), which the inclined section composed of
a 60° circular pipe (60 mm) and a 30° circular tube (®140 mm).

r ™
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(a) Up-dip well (b) Horizontal well (c) Down-dip well

Figure 3: Simplified wellbore models for up-dip, horizontal and down-dip wells

l

Figure 4: The definition of tubing running depth (20° example)

The fluid domain mesh was divided by a curvature-based encryption method, and the boundary mesh
was set on the wall (10 layers were divided by the smooth transition method). The total number of grid
cells was about 380,000, as shown in Fig. 5. The mesh quality was evaluated by the orthogonality
standard. The orthogonality of most meshes was greater than 0.4, indicating that the overall mesh quality
was good. The minimum orthogonality in the region was 0.11, which met the calculation requirements.
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Figure 5: The grid distribution

Computational Fluid Dynamics (CFD) was used to study the fluid distribution characteristics in the
wellbore. The flow is approximated as a steady-state flow and calculated using a pressure-based N-S
equation solver [15]. During the simulation, the different gas-liquid two-phase fluids in the wellbore were
set as methane and liquid water. The Mixture multiphase flow and Realizable k-¢ turbulence models [16]
were used to simulate the interaction between mixed fluids. The calculation area was discretized based on
the finite element volume method, and the second-order upwind scheme was used to ensure the
calculation accuracy. And the SIMPLE algorithm was used to carry out the flow field coupling [17].

2.3 Pipe Flow Models

The existing multiphase pipe flow models usually include four categories, namely homogeneous flow,
split-phase flow (drift flow), split-flow and combined models. Homogeneous flow model is used to calculate
gas-liquid two-phase flow as a single-phase flow without considering the interaction between gas and liquid,
which is suitable for dispersible bubble flow. The split-phase flow (drift flow) model regards gas and liquid as
two completely separated fluids but does not consider the interaction between the two phases. Therefore, it is
suitable for stratified and annular flows, and the typical models are Lockhart & Martinelli [18] and Hubbard
& Dukler models [19]. The split-flow model is a calculation formula derived by analyzing different flow
patterns to clarify the gas-liquid two-phase flow pattern. Therefore, the calculation formula of pipe flow is
also different for different flow patterns, such as Baker, Mukherjee & Brill and Beggs & Brill models
[20-22]. Different formulas are used to calculate the pressure drop generated by friction, elevation, and
acceleration, then combined to form a pipe flow calculation formula with higher accuracy, resulting in the
combined model.

Pipe flow models widely used in engineering are generally empirical relations, mainly including
Hagedorn & Brown, Duns & Ros, Beggs & Brill, Hagedorn & Brown Revised, Govier, Aziz & Fogarasi,
Beggs & Brill Revised, Mukherjee & Brill, Orkiszewski and Gray [23-25]. The characteristics of
common pipe flow models are presented in Table 1.
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Table 1: Characteristics of the pipe flow models
Model Background Application condition
Hagedorn & Experiment of oil, gas, and water mixture with Regardless of flow pattern;
Brown [26] different viscosities in a small diameter vertical ~Wide range of gas-liquid ratio

Duns & Ros [26]

Beggs & Brill
[27]

Hagedorn &
Brown Revised
[27]

Govier, Aziz &
Fogarasi [28]

Beggs & Brill
Revised [29]
Mukherjee &
Brill [29]
Orkiszewski [29]

Gray [29]

experimental well

Experiment of gas-liquid two-phase flow in
vertical pipe flow

Experiment of gas-water two-phase mixture in
inclined transparent tube with length of 15 m

The influence of dip angle was discussed with
examples

A more precise and simple flow pattern
distribution diagram was proposed based on
the findings of Govier et al.

Revised friction coefficient, liquid holdup limit
and constant factor for rough tube

Based on the findings of Beggs & Brill, the
experimental condition was improved (the
inclination of inclined tube is 0°~90°)

Actual data for 148 wells

Data of condensate gas wells

Oil and gas mixtures;
Low liquid holdup

Vertical or inclined pipe flows;
Low liquid holdup

Vertical and highly deviated wells

Vertical wells dominated by liquid
phase

Vertical and inclined pipe flows

Inclined, directional and
horizontal wells

Vertical pipe flow;
Wide range of gas-liquid ratio
Condensate oil or gas wells

3 Results and Discussion

3.1 Analysis of Gas-Liquid Distribution Characteristics

Considering that the shale gas well has been in the stage of low-pressure and low-production for a long
time, the calculation parameters of each model were kept unchanged during the simulation. And the WGR
was set at 2.5 m>/10*m?, in which the gas injection volume was 2 x 10* m*/d, and the liquid injection volume
was 5 m*/d. The calculated results are shown in Figs. 6-8.
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Figure 6: The cloud maps of pressure and gas distribution in horizontal well
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Figure 8: The cloud maps of pressure and gas distribution in down-dip well

