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Abstract: Within the past few decades, the production of high-wax oils at offshore fields in Vietnam
has been fraught with severe problems due to the intense formation of asphalt-resin-paraffin deposits
(ARPD) in the downhole oil and gas equipment. The formation of organic wax deposits in the
tubing string led to a significant decrease in gas-lift wells production, efficiency of compressor units,
transport capacity of the piping systems, along with an increase in equipment failure. Subsequently,
the efficiency of gas-lift wells dramatically decreased to less than 40% as a whole. The existing
methods and technologies for combating organic wax deposit formation in downhole equipment
have many advantages. However, their use in producing high-wax anomalous oil does not entirely
prevent the wax formation in the tubing string and leads to a significant reduction in oil production,
transport capacity, and treatment intervals. The results of theoretical and experimental studies
presented in this article demonstrate that a promising approach to improve the efficiency of gas-lift
wells during the production of high-wax oil is to use the technology of periodic injection of hot
associated petroleum gas (APG) into the annulus of an oil-producing well. The effectiveness of the
proposed method of combating wax formation in gas-lift wells highly depends on the combination of
a few factors: the determination of wax deposit formation intensity in the well and the implementation
of a set of preparatory measures to determine the optimal injection mode of hot APG (flow rate and
injection depth) into the annulus between tubing strings and technological pipes. The injection depth
of the hot APG should not be less than the depth of wax formation in the tubing string. The optimal
injection rate of hot APG is determined by analyzing and mathematically modeling the APG injection
system based on well-known thermodynamic laws.

Keywords: offshore fields; high-wax oil; asphalt-resin-paraffin deposits (ARPD); operation of gas-lift
wells; injection depth; associated petroleum gas

1. Introduction

Over the past few decades, the gas-lift method of well operation has been one of the
most effective methods in developing offshore oil and gas fields [1–3]. The high-wax oil
production of offshore fields in Vietnam (White Tiger, White Bear, Dragon) is accompanied
by severe problems due to the intensive formation of organic deposits in the downhole and
surface oil and gas field equipment [4–11].

Well-known methods to prevent and mitigate wax deposits in downhole equipment
during the operation of gas-lift wells are mechanical, thermal, and chemical methods [12–18].

Mechanical-removal methods are the most conventional to be applied in offshore oil
field development. Authors [19,20] showed that scrapers and cutters could be utilized to
remove wax precipitated on tubing surfaces. Additionally, paraffin wax can be removed
by scraping the tubing wall while the well is still working. Although these methods are
reasonably priced, one of the principal disadvantages is the plugging of perforations within
wells, given the fact that scraped paraffin circulates through the well annulus. Furthermore,
the wireline scrapers can get stuck in wells during post-cleaning operations [21–24]. The
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authors also suggested that the efficiency in gas-lift wells might be enhanced by using free
pistons to remove organic wax deposits from the tubing string.

The utilization of chemical inhibitors for remediation of wax formation in the oil and
gas industry has been studied by many researchers [25–29]. Wax inhibitors are added
to high wax oils to reduce problems concerning lifting a fluid from the bottom-hole to
the surface of a well. Wax inhibitors consist of wax-crystal modifiers, detergents, and
dispersants. The main disadvantage of using chemical inhibitors is that they must be used
before the bulk temperature of crude oil drops below the wax appearance temperature
(WAT). Chemical solvents are also employed when oils are susceptible to surfactants or
produce water with a high concentration of dissolved solid particles. The well-known
chemical solvents to dissolve wax deposits are carbon tetrachloride, carbon disulfide,
kerosene, and diesel oil [30–33]. The most significant advantage of using chemical solvents
is their pricing and the fact that they do not always require complicated instrumentation.
However, this method is useful only for a specific type of wax deposit with a range of
molecular weight, contingent upon pressure and temperature [34–38].

There are several thermal techniques of wax mitigation, such as hot oiling/watering
and thermal coatings that have been applied in offshore oil and gas fields [39–44]. Hot
oiling or hot watering is a method of injecting hot oil or hot water into wells in an attempt
to remediate wax deposits on tubing surfaces. The most significant advantages could
be its ease of application, low costs, and immediate results. Nevertheless, the method’s
effectiveness highly depends on where wax deposits occur in the tubing string. Another
concern is usually given to the physical and chemical characteristics of the fluid being used
for the techniques, since the stock tank oil used for hot oil injection is always accompanied
by wax crystals, asphaltenes, scale, and corrosion products, which might reduce the
method’s effectiveness. Furthermore, heating of the fluid can melt the waxes but not the
asphaltenes. Hence, it is of utmost importance to study the composition of the injected
fluid and determine the optimal choice in advance. In other words, fluid treatment should
be specific since the better the injected fluid quality, the lower the potential for the tubing
string to be damaged.

