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For shale gas wells, in the initial production stage, the liquid production is large, and the
lifting process is needed to assist the drainage. However, for gas wells, especially shale gas
wells, the ultimate purpose is different from that of oil wells, and the current design method
of pumping depth cannot meet the field requirements. Starting from the production
characteristics of liquid-producing gas wells, this paper analyzed the gas well productivity,
wellbore pressure distribution and critical liquid-carrying flow, and adopted the node
analysis method to propose a design method for the pumping depth of shale gas wells
during drainage and gas recovery. Then, the proposed method was applied to optimize the
design of the jet pump of well A in Block JY, according to the design results, the pump
was started for production; after the wellbore liquid level was raised to the designed depth,
the gas well can conduct annulus space liquid-carrying production, and the production
effect of well A showed that, the proposed method can be applied as a method for

optimizing the technological parameters of shale gas wells.

1. INTRODUCTION

Currently, the existing methods for determining the
pumping depth in the lifting process mostly adopt the sucker-
rod pumps, and the commonly used methods include the
empirical method, the submergence determination method,
and the system efficiency determination method. Wherein the
empirical method [1] selects a certain submergence degree
value according to existing experience and determines the
pumping depth based on data such as the output of the oil wells,
the gas-oil ratio, and the crude oil viscosity, etc. The
submergence determination method [2-6] makes use of the
positive correlation between the pump efficiency and the
fullness coefficient of the pump, and it uses the relationship
between the fullness coefficient of the pump and the
submergence pressure to determine the pumping depth;
there’re many researches on the relationship between the
degree of submergence and the efficiency of the pump. The
system efficiency method takes the system efficiency or
economic benefit as the objective functions to optimize the
pumping depth, it decomposes the system efficiency into two
parts: the ground efficiency and the downhole efficiency, and
the downhole efficiency is actually the efficiency of the pump.
However, for gas wells, especially shale gas wells, the main
purpose of applying the lifting process to drainage and gas
recovery is gas production, and the above-mentioned pumping
depth determination methods cannot be applied to shale gas.
According to the characteristics of gas well drainage and gas
recovery technologies, this paper applied the production
system node analysis method to design the setting depth of
pumps in the process of drainage and gas recovery.
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2. INFLOW DYNAMIC ANALYSIS OF SHALE GAS
WELLS

The large-scale development of shale gas benefited from the
significant advancement in horizontal well completion and
segmented volume fracturing reconstruction technologies.
After a horizontal well is fractured in segments, an extremely
complex fracture grid system will be created, and these
fracture grids will greatly improve the permeability of the
reservoirs within the fracturing communication range,
enabling the originally abnormally dense shale reservoirs to be
effectively connected to the wellbore, so that the development
of shale gas could have commercial values [7-9]. The
desorption effect of adsorbed gas and the complex fracture
network formed after segmented fracturing make the shale gas
wells exhibit different dynamic production characteristics
from the conventional gas wells [10, 11].

For the productivity test of gas wells with conventional gas
well standards, generally, a pressure gauge is directly put to
the bottom of the well to record the pressure change data, so
the productivity results calculated based on the measured
bottom hole pressure data could be more accurate and reliable.
However, since the shale gas wells have a large fracturing fluid
flowback in early drainage and gas recovery stage, the gas
wells do not have the conditions for putting the pressure gauge
into the bottom hole to measure the flowing pressure, and it’s
difficult to conduct wellbore calculation based on the wellhead
pressure and the production data. Moreover, since the
productivity of gas wells declines rapidly, the initial
production cannot accurately reflect the production capacity of
gas wells, but only reflect the characteristics of the main
fractures formed in the SRV, especially after fracturing.
Therefore, the research block had chosen the time when the
production is relatively stable to conduct back pressure test.


https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.380314&domain=pdf

The test data of Well A is shown in Table 1, since the condition
for pressure gauge setting could not be met, the bottom hole

pressure was calculated using the Pipesim software based on
the wellhead oil pressure, and the gas and liquid production.

