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Abstract: The Changbei gas field, which initially exhibited high gas-production performance, is
dominated by large-displacement horizontal wells. With the decrease in reservoir pressure, the
liquid loading in the gas well is currently severe, and production has been rapidly decreasing. Thus,
recognizing the gas-well liquid loading to maintain stable gas-well production is necessary. A method
was established to identify the water source of the liquid loading in the Changbei gas field. First,
formation water and condensate water were identified based on the mineralization of the recovered
water and the mass concentration of C1~ and K* + Na®, and then the condensate content of the
water produced in the gas well was qualitatively evaluated. The water—gas ratio curve for the gas
well was plotted to determine whether the produced water was edge-bottom water, pore water, or
condensate. Then a method was established to distinguish the start time of liquid loading in the gas
well using a curve depicting a decrease in production; the method was also used to estimate the
depth of the gas well where liquid loading occurs, according to the bottomhole pressure. First, based
on the available production data, the Arps decline model was applied to fit the production curve for
the entire production phase; the resulting curve was compared with the actual production curve of
the gas well, and the two curves diverged when fluid accumulation began in the gas well. Finally, the
liquid-loading depth of the gas well was estimated based on the bottomhole pressure. This method
can be used to determine the fluid accumulation and calculate the liquid-loading depth of gas wells
with unconnected oil jackets. The analysis revealed that in the Changbei gas field, condensate was
the type of water primarily produced in 35 gas wells, accounting for 62.5% of the total number of
gas wells. Edge-bottom water was the type of water primarily produced in 16 gas wells, accounting
for 28.6% of the total number of gas wells. In the remainder of the gas wells, pore water was the
water primarily produced; the calculations of accumulation time and accumulation volume of typical
gas wells in the block revealed that some gas wells started to accumulate liquid after 45-50 months,
and the amount of accumulation could reach several tens of meters, while others were in good
production condition. The method established in this paper could enhance our understanding of
liquid loading in gas wells in the Changbei gas field and lay a foundation for the development of
gas-well deliquification techniques.
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1. Introduction

The Changbei block, a typical “low-permeability, low-porosity” gas reservoir, is located
on the Yishaan Slope in the north-central part of the Ordos Basin, with a porosity of 5-8%
and a permeability of 0.7 x 1073-5 x 1073 um? (Figure 1). The study area is currently
dominated by horizontal wells with open hole completions. Approximately half of these
wells initially produced as much as 100 x 10* m3/d per well; however, after years of
exploitation, the liquid-loading capacity of several horizontal wells has decreased, and
the gas cannot carry all the produced water out of the wellbore because of insufficient
formation energy, resulting in liquid loading and a severe effect on the normal production
of the gas wells [1-3]. Accurately identifying the water produced in the gas well and
determining the gas-well liquid loading is crucial.
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Figure 1. Location map of Changbei block.

The common methods currently used to diagnose liquid loading in horizontal gas
wells include the differential pressure method, flow pressure testing method, and critical
flow rate method [4-8]. Several studies have been conducted worldwide on gas-well liquid
loading in recent years. Veeken et al. analyzed the influence of gas-phase velocity on
liquid loading for different well parameters and proposed a modified Turner’s critical
liquid-carrying model [9]. Xiong yu et al. summarized the laws and characteristics of
changes in wellhead oil pressure and daily gas production due to liquid loading in the
Sulige gas field as a basis; accordingly, they determined whether fluid accumulation occurs
in the gas wells [10]. Shekhar et al. assumed that liquid loading begins when the liquid
film starts to fall and that the gas well diameter and inclination angle determines the
time when liquid loading starts at different inclination angles [11]. Liu yonghui et al.
visualized an experimental setup to simulate gas-liquid flow in a horizontal well. By
recognizing the liquid-film reversal using a high speed camera, a series of experiments
were conductedusing different angles, pipe sizes, and liquid flowing rates [12]. Wang
zhibin et al. determined the friction coefficient at the gas-liquid interface and developed
an analytical model to predict the state of gas-well liquid loading based on the force
balance at the bottom of the inclined section [13]. However, most of the gas wells in the
Changbei gas field are installed with packers in the annulus, and the oil casing is not
connected; thus, the casing pressure does not reflect the production status at the bottom
of the well. The flow pressure test method can be used to accurately determine the fluid
level but is not cost effective and cannot be continuously monitored. The critical flow rate
method was developed based on theoretical derivations and experimental studies with
several differences between the models [14-17]. In this study, the water-production type of
horizontal gas wells was classified according to the water-production characteristics and
the water chemistry of the gas wells in the Changbei block. According to actual production
data, a method was developed to determine the time of gas-well liquid loading based on
a curve of production decrease and to estimate the depth of the gas-well liquid loading
based on bottomhole flow pressure. This method can be used easily and quickly to obtain
the time when the gas well starts to accumulate and estimate the volume of liquid loading
in the gas well, which is temporarily not available in the current methods used to diagnose
liquid loading in horizontal gas wells. Of course, there are also many problems, which
cannot be solved due to the limitations of the stage.