Melnikov [45] introduced a method to prevent deposits and obstructions in oil and gas
wells. The proposed method consists of lowering into a well at a depth of wax formation,
a linear heating element in the form a column of pipes, or a metallic supply conductor.
Heating is carried out by passing a high-frequency electric current through the supply
conductor, ensuring its closure in the head of the heating system to the linear heating
element. In his patent, the author showed that the heat release regulation is subject to the
depth of the wax formation. The metal of the linear heating element is influenced by the
high-frequency field of the supply conductor. The frequency of the electric current is set
at a lower threshold so that the depth of penetration of the high-frequency field into the
metal of the linear heating element is less than its thickness. Heat release is adjusted to
provide preferential heat release along the length of the linear heating element by reducing
the gap between the latter and the supply conductor and increasing the frequency of the
electric current from this lower threshold. The disadvantage of this method is the lack
of temperature control during the heating system’s operation. As a result, it leads to the
overheating of the contactor and the core of the linear heating element, which decreases the
reliability of the heating system as a whole. In addition to that, another disadvantage of
the method is that the closure, due to its design, has a diameter close to the inner diameter
of the tubing. Therefore, when the heating element is lowered into the well’s tubing, it
will hinder the flow of well fluid during production since the cross-section of the tubing is
significantly reduced and, consequently, there is an inability to operate the heating systems
for long-term operation in the well [46–49].

Akopov [50] presented a method for cleaning wells from paraffin-resinous plugs and
a device for their realization. In order to reduce the wax deposits in a well, the authors
suggested injecting a hydrocarbon gas into the pipe string and the annular space, holding
the well under pressure and then sharply decreasing the pressure. Before the gas injection,
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the temperature of the gas is increased by ejecting it with steam or a heated high-pressure
liquid. The injection and reduction of pressure are carried out in a pulsating mode with
periodic stops. A sharp decrease in pressure in the string of lifting pipes and the annulus
is carried out alternately. After that, the system is vented with the atmosphere until the
process of removing paraffin-resinous plugs is completed. The disadvantage of this method
is that when injecting hydrocarbon gas into the well to remove wax deposits, the depth of
the wax deposits formation, the temperature, injection depth, and flow rate of the gas are
not considered.

The objective of this work is to present and propose experimental-industrial trials
for technology involving periodic injection of hot associated petroleum gas (APG) into
the annulus of an oil-producing gas-lift well to prevent organic wax deposit formation in
the tubing string. The study is conducted by completing several important steps, such
as determining the wax deposit formation intensity in the well and implementing a set
of preparatory measures to select the optimal injection mode of hot APG (flow rate and
injection depth) into the annulus between tubing strings and technological pipes. Likewise,
the injection depth of the hot APG should not be less than the depth of wax formation in
the tubing string. The optimal injection rate of hot APG is determined by analyzing and
mathematically modeling the APG injection system based on well-known thermodynamic
laws. This paper contributes to the literature by providing a method that has proven
to be effective in operating conditions of gas-lift wells, especially those where there is
intensive wax formation in the tubing string. In addition, the developed technology can
be used in the case of injection of a hot hydrocarbon agent or steam instead of associated
petroleum gas.

2. Methodology

The first step is to determine the temperature distribution during hot APG injection
along the annular space from the wellhead to the depth of the packer by developing a
mathematical model based on well-known thermodynamic laws.

The second step is to develop a technical diagram for carrying out the necessary
measures in accordance with the proposed technology for preventing wax formation in the
tubing string during the operation of a gas lift well. The optimal composition of the injected
associated petroleum gas (APG) is determined by the method described in our previous
papers [17,51]. In these papers, we proposed that the working agent APG was initially
purified from hydrogen sulfide and carbon dioxide, then the purified APG was injected
without changing its hydrocarbon composition. Following that, the wax appearance
temperature (WAT) T1 and the depth of its formation in the well were determined, taking
into account the change in oil composition during APG injection. The obtained value of
the WAT T1 is considered as the starting point for comparison with subsequent options.
Therefore, we changed the ratio of light and heavy fractions of the APG and determined
the WAT T2 and the depth of its formation for a given ratio of light and heavy fractions.
Next, we compared the WATs T2 and T1. If T2 > T1, then we changed the ratio of light and
heavy fractions of the APG and repeatedly determined the WAT T2 and the depth of its
formation. If T2 < T1, the obtained temperature was chosen as a new initial option for the
WAT. Having repeated the procedure for various ratios of light and heavy fractions, we
determined the optimal option for the APG based on the required flow rate of the working
agent and the lowest value of the WAT.