Table 1. Backpressure test data of Well A

Test time Oil nozzle Casing pressure Daily gas production Daily liquid production Bottomhole flowing pressure
(mm) (MPa) (x10*m3/d) (m’/d) MPa
November 22-23 10 8.15 7.6 113 16.18
November 24 12 7.8 10.2 184 15.85
November 25 14 8.84 14.7 100 15.00

Test data analysis mainly has the pressure square form and
the pseudo-pressure form, including binomial, exponential and
one-point expression methods. According to the shale gas
steady-state seepage model of equivalent fractured horizontal
well, both binomial and exponential expression methods are
applicable methods for productivity evaluation of horizontal
shale gas wells. This paper adopted the exponential expression
method to process the test data, the processing results are
shown in Figure 1, and the obtained productivity equation of
Well A is:
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Figure 1. Exponential productivity equation of Well A
3. WELLBORE PRESSURE DISTRIBUTION OF

SHALE GAS WELLS

Figure 2 shows the wellbore pressure during the production
of liquid-accumulating well and its distribution. In the process
of drainage and gas recovery of gas wells, generally, the oil
tube produces the liquid and the oil jacket annular space
produces the gas. Therefore, the pressure distribution in the oil
jacket annular space was divided into two sections with the
gas-liquid interface as the dividing surface. Below the dividing
surface, a static liquid column was formed due to the
accumulation of liquid, the pressure was generated due to the
liquid gravity, and the pressure gradient was approximately the
pressure gradient of the static liquid column; above the
dividing surface, there’re gas-liquid two-phase flows, and the
gas-liquid ratio was greater than that below the dividing
surface, so the pressure gradient was significantly lower than
the pressure gradient below the dividing surface.

According to Figure 2, when the liquid-accumulating gas
well produces normally, the pressure balance formula is:
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Pwh. +GfaL+Gfb(H —L) = ow (2)
where, P, is the wellhead pressure, MPa;

Gy, is the average pressure gradient above the gas injection
point, MPa/m;

Gy is the average pressure gradient below the gas injection
point, MPa/m;

H is the depth of the middle of the oil layer, m;

L is the depth of gas-liquid interface, m;

P,ris the bottom hole flowing pressure, MPa.

Py Casing Pressure
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Gas-liquid
interface

H-L
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Figure 2. Wellbore pressure distribution in the liquid-

accumulating gas well

When designing and analyzing, the pressure distribution in
the oil tube was calculated using the wellbore multiphase
flowing pressure distribution and the static liquid column
calculation. Therefore, even if the gas production, liquid
production, and wellhead pressure of the gas well are the same,
for different fluid accumulation height in the wellbore, the
corresponding bottom hole pressures are also different. As
shown in Figure 3, the wellhead pressure of Well A was
7.8MPa, the gas production was 10.2x10*m?*/d, and the liquid
production was 173m’/d. When the gas well produced
normally and the vertical depth of the liquid level was
respectively 2800m, 2600m, 2400m, 2200m, and 2000m, the
corresponding hole bottom flowing pressure was 19.77MPa,
19.87MPa, 20.83MPa, 21.83MPa, 22.94MPa and 24.25MPa,
respectively.
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4. CRITICAL LIQUID-CARRYING FLOW OF SHALE
GAS WELLS

Liquid accumulation in gas wells refers to the phenomenon
that liquids accumulate in the wellbore since the gas cannot
carry out the liquid effectively. During the production process,
in the gas well, the two phases of gas and liquid flow out of
the stratums and are collected from the ground through the
wellbore. In the early stage of production, the gas production
of the gas well was high, the gas-liquid two phases flowed
upward in a circular flow, and the liquid was carried in two
forms: droplets entrained in the gas core and the liquid film
attached to the pipe wall. As the stratum pressure drops, the
gas production of the gas well decreases, resulting in reversal
of the liquid flow (droplets/liquid film) in the wellbore, the
liquid cannot be taken out from the ground, and thereby
accumulated in the wellbore. Moreover, the liquid
accumulation in the wellbore would greatly increase the
pressure gradient of the wellbore, which will greatly increase
the decline in production and affect the final recovery rate of
the gas well. In order to accurately predict the liquid
accumulation time of gas wells, Turner et al. [12] proposed a
droplet reversal model, which assumed the droplets were
spherical, and the drag coefficient of the gas core for the
droplets and the maximum Weber number of the droplets took
0.44 and 30 respectively; for safety reasons, a factor of 1.2 was
added to the model. Aiming at the coefficient problem,
Coleman et al. [13] conducted research on fluid accumulation
in gas wells with a wellhead oil pressure lower than 500 psi
and found that the Turner model with no added safety factor
was more in line with the prediction of liquid accumulation in
low-pressure gas wells. However, Guo et al. [14] believe that
the force balance of the droplets only makes the droplets
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suspend in the gas well and is not enough to carry the droplets
out, only a larger gas flow rate can prevent the wellbore from
accumulating liquid. On the basis of the Turner model, a flow
coefficient of 1.2 should be added to the model. Nosseir et al.
[15] believe that, under different flow patterns (laminar
flow/transitional flow/turbulent flow), the drag coefficients of
the gas core for the droplets are different, and the droplet size
and shape still adopted the assumption of the Turner model. Li
etal. [16] believe that the pressure difference between the front
and back of the droplets in the gas core causes the pressure
difference on its surface, making the droplets deform into an
ellipsoid shape, which leads to a larger force area, and the
critical liquid-carrying flow rate calculated by the model was
only 38% of the result calculated by the Turner formula. Based
on Li Min’s model and the conclusion that the internal energy
change of the droplets during deformation process was equal
to the work done outwards, combining with the definition of
the Weber number, Wang and Liu [17] strictly derived the
relationship between the characteristic parameters of droplet
deformation and the critical Weber number through
integration, and obtained the new coefficient with maximum
droplet size and droplet deformation taken into consideration.
In addition, they established a minimum critical liquid-
carrying gas volume model for spherical cap-shaped droplets.
As for the equal relationship between the total surface energy
of droplets in the gas flow and the turbulent flow energy of the
gas, Tan et al. proposed a new model that considers the
influence of liquid volume and maximum droplet diameter on
the critical flow of the carrying liquid.