2. Analysis of the Source of Produced Water

Water produced in gas wells may have multiple sources, and different sources of
produced water have different production and water chemistry characteristics. The source
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of produced water in the Changbei block may include formation water, condensate water,
or a mixture of both [18,19]. These types of water sources can be effectively identified
through the integrated discrimination of mineralization, analysis of the water-gas ratio,
and calculation of the water content in the gas well.

2.1. Water Analysis for Water-Source Identification

Table 1 displays the physical characteristics of various types of produced water. The
fluid characteristics of condensate and formation water are considerably different in terms
of mineralization, which is the most direct and effective technique to determine the source
of water in gas wells [20,21].

Table 1. Physical characteristics of effluent.

Type of Water Production Fluid Properties
Edge-bottom water High mineralization, with total mineralization
of approximately 5 x 10*-7.52 x 10* mg/L,
Pore water and high mass concentrations of Cl~, K* +

Na™, and other ions

Low mineralization, with total mineralization
of approximately 0.2 x 10*-0.6 x 10* mg/L,
and low mass concentrations of C1~, K* +Na™,
and other ions

Condensate

The analysis of water samples from the wellheads of water-producing gas wells
in the Changbei gas field revealed that the degree of mineralization was generally low;
0.5 x 10* mg/L was selected as the mineralization degree cut-off point for condensate
water in this block; and 2 x 10* mg/L was selected as the mineralization degree cut-off

point for formation water. Ten of these wells were selected for water source discrimination
(Table 2).

Table 2. Aqueous parameters of gas-well-produced water.

Well Mineralization CL- Mas.s K* + Na* Mass Source of
Number Degree Concentration Concentration Produced Water
/(mg/L) /(mg/L) /(mg/L)

CX-1 7982 730 2216 Not certain
CX-2 19,278 10,227 4292 Stratigraphic water
CX-3 3148 1419 1158 Condensate
CX-4 11,928 720 3846 Not certain
CX-5 3613 1095 836 Condensate
CX-6 802 270 196 Condensate
CX-7 3879 360 894 Condensate
CX-8 25,867 12,419 4522 Stratigraphic water
CX-9 5974 709 1987 Not certain
CX-10 2367 733 799 Condensate

2.2. Qualitative Evaluation Method for Gas Condensate Content

Condensate is typically composed of natural gas with saturated steam in a gaseous
state or as mist droplets under formation conditions; it condenses into water because of
decompression and a temperature decrease at the wellhead. The condensates are distinct
and are typically accompanied by a small amount of water and formation water, which
produces a large amount of water.
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As displayed in Table 2, the wells CX-1, CX-4, and CX-9 could not be identified
by relying only on the mineralization of the water samples; therefore, the condensate
content was qualitatively evaluated to further determine the water source. The theoretical
condensate volume of the output was determined according to the variation in condensate
content in the natural gas in the formation and wellhead states; the following equation
was used:

Ju1 = 95 (Ww,0 — WrH,0) / pw o

where g, is the theoretical condensate volume of the gas well, m®/d; g, is the gas-
production volume of the gas well, m®/d; Wyyp,0 is the saturated-steam volume of the
natural gas at bottomhole pressure and temperature, kg/m?>; Wr,( is the saturated-steam
volume of natural gas at wellhead pressure and temperature, kg/m?; p;, is the density of
condensate at wellhead conditions, kg/ m3. Wy H,0 and Wrp,o can be calculated through
the Mcketta—Wehe plot method [22,23].

The theoretical condensate volume g, was obtained using Equation (1), and the
volume g7 of the actual water produced at the wellhead was determined and compared
with g4 to determine the type of produced water. Table 3 illustrates large differences
between the theoretical condensate volume and the actual volume produced in CX-1 and
CX-4, which primarily produce formation water; CX-9 has a similar theoretical condensate
volume and actual produced volume.

Table 3. Composition of the water produced in the gas wells.

Well Number M//(";/gi e l:gv)/;f;z) o qg/(106 m3/d) G/ (m3/d) 9! (m3/d) Type of Water Production
CX-1 1.35 0.17 0.229 1.35 Formation water dominates
CX-4 1.01 0.30 0.304 2.32 Formation water dominates
CX-9 1.2 0.6 0.72 0.80 Condensate based

2.3. Water Source Identification Based on Effluent Characteristics

The formation water is further divided into edge-bottom water and pore water. Table 4
displays the characteristics of the various types of water produced as reported by previous
studies [24]. The characteristics of the edge-bottom water, pore water, and condensate
water are notably different. By analyzing the variation of the produced water—gas ratio, we
can quickly distinguish between edge-bottom water and pore water.