The temperature distribution of the fluid along the wellbore is found using the
PIPESIM software package [52]. The optimal APG injection rate is selected based on
the model we developed in Section 4.
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3. Mathematical Model
Calculation of the Temperature Distribution along the Annular Space of the Well during the
Injection of Hot Associated Petroleum Gas (APG)

Figure 1 shows a pipe element for calculating the temperature distribution along the
annular space of the well during hot APG injection.
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Figure 1. Pipe element during the injection of hot APG into the annular space of the well. 1—Tubing
string; 2—Technological pipe (additional pipe); 3—Casing strings; T1— Temperature of the injected
APJ in the space between the tubing string 1 and technological pipe 2; T2— Temperature of the fluid
inside the tubing string 1; T3—Temperature of the fluid in the space between technological pipe 2
and casing strings 3.

Consider the heat flow over a period of time ∆tx.
The heat balance is determined by the following formula:

qin − qout − qR1 − qR2 = qacc (1)

where:
qin—Heat energy transferred by hot APG into the pipe element due to convection, J;
qout—Heat energy carried away by hot APG from the pipe element due to convection, J;
qR1 ,qR2 —Heat energy transferred through the insulation layer due to thermal conduc-

tivity, J;
qacc—Accumulation of heat energy in the pipe element, J.
The values of heat energies qin, qout, qR1 , qR2 , and qacc can be formulated as follows:

qin = ρvCpvATL∆t

qout = ρvCpvATL+∆L∆t

qR1 = λA1
∂T
∂r

∆t = 2πλ(R1 + s1)∆L
∂T
∂r

∆t

qR2 = λA2
∂T
∂r

∆t = 2πλR2∆L
∂T
∂r

∆t

qacc = ρvCp A∆L∆T

where:
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ρv—Density of the injected APG, kg/m3;
Cp—Specific heat at constant pressure, J/(kg× ◦C);
v—Average flow rate of associated petroleum gas, m/s;
A—Annular cross-sectional area, m2;
TL—Temperature of APG at the inlet of the segment, ◦C;
∆t—Time period, s;
TL+∆L—Temperature of APG at the outlet of the segment, ◦C;
λ—Thermal conductivity of the heat insulation layer, W/(m × ◦C);
A1, A2—Lateral surface area of tubing strings and the technological pipe, m2;
R1, R2, R3—Outer radiuses of the tubing string, the technological pipes, and casing

string respectively, m;
s1, s2—Insulation layer thicknesses, m;
∆L—Length of pipe element, m;
∂T
∂r —Radial temperature gradient in the insulation layer, ◦C/m;
∆T—Average temperature increase of the APG in the pipe segment, ◦C;

ρvCpvATL∆t− ρvCpvATL+∆L∆t−λ2π(R1 + s1)∆L
∂T
∂r2

∆t−λ2πR2∆L
∂T
∂r2

∆t = ρvCp A∆L∆T

ρvCpvA∆t(TL − TL+∆L)− λ2π∆L∆t
[
(R1 + s1)

∂T
∂r1

+ R2
∂T
∂r2

]
= ρvCp A∆L∆T

Dividing all terms of this equation by ∆t∆L, gives:

ρvCpvA
(TL − TL+∆L)

∆L
− λ2π

[
(R1 + s1)

∂T
∂r1

+ R2
∂T
∂r2

]
= ρvCp A

∆T
∆t

For infinitesimal ∆L and ∆t this equation becomes:

−ρvCpvA ∂T
∂L − λ2π

[
(R1 + s1)

∂T
∂r1

+ R2
∂T
∂r2

]
= ρvCp A ∂T

∂t

ρvCpvA ∂T
∂L + ρvCp A ∂T

∂t = −λ2π
[
(R1 + s1)

∂T
∂r1

+ R2
∂T
∂r2

]
v ∂T

∂L + ∂T
∂t = − λ2π

ρvCp A

[
(R1 + s1)

∂T
∂r1

+ R2
∂T
∂r2

] (2)

The radial temperature gradient in the insulation layer can be calculated by:

∂T
∂r

=
T − (T0 − G cos(θ)L)

s

⇒ ∂T
∂r1

=
T − (T0 − G cos(θ)L)

s1
(3)

∂T
∂r2

=
T − (T0 − G cos(θ)L)

s2
(4)

where:
G—Geothermal gradient, ◦C/m;
θ—Pipe angle, gradient;
s—Insulation layer thickness, m;
T0—Temperature of the medium outside the insulating layer at H = 0, ◦C
Substituting Equations (3) and (4) into (2), gives:

v
∂T
∂L

+
∂T
∂t

= − λ2π

ρvCp A

[
T
(

R1

s1
+

R2

s2
+ 1
)
− T0

(
R1

s1
+

R2

s2
+ 1
)
− G cos(θ)L

(
R1

s1
+

R2

s2
+ 1
)]