Critical Liquid-carrying Flow (10*m3/d)
0 2 - 6 8
0 T T T T

10

Measured Depth (m)

—— 2 7/8in Tube annular space
| —3in Tube annular space

Figure 4. Distribution of critical liquid-carrying flow in the
annulus space of the oil jacket during the production of
different oil tubes in Well A

All of the models mentioned above were established for
vertical gas wells, and there are few relevant studies
concerning the horizontal wells. Belfroid et al. added an angle
correction term based on the Turner model, but they believe



that the liquid film inversion is the root cause of liquid
accumulation [18-20]. Shi et al. [21] carried out experiments
to observe the change of droplet shape with size under
different inclination angles, and proposed a critical liquid-
carrying gas volume model based on the "half-hamburger"-
shaped droplets in vertical sections, inclined sections and
horizontal sections. Fadili et al. proposed that, after a droplet
collided with the wall of the oil tube, its movement direction
was changed, its speed before the collision could be calculated
according to the collision energy loss, namely the critical
liquid-carrying gas flow rate.

This paper started from the critical liquid-carrying gas flow
rate model of vertical wells. First, it corrected the model with
the Belfroid angle correction term, and used the actual
production data of 132 well times to analyze the error of the
model. Since the maximum liquid-carrying flow in the
wellbore of highly inclined wells appears in the most difficult-
to-carry position, rather than at the wellhead or the bottom

(Figure 4), the value calculated by the mathematical model
was the maximum liquid-carrying flow of the well.

The calculation results are shown in Figure 5. After the
Turner, Coleman, and Nosseir models were subject to the
Belfroid angle correction, the calculation results of the BT, BC,
and BN models were significantly higher than the actual
production data, and the calculation results of the BL and BW
models were significantly lower than the actual production
data. Since the existing model had greater errors, through
model correction, this paper constructed a new mathematical
model of critical liquid-carrying flow for gas wells in the target
block, and the calculation results of the corrected model were
in good agreement with actual production data, with an
average error of only 6.41%.
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Figure 5. Calculation results of the block critical liquid-carrying flow model (the black circles in the figure are the calculation
results of the new model)
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Figure 6. Production system node analysis diagram of well A
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5. PRODUCTION SYSTEM NODE ANALYSIS

Node analysis is a system analysis method that can optimize
the production system of oil wells or gas wells. This method
calculates and analyzes each component of the production
system to obtain the most ideal output and the highest
economic benefits.

In order to effectively optimize the production system, it is
necessary to analyze each flowing part in the production
system. The influence of any changes in the flowing process is
very important and can be displayed using graphs. In the
process of system analysis, first, a solution node is selected,
this node divides the system into two parts, the inflow part,
and the outflow part. The inflow part is the flowing process of
the fluid from the start node to the solution node, and the
outflow part is the flowing process of the fluid from the
solution node to the end node. Subsequently, the relationship
between the flow of each part and its pressures is established,
to determine the flow, two prerequisites must be met: one is
that the flow of the inflow node is equal to the flow of the
outflow node; the other is that the node has and only has one
pressure value. The solution node is determined, and the
pressure of the node can be calculated from the start node or
the end node to the solution node. The calculation formula is:

“4)

Pr - APlnﬂow part = Pnode

Pyn + APoytfiow part = Prode (%)

In the above formula, the pressure drop of the inflow part
AP will change with the change of flow q, therefore, the flow
and pressure will form a curve; in the same way, the pressure
drop of the outflow part will also change with the change of
flow, which will give another curve, and the intersection of the
two curves can meet the above two prerequisites.