As shown in the pressure and gas distribution diagrams of different types of gas wells, the liquid
distribution is relatively uniform due to the slight pressure loss in the horizontal section of the horizontal
well. Because of fluid slippage in the deviated section, pressure loss increases, and the liquid phase
gradually accumulates in the horizontal section under the influence of gravity. The gas accumulates at the
toe of the up-dip well and the pressure increases gradually, driving the liquid out of the wellbore.
However, liquid slippage in the deviated section leads to increased pressure loss and easy accumulation
of liquid phase. In the down-dip well, the liquid drops from the deviated section to the horizontal section,
where the pressure loss is the greatest and the liquid phase accumulates from the toe of the horizontal
section. Previous research results show that the gas-liquid two-phase flow also has a similar distribution
law when flowing in a single pipe diameter [30—32], indicating the effect of running tubing on gas-liquid
distribution in the wellbore is not significant, and the well structure is the main factor. Therefore, it is
necessary to work on the gas-liquid distribution characteristics of different gas wells to effectively solve
the poor liquid-carrying capacity when further exploring the reasonable tubing running depth or designing
artificial lift.
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3.2 Optimization of Pipe Flow Model

Shale gas well actually has a “spoon-shaped” wellbore trajectory, and its horizontal section is not
absolutely linear but wavy. As a result, the wellbore flow of shale gas wells is very complicated.
However, conventional pipe flow models vary in adaptability. We must evaluate and select suitable
models to accurately calculate wellbore pressure and lay a solid foundation for process design.

In the evaluation process, the pressure profiles of two different gas wells were calculated using multiple
models, and the adaptability of each model was preliminarily understood. Then, a large amount of data was
used to analyze the model to comprehensively find universal rules. Finally, the optimal model was selected
by refining the analysis area and using the calculation error.

3.2.1 Evaluation of the Model

The afore-mentioned nine gas-liquid two-phase flow models were fitted and evaluated by using
97 groups of measured flow pressure data of shale gas wells. During the process of fitting, it was found
that the calculation accuracy of each pipe flow model was different in variable WGR.

Figs. 9 and 10 show the results of fitting of nine models with pressure measurements from two shale gas
wells. For well Z201-H1, the calculated results of all models are generally small, and the consequences of
the Gray model are close to the measured pressure. However, for well Z202-H1, the computed results of
the Hagedorn & Brown Revised (HBR) model are close to the measured pressure. At the same time, the
Gray model values are generally large, and the other seven models’ values are too small as a whole. The
test data of the two wells are presented in Table 2.
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Figure 9: The diagram of the fitting of wellbore pressure profile in well Z201-H1

Based on the calculated results form the two wells, 97 pressure measurement data of shale gas wells were
sorted out to evaluate the calculation accuracy of nine pipe flow models under different WGR. Basic
information of shale gas wells: the vertical depth is 2200~4400 m, the well type is a horizontal well, and
the gas production is 0.23~22.56 x 10* m*/d, WGR 0.11~29.82 m’/10*m>, wellhead pressure
3.11~21.08 MPa, measured bottom-hole flow pressure 4.59~45.03 MPa. The results of the comparison
between the actual pressure and the wellhead pressure calculated by nine models are shown in Fig. 11.

As evident from Fig. 10, the Gray, Beggs & Brill Revised (BBR), Mukherjee & Brill (MB), Hagedorn &
Brown (HB), and HBR models, all have relatively high calculation accuracy. On the other hand, the
calculated results of the remaining 4 models are generally small.
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Figure 10: The diagram of the fitting of wellbore pressure profile in well Z202-H1

Table 2: Pressure test data used for the flow correlation fitting

Well Production casing pressure Gas production Water production WGR
(MPa) (10%*m>/d) (m>/d) (m*/10*m?)
Z201-H1 16.54 1.82 39 21.43
7202-H1 3.06 6.45 88.26 13.68
25
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Figure 11: Comparison of wellhead pressure calculated by different models with measured values
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The relative errors calculated by the nine models show that the error changes significantly when the
WGR is around 0.8, 8.5, 20.0 m*/10*m> (see Fig. 12). By analysis, the models with high calculation
accuracy in different WGR ranges are:

1.

When the WGR is less than 0.8 m?/10*m>, the average relative error of the BBR model is 13.11%,
and the accuracy is the highest.