⇔ v
∂T
∂L

+
∂T
∂t

= − λ2π

ρvCp A

(
R1

s1
+

R2

s2
+ 1
)
[T − T0 + G cos(θ)L]

⇔ v
∂T
∂L

+
∂T
∂t

= mT + nL + k (5)
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where: m = − λ2π
ρvCp A

(
R1
s1

+ R2
s2

+ 1
)

; n = mG cos(θ); k = −mT0.
Suppose the mass flow rate of the hot associated petroleum gas is maintained for a

considerably long period. In this case, a steady heat transfer condition between the system
and its external environment is expected. Therefore, under constant flow conditions, the
temperature at any point in the system is time-independent.

Therefore, Equation (5) turns into the following form:

v
dT
dL

= mT + nL + k (6)

The boundary condition:
T = T1,0at L = 0 (7)

T1,0—Temperature of injected APG at the gas entry point, ◦C

Set u = mT + nL + k (8)

⇒ T =
u− nL + k

m
⇒ dT

dL
=

1
m

du
dL
− n

m
(9)

Substituting Equation (9) into (6), gives:

v
(

1
m

du
dL
− n

m

)
= u

du
dL
− m

v
u = n (10)

where: du
dL −

m
v u = 0 u = Ce

m
v L, Let C = C(L) gives:

u = C(L)e
m
v L ⇒ u′ = C′(L)e

m
v L +

m
v

LC(L) (11)

Substituting Equation (11) into (10), gives:

C′(L)e
m
v L +

m
v

e
m
v LC(L)− m

v
C(L)e

m
v L = n

⇒ C(L) = −nv
m

e−
m
v L + C1 (12)

Substituting Equation (12) into (11), gives:

u =
(
−nv

m
e−

m
v L + C1

)
e

m
v L = −nv

m
+ C1e

m
v L (13)

Substituting Equation (13) in (8), gives:

u = mT + nL + k = −nv
m

+ C1e
m
v L

⇔ mT = −nv
m

+ C1e
m
v L − nL− k⇔ T = − nv

m2 +
C1e

m
v L

m
− n

m
L− k

m
(14)

Applying the boundary condition (7) into (14) gives:

C1 = mT1,0 +
nv
m

+ k (15)

Substituting Equation (15) into (14), gives:

T = − nv
m2 +

(
T1,0 +

nv
m2 +

k
m

)
e

m
v L − n

m
L− k

m
(16)
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The heat transferred from the injected associated petroleum gas to the internal fluid
through the insulation in this segment is illustrated as:

qR1 = λA1
∂T
∂r

∆t = λ2π(R1 + s1)∆L
∂T
∂r

∆t (17)

Substituting Equation (3) into (17), gives:

dq = λA1
∂T
∂r

= λ2π(R1 + s1)dL
∂T
∂r

= λ2π(R1 + s1)dL
T − (T0 − G cos(θ)L)

s1

⇔ dq = λA1
∂T
∂r

=
λ2π(R1 + s1)

s1
dL
[
− nv

m2 +

(
T1,0 +

nv
m2 +

k
m

)
e

m
v L − n

m
L− k

m
− (T0 − G cos(θ)L)

]
⇔ dq = λA1

∂T
∂r

= −λ2π(R1 + s1)

s1

[
nv
m2 −

(
T1,0 +

nv
m2 +

k
m

)
e

m
v L +

n
m

L +
k
m

+ (T0 − G cos(θ)L)
]

dL

⇔ qc = −
L∫

0

λ2π(R1 + s1)

s1

[
nv
m2 −

(
T1,0 +

nv
m2 +

k
m

)
e

m
v L +

n
m

L +
k
m

+ (T0 − G cos(θ)L)
]

dL

⇔ qc = −
λ2π(R1 + s1)

s1

[
nv
m2 L− v

m

(
T1,0 +

nv
m2 +

k
m

)(
e

m
v L − 1

)
+

n
2m

L2 +
k
m

L + T0L− G cos(θ)L2

2
)

]
⇔ qc = −

λ2π(R1 + s1)

s1

[(
n

2m
− G cos(θ)

2

)
L2 +

(
nv
m2 +

k
m

+ T0

)
L− v

m

(
T1,0 +

nv
m2 +

k
m

)(
e

m
v L − 1

)]
(18)

4. A Method of Hot APG Injection to Prevent Wax Deposit Formation in
Gas-Lift Wells

Wax prevention is of paramount importance in the petroleum industry, especially
during production in gas-lift wells. There are several well-known methods [12–18] used to
handle wax formation problems such as mechanical-removal methods, chemical inhibitors,
thermal techniques, chemical solvents, and other methods. Although there are several
methods that have been applied to handle the wax formation problem in recent decades,
questions concerning their economic viability as well as their effectiveness remain relevant.
The method is carried out in the following sequence (Figure 2).