The production optimization of gas wells using node system
analysis includes the selection of lifting process, the
optimization of the design, and the selection of oil tube types,
etc. In general, node analysis can be used for gas well
production prediction, liquid accumulation diagnosis,
determination of drainage and gas recovery timing, and
optimization of drainage and gas recovery techniques. This
paper adopted the method of node analysis in the production
system to analyze the setting depth of the pump in the drainage
and gas recovery process, as shown in Figure 6.

In Figure 6, Curve O is the inflow dynamic curve of the
solution node selected at the bottom of the well, which was
obtained by processing the back pressure test data of Well A.
However, due to the lack of test points during the well test
process and the large fluid production, it exhibited
characteristics of a very rapid decline in the production when
the production of gas wells is relatively low, reflecting the
influence of wellbore liquid accumulation on gas well
production. Curve @ is the critical liquid-carrying flow
corresponding to different pressures at the position where the
liquid is the most difficult to carry in the wellbore. The value
was calculated according to Formula (3). The physical
meaning of the intersection with the Curve (O is that the flow
of gas produced in the reservoir is just enough to carry the
liquid to the wellhead. Curve ®) is the outflow dynamic curve
when the solution node was selected at the bottom of the well,
it was obtained according to the calculation method of the
annulus space pressure distribution of the liquid accumulation
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wellbore in Well A. It can be seen from the curve shape that
with the increase of gas well production, the bottom hole
pressure decreased first and increased later, this is because
when the gas well production was small, the pressure loss
during gas-liquid flow was mainly affected by gravity; when
the gas well production increased to a certain value, the
pressure loss was mainly affected by the fracture force.

For different liquid level depth, the shapes of the
corresponding outflow dynamic curves are different as well,
and the physical meaning of the intersection point with the
inflow dynamic curve is that the gas produced by the reservoir
is just lifted to the ground through the annular space of the oil
jacket. When the liquid level depth was 1600m and 1800m,
there’s no intersection between the outflow dynamic curve and
the inflow dynamic curve. This is because the high liquid
accumulation in the wellbore resulted in a large pressure loss
during fluid flowing and the reservoir could not rely on its own
energy. When the liquid level depth was 2000m, 2200m and
2400m, the outflow dynamic curve and the inflow dynamic
curve had two intersections. One intersection was on the left
side of the minimum value of the outflow curve, which was an
unstable flow that won’t occur in reality; the other intersection
point was on the right side of the minimum value of the
outflow curve, which was a stable flow. Therefore, the
intersection on the right side was chosen for the node analysis.

Using gas well node analysis, the production status of the
gas well in Figure 6 could be analyzed. If the intersection of
curves @ and @ is on the right side of the intersection of
curves O and @), it indicates that the gas well production is
greater than the critical liquid-carrying flow, and the gas well
can conduct normal liquid-carrying production; if the
intersection of curves (O and @) is on the left side of the
intersection of curves @ and @), it indicates that the gas well
production is less than the critical liquid-carrying flow, and the
gas well cannot rely on its own energy to conduct liquid-
carrying production, liquid will accumulate in the wellbore
during the production process; if the intersection of curves
and 3 and the intersection of curves @O and @ coincide, it
indicates that the gas well production can just meet the
requirements of liquid-carrying production.

Since the liquid produced by the shale gas wells is the well
control fluid, with the progress of the production, the
cumulative flowback of the fracturing fluid increases, the
liquid production of the gas well will gradually decrease, the
gas-liquid ratio will increase, after the production reaches the
steady state, the lifting process is no longer needed, and the
gas well can rely on its own energy to conduct normal liquid-
carrying production. Therefore, when designing the setting
depth of the pump, the goal is to ultimately meet the
requirements of the normal liquid-carrying production of the
gas well; in the node analysis diagram, determine the
intersection of the gas well production and the critical liquid
carrying flow, then determine the corresponding wellbore
liquid level depth, and this depth should be taken as the setting
depth of the pump in the drainage and gas recovery process. In
fact, it is the intersection of curve @, curve @ and curve @
determined in the node analysis diagram.