. When the WGR is 0.8~8.5 m?>/10*m>, the average relative error of the Gray model is 7.79%, and the

accuracy is the highest, followed by the HB or HBR model, with an average relative error of 11.82%.

. When the WGR is 8.5~20.0 m*/10*m°, the average relative error of the HB or HBR model is 16.93%,

and the accuracy is the highest.

. When the WGR is greater than 20.0 m*/10*m’, the average relative error of the Gray model is 7.9%,

and the accuracy is the highest.
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Figure 12: Distribution of relative error of nine models under different WGR

3.2.2 Selection of the Optimum Model

To select the pipe flow model that meets the actual conditions of shale gas wells, the range of WGR was
divided into 5 intervals, and the average relative errors calculated by 9 models were compared and analyzed.
The results are presented in Table 3.

Table 3: Average relative errors of nine pipe flow models in five WGR intervals (%)

Model WGR (m*/10*m?)

<0.8 [0.8, 5) [5, 15) [15, 20) >20
HB 26.74 33.42 18.82 9.36 26.56
DR 67.87 69.51 46.32 84.25 42.33
BB 24.65 46.01 57.21 100 76.76
HBR 26.75 13.36 9.73 9.36 33.31
GA 55.47 61.21 44 .47 67.90 58.54

(Continued)
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Table 3 (continued)

Model WGR (m*/10*m?)

<0.8 [0.8, 5) [5, 15) [15, 20) >20
BBR 15.98 40.71 53.01 99.90 69.04
MB 26.33 19.81 40.43 74.39 40.80
ORK 67.83 71.76 61.93 84.22 49.25
Gray 20.77 19.82 20.69 29.30 7.90

According to the comparison of relative errors, it is recommended to use different pipe flow models in
different WGR ranges. The BBR model is adopted when the WGR is less than 0.8 m®/10*m?>; the HBR model
is adopted when the WGR is between 0.8~20.0 m>/10%m>; and when the WGR is greater than 20.0 m>/10%m?3,
the Gray model is adopted.

Combined with the variation law of WGR in shale gas wells, it is considered that the Gray model should
be used to predict the wellbore pressure distribution in the early stage of casing production, and the HBR
model should be used in the middle and later stages of casing production. The HBR model is mainly
used in the production stage of tubing.

3.2.3 Application

Three gas wells with different production conditions were randomly selected as an example calculation.
The appropriate pipe flow model was selected according to the WGR to calculate the bottom hole pressure.
Table 4 presents the calculated flow pressure at the target position of each well, which provides a basis for the
design of gas production process.

Table 4: Application of the optimal model

Well Wellhead pressure WGR (m?/ Depth Calculation Calculated pressure
(MPa) 10*m?) (m) model (MPa)

NI 18.35 0.3 3,850 BBR 32.70

N2 11.97 9.0 3,900 HBR 22.64

N3  10.96 11.7 3,610 HBR 20.49

These models are covered by most professional analysis software and are highly maneuverable. But the
research results only apply to shale gas wells, not wellbore flow in other gas reservoirs. Furthermore, the
statistical law of wellbore two-phase flow may change with the increase of shale gas wells.

4 Conclusions

In this study, different analyses were performed to evaluate and compare the performance of gas-liquid
two-phase flow in shale gas horizontal wells. Based on these analyses, it can be concluded that the production
of shale gas wells decreases rapidly, and the “spoon-shaped” hole is an important factor affecting the gas-
liquid two-phase flow in the wellbore. The adaptability of common pipe flow models is different, and
their accuracy was evaluated by using 97 sets of measured flow pressure data. The BBR, HBR and Gray
models are three models with high precision, respectively used under different WGR ranges.
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It is proved again by numerical simulation that the deviated section is the most difficult section to carry
fluid. However, due to the influence of well type, the accumulation characteristics of liquid phase in up-dip,
horizontal and down-dip wells are different, resulting in different wellbore pressure drop. The WGR
represents the dynamic change of two-phase flow. Obviously, it can be used as a technical boundary to
effectively select a representative model from multiple models.

The BBR model gives good results if used with a WGR of less than 0.8 m*/10*m’. However, it should be
used with caution because its calculation error may be large. The Gray model on the other hand, can give a
good match on wells with WGR greater than 20.0 m’*/10°m>. The HBR model can be used in the
remaining cases.

In conclusion, it should be noted that the law of gas-liquid two-phase flow in shale gas wells is
particularly complex. The evaluation of wellbore pipe flow model has laid a solid foundation for the
accuracy of wellbore fluid pressure distribution prediction and the rationality of process design.
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