For a candidate gas-lift well with wax formation problems, the optimal composition
of the injected associated petroleum gas (APG), previously purified from hydrogen sulfide
and carbon dioxide, is determined by utilizing the method introduced in the previous
paper of the authors [17]. As a result, the optimal composition of the injected APG was
chosen corresponding to the lowest value of the wax appearance temperature (WAT).

For the optimal option of APG, determine the WAT and the depth of wax formation
in the well (H0) taking into account the change in the composition of oil when injecting
APG (Figure 3).

In this paper, we suggest pumping the hot APG into the gas-lift well in order to handle
the wax deposit formation problems. The method requires a set of preparatory operations,
such as determination of the optimal flow rate, injection temperature of the hot APG, and
the depth of its injection into the gas-lift well.



Energies 2021, 14, 5016 8 of 19

Energies 2021, 14, x FOR PEER REVIEW 8 of 22 
 

 

λ π θ  +      ⇔ = − − + + + − + + −                

21 1
0 1,02 2

1

2 ( ) cos( ) 1
2 2

m L
v

c

R s n G nv k v nv kq L T L T e
s m m m mm m

 (18)

4. A Method of Hot APG Injection to Prevent Wax Deposit Formation in Gas-Lift 
Wells 

Wax prevention is of paramount importance in the petroleum industry, especially 
during production in gas-lift wells. There are several well-known methods [12–18] used 
to handle wax formation problems such as mechanical-removal methods, chemical 
inhibitors, thermal techniques, chemical solvents, and other methods. Although there are 
several methods that have been applied to handle the wax formation problem in recent 
decades, questions concerning their economic viability as well as their effectiveness 
remain relevant. The method is carried out in the following sequence (Figure 2). 

For a candidate gas-lift well with wax formation problems, the optimal composition 
of the injected associated petroleum gas (APG), previously purified from hydrogen 
sulfide and carbon dioxide, is determined by utilizing the method introduced in the 
previous paper of the authors [17]. As a result, the optimal composition of the injected 
APG was chosen corresponding to the lowest value of the wax appearance temperature 
(WAT). 

 
Figure 2. Diagram of the proposed technology. Figure 2. Diagram of the proposed technology.

Energies 2021, 14, x FOR PEER REVIEW 9 of 22 
 

 

For the optimal option of APG, determine the WAT and the depth of wax formation 
in the well ( 0Н ) taking into account the change in the composition of oil when injecting 
APG (Figure 3). 

 
Figure 3. Determination of the depth of wax formation. 

In this paper, we suggest pumping the hot APG into the gas-lift well in order to 
handle the wax deposit formation problems. The method requires a set of preparatory 
operations, such as determination of the optimal flow rate, injection temperature of the 
hot APG, and the depth of its injection into the gas-lift well. 

It is recommended to use polyurethane as a heat insulation material for covering the 
outer surface of the tubing string and the technological pipe. Determination of the optimal 
thickness of the heat insulation material (polyurethane) was carried out for the operating 
condition of a gas-lift well without installing the technological pipe and pumping hot APG 
into the well (Figure 4). According to the obtained simulation results, it was found that 
the initial depth of wax formation in the tubing string is 510 m (without the use of a heat 
insulation layer). With an increase in the layer thickness from 10 to 20 mm, the depth of 
wax formation in the tubing string decreases by 30 m. The most significant decrease in the 
wax formation depth is achieved using heat-insulation material (polyurethane) with a 20–
35 mm thickness. The wax formation depth in the well decreases by 90 m, respectively. 
With a layer thickness over 35 mm, a slight change in the wax formation depth in the well 
is observed. Thus, the optimal thickness of the insulation layer of the tubing string is in 

the range of 20–35 mm ( δ = 20…35 mm, 
λδ
α

< , where α —fluid heat transfer 

coefficient, × °2/ (m )W С ). 

Figure 3. Determination of the depth of wax formation.



