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Abstract

In empty well killing, in order to save the time and cost of killing the well, the dynamic replacement method is often used
to kill the well. The main problem of the dynamic replacement method for killing wells is how to avoid terrible working
conditions caused by flooding, such as gas carrying fluid, killing fluid being brought to the wellhead. Based on the principle
of flooding formation and the basic tenets of flooding correlation experiment and dynamic replacement method, this paper
incorporates the kill fluid viscosity, surface tension, droplet diameter, inclination angle, drill pipe joint outer diameter, and
drill pipe eccentricity into the calculation range and establishes a new mathematical model suitable for dynamic replace-
ment kill. Based on the calculation results, the influencing factors of flooding are analyzed, and the following conclusions
are drawn: the increase of dynamic viscosity, gas density in the well, casing pressure, well angle, the outside diameter of
drill pipe, the outer diameter of drill pipe joint, and eccentricity of drill pipe can promote the occurrence of flooding; The
increase of surface tension, well-killing fluid density, and casing inner diameter have an obstacle to flooding.

Keywords Flooding - Empty well killing - Dynamic replacement method - Gas carrying fluid

Introduction

During the drilling process, when the liquid column pres-
sure in the wellbore is lower than the formation pressure, the
fluid in the formation will invade the wellbore. To avoid a
blowout, the process of re-establishing the balance between
the wellbore and the formation pressure system in the oil
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and gas well is the well killing. Control risks have become
increasingly prominent with the increase in narrow safety
density windows and high-pressure oil and gas layers. Con-
ventional well killing methods are challenging to meet the
requirements of well-control, and the demand for research
on unconventional well-killing methods is becoming more
and more urgent (Li et al. 2013).

Empty well killing is an unconventional method of well
killing. After the formation fluid intrudes into the wellbore
(this paper mainly studies the gas invasion), the drilling
fluid in the well will be blown out and even cause serious
accidents, if it is not handled properly. However, the prem-
ise of the conventional well killing method is to shut in the
well, the drilling tools in the wellbore are at the bottom of
the well, and the circulation of killing fluid can be realized.
In the process of well killing, the bottom hole pressure is
always slightly higher than the formation pressure (Gong
et al. 2012). For special situations such as blowout of drilling
fluid in the wellbore, no drilling tool in the well or blockage
of the drilling tool, and difficulty to remove the plugging,
conventional well-killing methods cannot be used to deal
with it.

Because of the practical difficulties in killing wells,
such as the destruction of the kill fluid channel, excessive
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formation pressure, and the highest bearing pressure of the
casing, some empty well-killing methods inevitably include
high wellhead back pressure, high pump pressure, long kill-
ing time, a large amount of killing fluid and so on. In order to
save the amount of killing fluid and reduce the dependence
of the killing work on the equipment capacity, the replace-
ment method was proposed for the predecessors of the
empty well killing. The replacement method kills the well
through the circulation mode of liquid injection—shut-in—
exhaust—shut-in—liquid injection to reduce casing pressure
in stages and finally completes the well-killing work to bal-
ance formation pressure. However, due to the long fall time
of the shut-in fluid to be killed, the replacement method
inevitably requires a long kill time. To solve this prob-
lem, Ren et al. (2014) proposed the dynamic replacement
method to kill (as shown in Fig. 1). The dynamic replace-
ment method uses the operation mode of liquid injection and
exhaust at the same time, which greatly reduces the killing
time and also reduces the maximum casing pressure during
the killing process. In the dynamic displacement method
kill, since the injection and exhaust are performed at the
same time, the kill fluid enters the well and flows downward
under the action of gravity, and the gas in the well flows
upward under the effect of the pressure difference at the
exhaust port. During this gas—liquid countercurrent contact

Fig.1 Schematic diagram of
well killing by dynamic dis-

process, it is very likely that the kill fluid will be carried out
of the wellbore by gas. This gas-carrying phenomenon is
called flooding (Levy 1999).

Flooding refers to the phenomenon of gas-liquid two-
phase countercurrent contact in the flow channel. When
the gas velocity reaches a certain critical value, the gas will
carry the liquid to the gas outlet in droplets. In the process
of gas—liquid two-phase contact, as long as the gas flow rate
reaches the critical flow rate of flooding, flooding will occur.
At this time, try to reduce the gas flow rate to lower than the
required flow rate of flooding to avoid flooding. The sche-
matic diagram of flooding is shown in Fig. 2.