6. EFFECT ANALYSIS OF JET PUMP IN WELL A

In Well A, a pressure gauge was set to the depth of 3000m
on September 21, 2018. The measured downhole pressure was



27.23MPa, there’s no pressure at the wellhead, the pressure
coefficient was 0.908, and the liquid level depth was 260m.
The well was an atmospheric gas well; it had a maximum
liquid production of 144m3/d, a low gas-water ratio of
424m3/m?, the casing in the wellbore was intact, and there’s
no well completion oil tube.

Using the above-mentioned node analysis method, the
inflow dynamic curve, the outflow dynamic curve, and the
critical liquid-carrying flow of well A intersected at a point
(6.136x10*m3/d, 16.63MPa), that is, when the bottom hole
flowing pressure was 16.63MPa, the corresponding gas well
production 6.136x10*m%/d had just guaranteed the liquid-
carrying production. At this time, the corresponding wellbore
liquid level depth was 2050m, that is, when the setting depth
of the pump was 2050m, the gas well can conduct normal
liquid-carrying production. To ensure that the bottom hole
pressure can meet the liquid-carrying production, the setting
depth of the pump was designed to be 2100m.

The construction preparation works of the well was began
on April 20, 2019, then ground equipment, downhole machine
units, tools, and oil tubes arrived at and entered the
construction site one after another. The well-killing started on
May 10, and the string was set on May 13-16. During the
killing and string-setting, the total liquid volume in the well
was 210m?, and there’s no pressure at the wellhead. The pump
was started on May 29, an intermittent production method was
adopted for drainage and gas test. As of about 11 o'clock on
June 4, the pump was started for a total of 10 hours. When the
liquid production of the stratums reached 28m?, gas was
produced from the annulus space of the two oil-tubes of the
gas well, at this time, the gas output was about 2x10*m?/d, the
flame height was about 4m. At 17:00 in the afternoon, the

casing pressure rose to §MPa. When the pump was started, the
dynamic liquid level was expected to be 167m, and the pump
efficiency was higher. At the same time as the hydraulic jet
pump pumped the water, the stratums produced liquid as well.
The liquid pumping speed was greater than the stratum liquid
output speed, and the dynamic liquid level dropped fast.

At 11:10 am on June 6, the rectification of the centrifugal
pump was completed, and the pump was initiated to start the
production. The pump production time was 4.2h, the pump
pressure was 13-15.2MPa, the casing pressure rose from
12MPa to 17MPa, and the flame height was 5-6m. The
estimated production was 3x10*m?/d. During the entire
production process, under the action of the jet pump, the
dynamic liquid level dropped, the stratums produced both gas
and liquid, the back pressure of the oil jacket annulus space
liquid column to the stratums decreased, and the casing
pressure rose faster. On June 7, the ultrasonic dynamic liquid
level was measured, and the dynamic liquid level was about
2045m. The data showed that the liquid in the well above the
setting depth of the pump had been lifted out of the wellbore
by the jet pump.

The well had once been shut down due to limited sales. On
August 30, 2019, the production was continued, and the
production curve is shown in Figure 7. On November 14, the
small annulus space production was altered to bigger annulus
space production, and jet pump liquid drainage was conducted
on the 14", the 20", and the 25", According to the production
data, the pump-start and draining stage can effectively drain
the liquid in the wellbore, which had increased the gas well
production to a certain extent, but since the current gas
production of the gas well was greater than the critical liquid-
carrying flow, the production increment effect was not obvious.
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Figure 7. Production data curve of Well A

7. CONCLUSIONS AND RECOMMENDATIONS

(1) The liquid produced during the drainage and gas
recovery of shale gas wells is mainly the fracturing fluid. As
the cumulative flowback of fracturing fluid increased, the
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liquid production of the gas well gradually decreased, and
finally the gas well reached the state of relying on its own
energy to conduct liquid-carrying production;

(2) The initial fluid production of shale gas wells was large,
pressure gauge couldn’t be set into the bottom hole to measure



the downhole flowing pressure, so the productivity of the gas
well could not be reflected accurately; after the production was
stable, back pressure well testing was performed, and the
binomial expression or exponential expression was adopted to
analyze the test data.

(3) The critical liquid-carrying flow of horizontal shale gas
wells appeared at the 50° inclination angle position, and the
drag coefficient was between Li Min’s model and the Turner
model;

(4) In the gas well production system analysis, the bottom
hole was selected as the solution point, then the intersection of
the inflow dynamic curve, the outflow dynamic curve, and the
critical liquid-carrying flow was the critical point for the gas
well to conduct normal liquid-carrying production, and the
liquid level depth corresponding to the outflow curve could be
taken as the reasonable pumping depth.
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