Energies 2021, 14, 5016 9 of 19

It is recommended to use polyurethane as a heat insulation material for covering the
outer surface of the tubing string and the technological pipe. Determination of the optimal
thickness of the heat insulation material (polyurethane) was carried out for the operating
condition of a gas-lift well without installing the technological pipe and pumping hot APG
into the well (Figure 4). According to the obtained simulation results, it was found that
the initial depth of wax formation in the tubing string is 510 m (without the use of a heat
insulation layer). With an increase in the layer thickness from 10 to 20 mm, the depth of
wax formation in the tubing string decreases by 30 m. The most significant decrease in
the wax formation depth is achieved using heat-insulation material (polyurethane) with a
20–35 mm thickness. The wax formation depth in the well decreases by 90 m, respectively.
With a layer thickness over 35 mm, a slight change in the wax formation depth in the well
is observed. Thus, the optimal thickness of the insulation layer of the tubing string is in
the range of 20–35 mm (δ= 20 . . . 35 mm, δ < λ

α , where α—fluid heat transfer coefficient,
W/(m 2 × ◦C)).
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The next step is to determine the injection temperature of APG. Associated petroleum
gas is heated to 105.0 ◦C, following the industrial gas heater’s safety condition and its
technical characteristics.

Determination of the initial value of the injection rate of hot APG Q0 is carried out
as follows (Figure 5): Initially, we consider the first option of hot APG injection depth:
Hinj. = H0 + m (provided that m ≤ 150 m). Applying the mathematical model in Section 3,
during hot APG injection into the well, the temperature distribution of the hot APG in the
annulus between the tubing string and technological pipe is described by the following
equation, v = Q0

A :

TgH = − nQ0

m2 A
+

(
T1,0 +

nQ0

m2 A
+

k
m

)
e

m
v L − n

m
H − k

m

where: m = − λ2π
ρvCp A

(
R1
s1

+ R2
s2

+ 1
)

; n = mG cos(θ); k = −mT0
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When the hot APG flow enters the well’s production flow through a gas-lift valve, the
temperature of the gas-liquid mixture along the wellbore is a function of the density and
heat capacity of the well fluid ρL and cL respectively; current depth H, flow temperature of
hot APG and the oil at the injection point TgHinj.

and TLHinj.
respectively; volumetric liquid

flow rate qL; injection flow rate of the hot APG Qg, as well as types of fluid flows (laminar,
turbulent or transient). Hence, the general dependence of the temperature distribution of
the gas-liquid flow along the tubing string can be characterized as follows:

Tin .H = f (TgHinj.
, H, cL, qL, Qg, ρL, TLHinj.

, types o f f luid f lows)

The condition of the application of the method:

Tin .H=H0 = f (TgHinj.
, H, cL, qL, Qg, ρL, TLHinj.

, types o f f luid f lows) ≥WAT

where:
Tin .H=H0 —the temperature of the gas-liquid flow along the tubing string at the depth

H0, ◦C;
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WAT—Wax appearance temperature, ◦C.
Next, Q0 is determined by: TgHinj.

= f (Q0, H0 + m)

Tin .H=H0 = f (TgHinj.
, H, cL, qL, Qg, ρL, TLHinj.

, types o f f luid f lows) ≥WAT

In the next step, the injection depth of hot APG into the well Hini.inj = H0 + m/2 is
assumed, which will be a starting point for comparison with subsequent options. Then we
change the value of the injection rate of hot APG in the range of (Q0 − b; Q0 + b), where
parameter b depends on production conditions.

Following the condition of the application of the method:
Tin .H=H0 = f (TgHinj.

, H, cL, qL, Qg1, ρL, TLHinj.
, types o f f luid f lows) ≥ WAT, where

Qg1 is the first option of the hot APG injection rate, m3/s, the value of TgHinj.
is determined,

then, based on the equation of the hot APG temperature distribution along annular space
from the wellhead to the depth of its injection T2Hzakch.

= f (Qg1, Hinj.), a new value of the
hot APG injection depth Hinj.new. is received. Having performed the procedure for various
values of the hot APG injection rate, we can select the optimal option, based on the volume
of the injected working agent and the smallest value of the depth of its injection.

After determining the optimal injection depth of hot APG, we need to select the
interval for lowering tubing strings and technological pipes insulated by the polyurethane
layer. The interval is below the hot APG injection depth, which is less than 30 m following
economic estimations.

The next step is to determine the mode of hot APG injection into the well by predicting
the rate of wax formation in the tubing strings. In this case, the well’s flow rate will decrease
along with an increase in deposit thickness over time (Figure 6). The area near the point of
the intersection between the flow rate line and the wax deposit thickness line corresponds
to the optimal value of the inter-treatment period of the well. The range of the optimal
period to inject hot APG is highlighted. One of the boundary conditions is the minimum
cost for gas heating since enhancing energy efficiency is one of the priority measures of any
oil and gas company. The second condition is incomplete removal of organic wax deposits
from the tubing walls while increasing the inter-treatment period under constant flow rate
and duration of pumping hot APG.
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After carrying out a set of preparatory operations, the authors present a technological
scheme for the method of pumping hot APG into a gas-lift well. According to the scheme
shown in Figure 7, the proposed technology for combating the wax formation in lift pipes
during gas-lift well operation is carried out as follows:
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Figure 7. Implementation diagram of the proposed method for combating the wax formation in a gas lift well. 1—
flow meter; 2—constant pressure valve; 3—gas-lift valve 3 for pumping heated APG; 4—packer; 5—working gas-lift
valve; 6—asphaltene-resin-paraffin deposits (ARPD); 7—technological pipe; 8—annulus; 9—tubing strings; 10—casing
string; 11—reservoir; 12—perforation interval; 13—APG heating unit; 14—gas distribution battery; 15—pipeline; 16—
production manifold; 17—gas-oil separator; 18—oil enters the collector; 19—gas separator; 20—compressor station; 21—APG
purification station from CO2 and H2S.