When the liquid droplet is carried above the wellbore, the
corresponding gas flow rate is greater than the gas flow rate
at which the liquid film is observed to be broken, and the
liquid droplet breaks through the liquid film. There are two
reasons for flooding (Vijayan et al. 2000): (1) The gas flow
near the gas outlet has the effect of transporting the liquid;
(2) The liquid film is destroyed during the countercurrent
contact with the high-speed gas flow, resulting in droplets.
As the flow rate increases, the damage to the liquid film
intensifies, and the liquid droplets produced after the liquid
film is destroyed are carried out of the wellbore by gas in
large quantities. As the gas velocity increases, the distur-
bance in the liquid film also intensifies. The disruption of the
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Fig.2 Schematic diagram of

The gas flow rate increases gradually

Gas flow rate gradually decreases

vertical well flooding
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Fig.3 Schematic diagram of liquid film bridging

liquid film will cause the fluctuation of the liquid film. When
the amplitude of the fluctuation reaches a certain value, a
bridge of the liquid film is formed, and the gas flow will
bring the liquid out, as shown in Fig. 3.

Taitel et al. (1980) believed that in the gas—liquid two-
phase flow when the average gas content reaches 0.25, the
bubbly flow will transform to the slug flow, and pointed out
that the gas content is an important reason for the flow pat-
tern conversion. Andersen and Wurtz (1981) believe that
the outer wall of the inner tube of the annulus tube and the
inner wall of the outer tube has a layer of liquid film, and the
gas core containing tiny droplets occupies the annular space
between the two layers of the liquid film. Slightly thicker
than the inner tube liquid film. When Sadatomi et al. (1982)
studied the two-phase flow in several non-circular pipes, the
gas-liquid two-phase flow in the annulus tube was roughly
divided into three types: bubbly flow, slug flow, and annu-
lar flow. Caetano et al. (1992) and Kelessidis et al. (1989)
carried out further research on the gas-liquid two-phase
flow pattern in a more extensive range of flow velocity. The
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gas-liquid two-phase flow pattern in the annulus is further
divided into a bubbly flow, dispersed bubbly flow, slug flow,
foamy flow, and annular flow. Hasan et al. (1992) believes
that for the conversion of slug flow and foamy flow, Braun-
er's (1986) tube conversion criterion can be applied; that is,
when the gas content of the liquid plug part after Taylor bub-
ble exceeds 52%, the slug flow is converted to foamy flow.
Grace (1994) proposed the momentum kill method, which
is a killing method based on the principle of fluid dynamics.
The basic principle is that according to the law of conserva-
tion of momentum, the momentum of the kill fluid at the
drill bit (or drill string breaking point) is greater than the
momentum of the gas in the well, thereby inhibiting the con-
tinued intrusion of gas in the well and achieving the purpose
of killing the well. This method is especially suitable for
situations, where the drill bit leaves the bottom of the well or
the drill string breaks down when a blowout occurs. Garlos
et al. (2001) gave the momentum formula of gas and killing
fluid at the drill bit. Flores-Avila et al. (2002) proposed an
improvement to the dynamic kill method in response to a
blowout in a gas well, where the drill bit is not at the bottom
of the hole. They considered the fall of the kill fluid at the
drill bit in the airflow below the drill bit and considered the
pressure. The fall of well fluid in gas is a complicated aero-
dynamic and hydrodynamic problem, and the law of the fall
of the kill fluid has been studied through experiments, so that
the design of the kill pump displacement is more accurate
and reasonable. Li et al. (2009) pointed out that the well-
bore is a gas-phase empty wellbore at the initial time of an
empty well killing. After the high-density kill fluid enters the
wellbore, the liquid column is gradually established, and the
wellbore annulus evolves into a two-phase transient flow of
gas and liquid. As the bottom hole pressure gradually rises,
the gas production of the formation gradually decreases.
Yang et al. (2013) pointed out that the casing pressure after
shut-in is usually high in replacement killing, reaching about
50% of the casing internal pressure strength of the wellhead
section, or about 50% of the rated pressure-bearing capacity
of the wellhead and well control equipment. At this time, it
is necessary to take measures to reduce the casing pressure,
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try to prevent formation gas from entering the wellbore or
less into the wellbore, and keep the annular liquid column
pressure plus the casing pressure greater than the formation
pressure. Tao et al. (2014) proposed a special well killing
method, mainly to solve the problem that the conventional
well killing method cannot be implemented or it is difficult
to achieve the ideal killing effect under the conditions of drill
tool fracture, puncture leakage, or blockage of the channel
in the drill tool. Wei et al. (2017) believe that there are many
factors affecting the empty well kill of gas drilling, mainly
including wellbore structure, drilling tool assembly, physical
formation parameters, kill fluid density, pump displacement,
wellhead backpressure, etc. In order to ensure the success
of well-killing, it is necessary to carry out optimized com-
bination research on key construction parameters, such as
wellhead backpressure, pump displacement, and kill fluid
density. Among them, wellhead backpressure is very impor-
tant to kill wells in gas drilling.