Table 4. Characterization of water produced in the gas wells.

Type of Produced Water Characteristics of Produced Water

High water production and unstable water—gas ratio

Edge-bott: t .1 . .
ge-bottom watet indicate an up and down fluctuation or a sharp rise

Large differences in regional water production and

Pore water stable water—gas ratio, typically less than 0.5 m3/10* m3

Condensate Stable and considerably low water—-gas ratio

The dynamic water—gas ratio curves for the CX-2 and CX-8 (Figure 2) indicated that
although the water—gas ratio of the CX-2 well did not exceed 0.5 m?/10* m3, the water
production and water—gas ratio exhibited a rapid increasing trend within a short period
of time, indicating that water intrusion had started to occur in the gas well [25]. Similar
results were obtained for the CX-8 well, indicating that both produce edge-bottom water.
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Figure 2. Production time vs. dynamic water—gas ratio curves for the CX-2 and CX-8 wells. (a) CX-2
gas well. (b) CX-8 gas well.

2.4. Comprehensive Analysis

Applying the above discriminative methods, the produced water of Changbei gas
field was classified into three types: condensate, edge-bottom water, and pore water.

In the gas field, condensate was the type of water primarily produced in 35 gas wells,
accounting for 62.5% of the total number of gas wells. Edge-bottom water was the water
primarily produced in 16 gas wells, accounting for 28.6% of the total number of gas wells.
In the remainder of the gas wells, pore water was the water primarily produced. If new
horizontal gas wells are drilled in the Changbei gas field in the future, the type of produced
water in the new wells can be determined based on Table 5.

Table 5. Classification of water production types of gas reservoirs in the Changbei gas field.

Source

Impact
of Mineralization Output Mechanism Water-Gas Ratio on Del‘i/\c]l}ll:i!;i};:ion
Produced (mg/L) (m3/10* m3) Gas Well Occurred
Water Production
Mixed with
natural gas
Condensate mineralization, in a single Stable and Basically No
typically less than gas phase, produced very low no effect
0.5 x 10* mg/L with natural gas
production
Rapid rise
Unstable, in water
Edge-bottom High High water production fluctuates up and pI.'Odl.lCtiOH and Yes
water mineralization, dow{n or high impact on
approximately sharply increases gas—wetll
2 x 10 mg/L production
Large differences in There 8 . Drgmage
Pore water regional water Stable some impact when s required when
duction the water volume  the water volume
pro is high is large

3. Analysis of Wellbore Liquid Loading

To solve the problem of gas-well liquid loading, liquid loading in the gas well must be
diagnosed. In this study, we established a method that combines the analyses of decreasing
production and bottomhole inflow performance to determine gas-well liquid loading
according to the actual production data of gas wells through the following steps.

(1) A curve for decreasing production is fitted according to the production data when
liquid loading does not occur in the gas well to obtain a rating curve between production q;
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and the time required for the entire production phase when liquid loading does not occur
in the gas well.

(2) A rating curve is plotted between actual production g, and time.

(3) The fluctuation of g, up and down around the rating curve of g; indicates that
the well is in a good production state. Large differences between q; and g, for a long time
occur because of liquid loading by produced water. Bifurcation occurs when the liquid
loading begins.

(4) When bifurcation begins, the bottomhole pressures P, corresponding to q;, and
Py, corresponding to g5, are determined based on the correlation between gas production
and bottomhole pressure on the IPR curve. The difference between the two bottomhole
pressures is equal to the pressure generated by the column of gas-well liquid loading, and
the depth of liquid loading is estimated.

3.1. Time of Liquid-Loading Initiation
In 1945, Arps [26] devised three laws to explain the decrease in gas production based
on the definition. Considering the loss ratio, only three parameters in the equation (initial

decreasing yield g; , decreasing index b and initial decreasing rate D;) are required to predict
the future yield g (Table 6).

Table 6. Three decreasing yield equations.

Decreasing Type Decreasing Index Yield-Time Relationship
Index b=0 q = qie Dit
Hyperbolic 0<b<1 q= @™
Harmonization b=1 q=1 ﬁb :

Using the equation for the relationships between production and time listed in Table 6,
three types of curves depicting the decrease in production were obtained by fitting the
production data when liquid loading did not occur in the gas well. Comparing the three
types of curves, the one with the highest fit R? was selected, and the data were used to
obtain the predicted rating curve between production g1 and the time required for the
entire production phase when liquid loading does not occur in the gas well. The rating
curve between actual production g, and time was also plotted and the two curves were
compared. If g, fluctuates up and down around the rating curve of q; , the well exhibits
good production performance; the large differences between the two over time are most
likely because of liquid loading of the produced water. This indicates the initiation of
gas-well liquid loading.