The downhole production stream of the gas-lift well through pipeline 15 enters the
production manifold 16, then through pipeline 15, it is sent to the gas-oil separator 17, after
which oil 18 enters the collector. Low-pressure gas containing oil droplets enters the gas
separator 19 through pipeline 15, where the gas undergoes additional processing and then
enters the compressor station 20. The required volume of associated petroleum gas for
injection into the gas-lift well through pipeline 15 enters the APG purification station 21,
where carbon dioxide CO2 and hydrogen sulfide H2S are eliminated. Further, the purified
APG through pipeline 15 enters the gas distribution battery 14. The required flow rate
of the working agent to achieve the planned flow rate of well fluid through the constant
pressure valve 2 and the flow meter 1, then through pipeline 15 is pumped into the annulus
of well 8, and after that through the working gas-lift valves 5 are pumped into tubing
string 9. The rest of the APG is sent to the APG heating unit 13 in order to implement the
proposed method of combating the wax formation in the downhole equipment.

Based on the results of determining the optimal depth of hot APG injection, the
interval of tubing string 9 and technological pipe 7 are covered with heat insulation
material (polyurethane), with a thickness δ, up to the depth of the packer installation 4.
There is an interval of wax deposits 6 in tubing 9. The required flow rate of the hot APG
after heating to a temperature of 105 ◦C in the APG heating unit 13 through a constant
pressure valve 2 and a flow meter 1 through pipeline 15 is pumped into the annular space
of the well between tubing string 9 and technological pipe 7. Then, through gas-lift valve
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3 for pumping, heated APG enters tubing string 9. When hot APG is injected, the tubing
string and well products are heated in the interval of wax deposit formation.

Hot APG is continuously injected into the gas lift until the current well production rate
is restored to the planned value. Then, the constant pressure valve 2 is closed. Depending
on the intensity of the formation of organic wax deposits in the well, the optimal inter-
treatment period of the well operation is determined.

5. Application Example and Discussion

For example, the above-described method was applied to one of the gas-lift wells
in the Dragon field (Vietnam). A numerical simulation of the developed technology for
preventing the wax formation in lift pipes by periodic injection of hot associated petroleum
gas (APG) into the annulus was carried out. The well is operated with a gas factor of
135 m3/day, with a depth of formation of organic deposits in the lift pipes of 500 m. The
wax appearance temperature is 52.4 ◦C, assuming the hot APG injection depth is 560 m.
The depth that the tubing string and the technological pipe, coated in a heat insulation
layer (polyurethane) with a thickness of 25 mm is lowered to is 590 m.

Following the condition:

Tin,.H=H0 = f (TgHinj.
, H, cL, qL, Qg, ρL, TLHinj.

, types o f f luid f lows) ≥WAT = 52.4 ◦C

The hot APG injection aims to maintain the production stream above the wax appear-
ance temperature. The temperature of the hot APG at the depth of its injection into the
production stream must provide the necessary heating of the well fluid and be at least
70 ◦C. The temperature profiles of the hot APJ in the annulus between the tubing and
technological pipe are shown in Figures 8–11 at different hot APG injection rates.
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The temperature distribution of the hot APG in the annulus between the tubing string
and technological pipe is described by the following equation, v = Q0

A :
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)
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+ R2
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+ 1
)

; n = mG cos(θ); k = −mT0.
The calculation results show that at the initial temperature of the hot APG, 105 ◦C, the

gas temperature at the depth of its injection into the well production stream in the studied
range of hot APG flow rates satisfies the above condition (all temperature distribution
curves are above the line corresponding to a temperature of 70 ◦C). When the initial
temperature of the hot APG is 85 ◦C, the gas temperature at the depth of its injection into
the well product stream in the studied range of flow rates of the injected hot APG no
longer satisfies the above condition (all temperature distribution curves are below the line
corresponding to a temperature of 70 ◦C). Thus, the required initial temperature of hot APG
during its injection into the annular space between the tubing strings and technological
pipes should be from 90 to 105 ◦C.