Through the conclusions of previous studies, the follow-
ing problems are found:

(1) Among the empty well-killing methods, there are the
retraction method, dynamic kill method, dynamic kill
method, momentum kill method, displacement method,
and dynamic displacement method. The flooding
phenomenon mainly exists in the dynamic displacement
method. Previous studies on the possible flooding of the
gas—liquid countercurrent contact process of the dynamic
displacement method and the influence of the flooding
on the kill parameters are not complete enough. The use
of the dynamic displacement method to kill the well must
prevent the kill fluid from being ejected with the gas. The
purpose of preventing flooding is to solve this problem by
studying the critical displacement of flooding.

(2) Most scholars use the two-phase flow model in the
calculation of gas intrusion. In order to simplify the measure
during the well-killing process, the flow of the annulus
mixture is generally simplified to a pure gas column and
a pure liquid column flow and analyzed separately. But
flooding is a complicated process involving the shearing
effect of gas flow on liquid flow, so it is important to
consider the interaction between gas and liquid.

(3) In an empty well killing, the geometric parameters and
physical parameters of fluid flow in the annulus and
wellbore directly impact the occurrence of flooding. Many
researchers on flooding often neglect a specific aspect of
related parameters for the convenience of calculation.
Only when all relevant influencing factors are taken into
account can the selection of parameters such as kill fluid
displacement play a valuable guiding role.

Therefore, this article carries out the following research
to further improve the dynamic displacement kill method.
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(1) Study the characteristic parameters of empty well kill-
ing. The typical parameters studied include casing
pressure, well depth, inclination angle, gas physical
parameters in the well, minimum preparation volume of
kill fluid, formation pressure, and other original param-
eters, as well as physical parameters of kill fluid, kill
fluid displacement, gas displacement, etc. kill param-
eters.

(2) Study the influencing factors of liquid flooding in
the killing of empty wells. In an empty well-killing,
whether flooding occurs is determined by multiple
parameters. These parameters are also called flooding-
related parameters. It is necessary to clarify which
parameters are included in the flooding-related param-
eters for the next step of the calculation.

(3) Establish and improve the mathematical model of
flooding in air well killing, and calculate with the help
of Visual Studio software VB.Net module. The flood-
ing model and the formula of the dynamic displace-
ment method are improved by combining the theory of
flooding occurrence and formation, flooding influence
parameters, and the characteristic parameters of empty
well killing.

(4) Analyze the influence of the influencing factors of
flooding on the killing parameters of empty wells. From
the perspective of preventing flooding, analyze the
influence of flooding factors (Killing fluid density, gas
density, killing fluid surface tension, killing dynamic
fluid viscosity, casing inner diameter, shut-in casing
pressure, well inclination angle, etc.) on the maximum
kill fluid displacement, the maximum gas displacement,
and the kill time. In the annulus, add the drill pipe outer
diameter, the drill pipe joint outer diameter, and the
drill pipe eccentricity to analyze their influence on the
maximum displacement of the kill fluid, the maximum
displacement of the gas, and the kill time.

Through the above research, we summarize the influence
law and influence degree of the related flooding parame-
ters on the engineering parameters of empty well killing.
It guides selecting engineering parameters for the dynamic
replacement method of empty well-killing to prevent flood-
ing during the killing operation.

Flooding calculation model

During the killing process, the bottom hole pressure must be
kept constant. The difference between the hydrostatic col-
umn pressure produced by the killing fluid pumped into the
well, and the pressure drop created by the gas self-weight
caused by the discharge of the gas should be equal to the
casing pressure drop value, namely:
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.80 = 8(pgohyo — Pghy) = Py — P, (1)

where P, is the casing pressure after pumping a particular
kill fluid, MPa; P, is the shut-in casing pressure when kill-
ing the well with dynamic displacement method, MPa; Py
is the kill fluid density, g/cm?; Pqo is the density of the gas
in the well at the beginning of the killing, g/cm?; Py is the
gas density in the well at a certain moment, g/cm?; hy is the
height of the liquid column of the kill fluid in the well, m;
hy is the height of the gas in the well at the beginning of the
killing, m; &, is the height of the gas in the well at a certain
moment, m; g is the acceleration of gravity, 9.8 m/s.

The height of the liquid column formed by the pumped
kill fluid in the well is:

hy = - 2)
where Q, is the pumping displacement of kill fluid, m’/s; A
is the cross-sectional area of the wellbore, m?; T is the kill
time, s.