3.2. Calculation of Liquid-Loading Depth

When liquid loading occurs in a gas well, a difference is observed between the bot-
tomhole pressure Py, corresponding to g1, which is obtained from the fit of the decrease
in production during the entire production phase of the gas well, and the bottomhole
pressure P, corresponding to actual production g;. According to the law of conservation
of energy, the pressure loss is primarily caused by wellbore friction, gas acceleration, and
liquid-column pressure. Under stable production conditions, the decrease in pressure due
to gas acceleration is basically negligible. Furthermore, under the same formation-pressure
and wellhead-pressure conditions, a similar decrease in pressure is caused by the wellbore
friction and by the gravity of the gas [27-29], but the liquid-column pressure is different in
both cases. The depth of liquid loading is calculated using the following equation [30]:

P wl — b w2
Pw&

H= @)

where Py is the bottomhole pressure corresponding to the actual production q;, MPa; P,
is the bottomhole pressure corresponding to the fitted production g1, MPa; py, is the density
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different productions g4; and g5.

3.3. Application Examples

Four horizontal gas wells in the Changbei block were selected to analyze wellbore
liquid loading using the aforementioned method. The production data of these gas wells
revealed that the production of these wells was not consistent, they had several shut-
in points, and fluctuated notably. Therefore, to determine the trend of the decrease in
production, all shut-in points were removed, and the cumulative production of 30 days
was used as a unit of measurement.

Based on the screened and processed production data, the classical Arps decline law
and the non-liquid production data were applied to obtain the curves for the decrease in
production of these four horizontal gas wells. Furthermore, the actual production data and
predicted production data were combined in one graph as shown in Figure 3.
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Figure 3. Curves of production decline and actual production of typical gas wells in the Changbei
block. (a) Well CX-2. (b) Well CX-5. (c) Well CX-6. (d) Well CX-10.

(c)

The actual production of well CX-2 in the middle period fluctuated up and down
around the production curve fitted, as explained by the production decline law. However,
after 45 months of production, the actual production of the well is lower than that calculated
according to the production decline law. Thus, liquid loading in the well was estimated
to begin after the first 45 months. The actual production of well CX-5 and well CX-10
fluctuated up and down around the production curve fitted by the law of production
decline, indicating that the well had good production performance. The actual production
of well CX-6 fluctuated up and down around the production curve fitted by the production
decline law in the middle of the period, but after 50 months of production, the actual
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production of the well was lower than that calculated according to the production decline
law; thus, liquid loading in the well started after 50 months.

Based on Equation (2), as displayed in Figure 4, the depth of the initial liquid loading
in the well CX-2 was estimated to be approximately 39.7 m, and the depth of the initial
liquid loading in well CX-6 was estimated to be approximately 86.7 m.

——IPR Curve —a—[PR Curve

Bottomhole pressure/(MPa)
=
Bottomhole pressure/(MPa)
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|
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1
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1
1

b

0 . T + - T T i

T T T T T T T T
0 10 20 30 40 50 60 70 0 5 10 15 20 25 30 35 40

v . 43
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(a) (b)
Figure 4. IPR curves of typical gas wells in the Changbei block. (a) Well CX-2. (b) Well CX-6.

4. Conclusions

The source of the produced water in the gas wells in the Changbei block was initially
determined by analyzing the mineralization of the water samples and further determined
through the theoretical calculation of water content and the analysis of the produced
water’s characteristics. Then analyses of the decrease in production and bottomhole inflow
performance can help determine whether liquid loading occurred in the wells and calculate
the depth of liquid loading. The results indicated that in the Changbei gas field, condensate
was the type of water primarily produced in 35 gas wells, accounting for 62.5% of the
total number of gas wells. Edge-bottom water was the water primarily produced in 16
gas wells, accounting for 28.6% of the total number of gas wells. In the remainder of the
gas wells, pore water was the water primarily produced; if new horizontal gas wells are
drilled in the Changbei gas field in the future, the type of water produced in the new wells
can be determined. Some gas wells started to accumulate liquid after 45-50 months, and
the amount of accumulation could reach several tens of meters, while others were in good
production condition. Some of the other study methods, including the differential pressure
method, flow pressure testing method, and critical flow rate method, have extremely high
costs and some of them are based on empirically developed models, which are not very
applicable and produce large errors. The method proposed in this paper is simple and rapid
compared with them, but it also has some limitations, as it only has a general range for the
time of liquid loading and cannot be accurate to a certain date. This should be a key concern
for future research. Future research will hopefully combine accuracy with convenience.
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