Calculations performed according to the above-described method made it possible
to determine the optimal composition of the working agent for injection into the annulus
(Table 1) and some technical and technological characteristics of the developed technology
in relation to the selected gas-lift well: The optimal hot APG injection depth is 580 m; the
depth of lowering the tubing string and the technological string with a heat insulation layer
(polyurethane, 25 mm thickness) is 610 m; the inlet temperature of the hot APG injected
into the well is 105 ◦C; the optimal flow rate of injected hot APG is 13,000 m3/day; the
inter-treatment period of the well operation is 12 days; and the recovery time of the well
production rate to the planned value is 8 h.
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Table 1. Optimal composition of the working agent (APG) for a gas-lift well of the Dragon field.

Name Optimal APG Composition

N2 0.281
CO2 0.000
CH4 67.557
C2H6 8.223
C3H8 5.849

i-C4H10 1.632
n-C4H10 1.959
i-C5H12 3.244
n-C5H12 2.311

Pseudo C6 2.544
Pseudo C7 2.451
Pseudo C8 1.934
Pseudo C9 1.989
Pseudo C10 0.020
Pseudo C11 0.007

The proposed technology has proven to be effective compared to the traditional
methods for wax remediation. For instance, authors [17,21,22] showed that coiled tubing
intervention could be deployed in case of failure. Jetting, mechanical removal, chemical
treatments, and solvents can be used to remove wax depositions. A conventional coiled
tubing intervention takes 3 days (compared to 8 h using our proposed method) and costs
hundreds of thousands of dollars. Another example of a technique for wax remediation
in gas lift wells is the use of hot oil/watering injection. The inter-treatment period of
the well operation is usually 3–4 days compared to 12 days for our proposed method. In
the conventional method, the fluid composition of the working agent has not been well
studied. In fact, the stock tank oil used for hot oil injection is always accompanied by wax
crystals, asphaltenes, scale, and corrosion products, reducing the method’s effectiveness.
Furthermore, heating the fluid can melt the waxes but not the asphaltenes [39–44].

Hence, the proposed method for preventing the wax formation in the lift pipes of
gas-lift wells during the production of high-wax oil provides a problem-solving approach
to improving the efficiency of well operation by reducing the intensity of deposit formation,
reducing the temperature and depth of ARPD formation.

6. Conclusions and Recommendations

In this article, the authors present and propose experimental-industrial trials for
technology involving periodic injection of hot associated petroleum gas (APG) into the
annulus of an oil-producing gas-lift well to prevent organic wax deposit formation in the
tubing string.

• Based on the thermodynamic properties of oil systems, a method was developed to
calculate the temperature distribution of gas flow in the annular space (between the
tubing strings and process pipes) during hot APG injection to prevent wax formation
in lift pipes.

• An algorithm (Figure 5) was developed to determine the optimal flow rate of hot
associated petroleum gas (APG) and its injection depth.

• As a heat insulation material for covering the outer surface of the tubing string and the
technological pipes, it is recommended to use polyurethane with an optimal thickness
between 20 and 35 mm. Based on the safe operating conditions of an industrial gas
heater, the maximum temperature of the injected associated petroleum gas is 105.0 ◦C.

• An implementation diagram (Figure 7) was developed to prevent the formation of
wax deposits in gas-lift oil production wells by periodically injecting hot APG into the
annulus.

• For a gas-lift well in the Dragon field (Vietnam), a numerical simulation of the pro-
posed technology was carried out, as a result of which it was found that when organic



Energies 2021, 14, 5016 17 of 19

deposits were formed at a depth of 500 m, the optimal depth of injection of hot APG
was 580 m; the depth of lowering the tubing string and the technological string with a
heat insulation layer (polyurethane, 25 mm thickness) was 610 m; the inlet temperature
of the hot APG injected into the well was 105 ◦C; optimal flow rate of injected hot
APG was 13,000 m3/day; the inter-treatment period of the well operation was 12 days;
and the recovery time of the well production rate to the planned value was 8 h.

• Compared to the conventional method, the proposed technology has proven to be ef-
fective in operating conditions of gas-lift wells, where there is intensive wax formation
in the tubing string. In addition, the developed technology can be used in the case of
injection of a hot hydrocarbon agent or steam instead of associated petroleum gas.

• A limitation of this study is that we were only able to simulate it, and we have yet to
implement it in an actual oil field in Vietnam. Another limitation is that we have yet
to determine the associated costs with implementing our proposed method. In the
future, we plan to apply the proposed method to practical work in oil and gas fields
in Vietnam and broaden the scope of our study by considering additional factors that
influence wax formation during gas-lift well production.
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