The density of kill fluid is:

Py = —— + Pq0 (3)

where V is the gas volume in wellbore, m’.
The density of gas in the well after exhausting is:

qu

Py =P 4
1OV @, - 0 @
The height of the gas in the well after exhausting is:

Vw0

= 5)

Substituting Egs. (1), (2), (3), and (4) into (5) and deriv-
ing both sides with respect to time #:
QqVqO

y
Py8— — Pg08hy =
CA o [Vq0+(Qq_Qy)t]2

dP
- 7

The gas is compressible. The sum of the volume of the
kill fluid pumped into the well in a unit of time to compress
the gas and the volume of the gas to expand with the dis-
charge of the gas, should be equal to the change in the gas
volume caused by the pressure change in the unit time. The
relationship between gas and liquid displacement is obtained
by combining the ideal gas state equation:

Z,T, dP
Qy - Qq - ZOTOPyO qa (®)

where Q, is the discharge gas flow, m’/s; Z, is the
compressibility factor of gas in the wellbore at time ¢,
dimensionless; Z, is the compressibility factor of the gas
in the wellbore at the initial moment, dimensionless; 7, the
temperature of the gas in the wellbore at time ¢, K; 7 is the
temperature of the gas in the wellbore at the initial moment,
K.

In the conventional dynamic displacement method kill
parameter calculation model, the flooding discrimination
formula is the Wallis flooding formula, which is widely used
in predicting flooding, but does not consider the effects of
viscosity and surface tension. At the same time, the predic-
tion accuracy is deficient in the range of Re; <1000 (Mouza
et al. 2005). Another commonly used Kutateladze flooding
empirical formula (Kutateladze et al. 1972) considers the
effect of surface tension. Still, it does not consider the impact
of feature size in the expression, and the accuracy is not
high when predicting flooding in a 30 mm tube. Therefore,
Zapke et al. (2000) proposed a new type of liquid flooding
empirical correlation based on Froude number and Ohne-
sorge number, the form of which is:

Fri,=-m- Fer’OhZ +w )
where F, is the Froude number; Oh; is the Ohnesorge num-
ber; a, b, ¢, w are constants.

The constants a, b, ¢, and w in Eq. (9) are fitted from
experimental data. This correlation is in good agreement
with the experimental data of Clift et al. (1966) and Chung
et al. (1980). In the actual situation of empty well killing,
the existence of the inclination angle makes the borehole
trajectory in the usual sense not completely vertical. There-
fore, the angle needs to be introduced into it. Considering
the influence of the tilt angle on gravity, it is suitable for
predicting the critical velocity of flooding in the tilt angle.
The Froude number expression considering the tilt angle is:

2
P,V
Frg= —— & (10)
gD(p, — pg) sina
PlV12
Fr, an

~ 8D(p, = p,)sina

where p, is the liquid density, kg/m?; P, 1s the gas density, kg/
m>; v, is the liquid flow rate, m/s; Ve is the gas flow rate, m/s;
D is the diameter of flow section, m; a is the angle between
the cylinder axis and the horizontal plane.

The Ohnesorge number package considers the effects of
viscosity and surface tension, and its definition is:

_ 12)
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where 7, is the dynamic fluid viscosity, N s/m?; d, is the
droplet diameter, m; o is the surface tension of liquid, N/m.

According to the dimensionless and fitting of the critical
gas-liquid velocity, the Froude number flooding formula is
as follows.

Fr,/* = ~2.61(Fr, - Oh,)"/* +0.98

13)

In an empty well killing, the conditions to prevent flood-
ing are:

1/4

FrG

+2.61(Fr, - Oh,)'/* < 0.98 (14)

The simultaneous formula of dynamic displacement
method kill parameters is rewritten as:

-

pyg% = Pq08hyo L ;= -
[VqO + (Qq - Qy)t] dr
oLoly0
F/* +2.61(Fr, - Ohy)'/* < 0.98

The change of casing pressure with killing time is:

Ot
P, =Py—p&—

. (16)

where P, is the Casing pressure at ¢, MPa; ¢ is the kill time
of dynamic displacement method, s.

The relationship between the gas and liquid velocities can
be obtained by combining the first two formulas as follows:
9, - ZT, Ve8 dp

= 17
0, ZyTy Q,P, dt a7

The relationship between the gas discharge flow rate and
the casing pressure over time is:

Q, = Av, (20)

When the dynamic displacement method kills the well,
the gas displacement is:

0,= (1425 P81 o
g ZyTy APy )=

@

In this paper, the mathematical model adds six fluid flood-
ing factors, namely, the viscosity of the kill fluid, the surface
tension, the diameter of the droplet, the inclination angle, the
outer diameter of the drill pipe joint, and the eccentricity of
the drill pipe.

According to the re-established kill parameter calcula-
tion model of the dynamic displacement method kill well,
it can be seen that the critical gas—liquid displacement of
flooding is mainly affected by three factors. That is, there
are three factors affecting flooding. The first aspect is the
geometric conditions of the circulation area: well inclina-
tion angle, casing inner diameter, drill pipe outer diameter,
and drill pipe joint outer diameter; the second aspect is the
characteristic parameters of empty well killing: shut-in cas-
ing pressure and drill pipe eccentricity; The third aspect is
the physical parameters of the fluid: hydrodynamic viscosity,
liquid surface tension, gas density in the well, and killing
fluid density. In this paper, the first and second aspects are
classified as flooding-related engineering parameters, and
the third aspect is classified as flooding-related physical
property parameters.

Calculation and analysis model verification

In order to verify the correctness of the established model,
the model was compared with the Ramtahal model calcu-
lation results, and the verification model was taken from
the Ramtahal experimental model: wellhead temperature

(18)

<1 R /’.ngq>1/2< Pq >1/4+261<
ZyTy APy, gD(p, — p,)sina —\gD(p,

1/4 2\ /8
Py / Vi 172
- n,'" <098
— pq) sin a pyDG

Furthermore, the maximum pumping speed of the kill
fluid in the dynamic displacement method kill is:

0.98

23.85 °C, casing inner diameter 0.152 m, kill fluid den-
sity 1000 kg/m?, gas volume 6.3 m?, the casing pressure is

2

19)

1/2 1/4 1/4 2\ 1/8
(+52552) (Fotgm) +20(aatom) ()
ZyTy APy gD(py—pq) sina gD(py—pq) sina pyDo

The maximum pumping displacement of kill fluid is:
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Table 1 The critical velocity ratio of gas and liquid flooding

Model Ramtahal model This model
Casing pressure (MPa) Experimental critical gas—liquid Critical gas—liquid velocity ratio Gas-liquid ratio
velocity ratio error with Ram-
tahal
3.10 2.00 2.166 8.3%
4.83 1.65 1.747 5.9%

55.8% increase
17.5% reduction
Error Analysis 0

Change trend of casing pressure rise

Critical speed ratio change trend

55.8% increase
Critical speed ratio change trend 19.3% reduction
Error of this model 9.3%

3.10 MPa and 4.83 MPa. Under the above conditions, the
critical gas—liquid velocity ratio in this paper is shown in
Table 1.

As shown in Table 1, when the casing pressure is
3.10 MPa, the critical gas—liquid ratio of flooding is 2.166,
and the percentage error of the critical gas-liquid ratio of
Ramtahal flooding is 8.3%. Under the casing pressure of
4.83 MPa, the critical gas—liquid ratio of flooding is 1.748,
and the percentage error of the critical gas-liquid ratio
of Ramtahal flooding is 5.9%. When the casing pressure
increases by 55.8%, the critical gas-liquid ratio of Ramtahal
flooding decreases by 17.5%, and the critical gas-liquid ratio
of this model flooding decreases by 19.3%, with a percentage
error of 9.3%.

It can be seen that the percentage errors of this model
are all less than 10%, so this model is scientific and practi-
cal. The mistake here is caused by the consideration of the
surface tension of the liquid, the dynamic viscosity of the
liquid, and the diameter of the droplet during flooding, so it
has better practicability than the previous models.

Analysis of factors affecting flooding

Engineering parameters when casing pressure
is 3.10 MPa, 4.83 MPa

In order to confirm to the engineering reality, the shut-in
casing pressure is selected below 5 MPa for calculation in
analysis and calculation.

In this section, the shut-in casing pressure is 4.83 MPa,
the well depth is 347 m, the wellhead temperature is
23.85 °C, the temperature gradient is 0.015 °C/m, the casing

inner diameter is 0.152 m, the drill pipe outer diameter is
0.1016 m, the kill fluid density is 1000 kg/m>. The gas den-
sity is 30 kg/m3, the surface tension of kill fluid is 0.03 N/m,
the dynamic viscosity of kill fluid is 0.025 N s/m?, and the
kill fluid droplet diameter is 10~ m during flooding for
research and analysis.

The pressure in the well is called casing pressure when
there is no drill pipe in the well, and it is called annulus
casing pressure when there is drill pipe.

As shown in Fig. 4a: (1) When the volume of the well
is increased, the maximum pumping displacement of the
maturation liquid gradually decreases; (2) When the gas vol-
ume in the well is less than 20 m?, the maximum pumping
amount of kill fluid decreases faster with the decrease of gas
volume. It shows that the gas volume in the well limits the
critical displacement of kill fluid, and the smaller the gas
volume in the well, the more significant the influence of the
increase of gas volume on the critical displacement of kill
fluid. Therefore, when the gas volume in the well is small,
with the increase of gas volume in the well, the pumping
amount of kill fluid should be adjusted to a smaller value in
time to avoid flooding in the killing process.

As shown in Fig. 4b: As the volume of gas is increased in
the well, the critical displacement of the gas increases. This
shows that when the gas volume in the well increases, the
constraint of gas critical flow on the maximum gas displace-
ment becomes smaller. This effect is more significant when
the gas volume in the well is less than 50 m>. At this time,
the gas displacement can be appropriately increased.

As shown in Fig. 5a: The well killing time is directly
proportional to the casing pressure in the wellbore (annulus).
The greater the casing pressure in the wellbore (annulus),
the longer the well killing time. This is because the bottom
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Fig.4 The change of the maxi-
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(b) The maximum gas displacement varies with the gas volume in the well

hole pressure is always balanced with the formation pres-
sure in the process of dynamic displacement killing. With
the continuous injection of kill fluid, the height of the liquid
column in the well is increasing. The rising speed of the lig-
uid column is directly proportional to the injection amount
of kill fluid. The longer the kill time, the more kill fluid is
injected, the higher the liquid column height in the well, and
the casing pressure decreases to zero (Table 2).

As shown in Fig. 5b: The gas density is continuously
reduced with the increase of the pressure well. This is
because, with the increase of well killing time, the casing
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pressure decreases continuously, resulting in the decrease of
gas density in the well.

By comparing the data in Table 3, it can be seen that
under the same casing pressure, the critical velocity of
killing fluid and gas in the annulus is larger than that in the
wellbore. This is because the drill pipe in the annulus acts
as a bridge to divert the kill fluid and block the liquid film,
which increases the critical velocity of flooding.

However, under the same casing pressure, the critical flow
of gas and liquid in the annulus is smaller than the critical
flow in the wellbore. This is because there is no drill pipe
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Fig.5 Casing pressure and gas density in the well change with the
killing time

in the wellbore, and the cross-sectional area of gas—liquid
countercurrent contact is larger, and the increase in the flow
cross-sectional area increases the displacement. The latter
has a greater impact than the flooding speed. Therefore,
under the same parameters, the critical displacement in
the annulus is smaller than the critical displacement in the
wellbore.

Analysis of the influence of physical parameters
related to flooding

See Table 4 for the values of basic parameters related to
flooding.

The selected kill fluid is low damage kill fluid, and the
formula is: 0.6%A (small cation)+2.0%KC1+0.5%A1C1
+0.5%PEG400+0.05%BNP-10+0.05%HS-1. All additives in

Table 2 Wellbore casing pressure and annulus casing pressure are the
basic parameters of well killing at 3.10 MPa and 4.83 MPa, respec-
tively

Basic parameters Wellbore Annular sleeve
casing pres-  pressure (MPa)
sure (MPa)

310 483 310 4.83

Shut-in casing pressure (MPa) 3.10 483 3.10 4.83
Well deep (m) 347 347 347 347
Wellhead temperature (‘C) 23.85 23.85 23.85 23.85
Temperature gradient ("C/m) 0.015 0.015 0.015 0.015
Inner diameter of casing (m) 0.152 0.152 0.152 0.152

Drill pipe outer diameter (m) \ \ 0.1016 0.1016
Kill fluid density (kg/m?) 1000 1000 1000 1000
Pumping volume of kill fluid (m®) 5 5 3 3

Gas density (kg/m?) 199 31.0 199 31
Well angle (°) 0 0 0 0

Kill fluid surface tension (N/m) 0.03 0.03 0.03 0.03

Dynamic viscosity of kill fluid N's/  0.025 0.025 0.025 0.025

m?)

Table 3 Calculation results when the wellbore casing pressure and
the annulus casing pressure are 3.10 MPa and 4.83 MPa, respectively

Basic parameters Wellbore Annular
casing pres-  sleeve pres-
sure (MPa)  sure (MPa)
310 4.83 3.10 4383

Critical velocity of kill fluid (m/s)

Gas critical velocity (m/s)

Critical displacement of kill fluid (L/s)
Critical gas displacement (L/s)

0.159 0.158 0.258 0.256
0.345 0.277 0.559 0.448
2.892 2.872 2.590 2.572
6.265 5.021 5.611 4.497
28.81 29.02 19.30 19.44
040 213 0.7 1.90

Injection time of 3 m? kill fluid (min)

Casing pressure after injection of 3 m*
kill fluid (MPa)

Table 4 Values of relevant parameters for flooding

Basic parameters In wellbore In annulus

Shut in casing pressure (MPa) 4.83 4.83
Well depth (m) 347 347
Wellhead temperature (‘C) 23.85 23.85
Temperature gradient ("C/m) 0.015 0.015
Inner diameter of casing (m) 0.152 0.152
Outside diameter of drill pipe (m) \ 0.1016
Kill fluid density (kg/m®) 1000 1000
Pump volume of killing fluid (m?) 5 5

Gas density (kg/m?) 31 31
Well angle (°) 0 0
Surface tension of kill fluid (N/m) 0.03 0.03
Dynamic viscosity of killing fluid (N s/m?)  0.025 0.025
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Table 5 Basic parameters of kill fluid

Experimental condition AV PV YP FL
150°Cx 16 h (mPa s) (mPa s) (Pa) (ml)
Before aging 12 7 5 17
After aging 6 3 3 27

1 50 LA S AL LD NN SN L S
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120 #1':_| ————— Liquid viscosity in wel]hnre—(}.45N-s.f'm:'_
B ~—-- Liquid viscosity in annulus-0.25N-s/m’

ol :I;‘"-"!i\ll -. --=-= Liquid viscosity in anmilus-O.35N-sfm': 1
Play  mres Liquid viscosity in annulus-0.45N s/m"

Critical gas displacement (L/s)

4 5 6
Critical displacement of killing fluid (L/s}

Fig.6 Critical displacement of flooding under different liquid viscos-
ity

the formula are non-hazardous industrial molding products. The
basic parameters of kill fluid are shown in Table 5.

The influence of the dynamic viscosity of the kill fluid

In the process of empty well killing, the dynamic viscosity
of killing fluid changes with the change of composition of
killing fluid and temperature in the wellbore. In this paper,
the minimum dynamic viscosity is 0.025 N s/m?, and the
maximum dynamic viscosity is 0.045 N s/m? for analysis
and research.

As shown in Fig. 6: (1) As the dynamic viscosity of the
kill fluid increases, the flooding curve moves downward,
and the critical displacement of gas and liquid decreases; (2)
Within the selectable displacement range of the kill fluid, the
higher the dynamic viscosity of the kill fluid, the lower the
critical velocity of flooding, and the easier it will be; (3) The
influence of liquid viscosity in the wellbore on the critical
displacement is consistent with that of the annulus.

As shown in Fig. 7a: As the dynamic viscosity of kill fluid
increases, the critical displacement of kill fluid decreases.
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Table 6 Calculation results under different kill fluid viscosity

Kill fluid viscosity (N s/m?)

Critical velocity of kill fluid

Critical displacement of kill fluid  Gas critical

(m/s) (L/s) velocity
(m/s)
In wellbore 0.025 0.158 2.872 0.277
0.035 0.138 2.510 0.242
0.045 0.125 2.266 0.218
In annulus 0.025 0.229 3.693 0.401
0.035 0.200 3.227 0.350
0.045 0.181 2914 0.316
Kill fluid viscosity (N's/  Gas critical displacement Injection time of 5 m> kill fluid Casing pressure after
m?) (L/s) (min) injection of 5 m? kill fluid
(MPa)
In wellbore 0.025 5.021 29.02 2.13
0.035 4.388 33.21 2.13
0.045 3.962 36.78 2.13
In annulus 0.025 6.457 22.56 1.79
0.035 5.643 25.82 1.79
0.045 5.095 28.60 1.79

Kill fluid viscosity (N s/m?)

Time required to reduce
casing pressure to 0

(min)

In wellbore 0.025 51.85
0.035 59.33

0.045 65.71

In annulus 0.025 35.82
0.035 40.98

0.045 45.39

This is because the shear action of gas flow on kill fluid
increases with the increase of viscosity, which reduces the
critical displacement of kill fluid.

As shown in Fig. 7b: As the dynamic viscosity of kill
fluid increases, the critical displacement of gas decreases.
This is because the shear action of gas flow on kill fluid
increases with the increase of viscosity, and a small gas flow
rate can also provide sufficient shear force to cause flooding.

As shown in Fig. 7c: The killing time increases with
the increase of viscosity. This is because that the increase
of viscosity will lead to the decrease of gas—liquid critical
displacement. However, the amount of kill fluid required
to establish the balance between bottom hole pressure and

formation pressure remains unchanged, so the kill time
increases.

The calculation results under different kill fluid viscosities
are shown in Table 6.

The influence of liquid surface tension

The surface tension of killing fluid varies with the killing
fluid. In this paper, the minimum surface tension of killing
fluid is 0.03 N/m, and the maximum surface tension of
killing fluid is 0.05 N/m.

As shown in Fig. 8: With the increase of the surface ten-
sion of the killing fluid, the gas—liquid critical displacement
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Fig.8 Critical displacement of flooding under different surface ten-
sions

curve increases, indicating that the greater the surface ten-
sion of the liquid, the higher the critical gas—liquid velocity
when flooding occurs, and the greater the surface tension
of the killing fluid; In the case of gas—liquid countercurrent
contact, the stronger the ability to resist the sheer force of
gas flow, the less prone to flooding.

As shown in Fig. 9a: When the surface tension of kill fluid
is greater, the critical displacement of kill fluid increases, but
the variation range is not large. Under the change of liquid
viscosity of the same order of magnitude, the critical dis-
placement of kill fluid decreases by 0.606 L/s, while when
the surface tension of kill fluid changes, the critical displace-
ment of kill fluid increases by 0.304 L/s. This shows that the
influence of physical parameters medium pressure well fluid
viscosity on the critical displacement of kill fluid is greater
than that of surface tension.

As shown in Fig. 9b: The critical gas displacement
increases with the increase of the surface tension of the
well-killing fluid. With the change of liquid viscosity of
the same order of magnitude, the critical gas displacement
decreases by 1.059 L/s, and with the change of kill fluid
surface tension of the same order of magnitude, the critical
gas displacement increases by 0.533 L/s. It also shows that
the influence of physical parameters medium pressure well
fluid viscosity on critical gas displacement is greater than
that of surface tension.

As shown in Fig. 9c: The kill time decreases with the
increase of kill fluid surface tension because the kill fluid
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displacement and gas displacement increase with the
increase of kill fluid surface tension.

The calculation results under different kill fluid surface
tension are shown in Table 7.
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Table 7 Calculation results under different kill fluid surface tension

Surface tension of kill fluid

Critical velocity of kill fluid

Critical displacement of kill fluid ~ Gas critical

(N/m) (m/s) (L/s) velocity
(m/s)
In wellbore 0.03 0.158 2.872 0.277
0.04 0.168 3.040 0.293
0.05 0.171 3.176 0.306
In annulus 0.03 0.229 3.693 0.401
0.04 0.243 3.909 0.424
0.05 0.253 4.085 0.443
Surface tension of kill fluid ~ Gas critical displacement  Injection time of 5 m® kill Casing pressure after
(N/m) (L/s) fluid (min) injection of 5 m° kill fluid
(MPa)
In wellbore 0.03 5.021 29.02 2.13
0.04 5.315 27.41 2.13
0.05 5.554 26.24 2.13
In annulus 0.03 6.457 22.56 1.79
0.04 6.836 21.32 1.79
0.05 7.142 20.40 1.79
Surface tension of kill fluid (N/m) Time required to reduce
casing pressure to 0
(min)
In wellbore 0.03 51.85
0.04 48.98
0.05 46.88
In annulus 0.03 35.82
0.04 33.83
0.05 32.38

The influence of gas density

The gas density in the well is related to pressure,
temperature, and gas composition. When the pressure and
temperature in the well are constant, the gas with high
molecular weight has a higher density. In this paper, the
minimum gas density of 30 kg/m? and the maximum gas
density of 60 kg/m? are selected for calculation and analysis.

As shown in Fig. 10, the larger the gas density, the smaller
the critical displacement of the flooding. With the increase
of gas density, the sheer force of gas to liquid increases,
which makes flooding more likely to occur. Therefore, the
larger the gas density, the smaller the critical displacement
required for liquid flooding.

As shown in Fig. 11a, b, both kill fluid and critical gas
displacement decrease when the gas density increases.
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Fig. 10 Critical displacement of liquid flooding at different gas densi-
ties
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Therefore, in the process of dynamic displacement killing, if
the gas composition discharged from the choke line changes
and the relative molecular weight of the gas increases, the
displacement of the killing fluid and gas should be reduced
in time to prevent flooding.

As shown in Fig. 11c: As the gas density increases, the
gas—liquid critical displacement decreases, and the killing
time decreases with the rise in gas density.

The calculation results under different gas densities are
shown in Table 8.

The influence of killing fluid density

The killing fluid density directly affects the hydrostatic
pressure provided by the unit length of the liquid column
in the wellbore. In the killing process, the density of the
killing fluid needs to be considered and selected based on
the combination of the formation pressure and the maximum
loss pressure of the formation. In this paper, the minimum
killing fluid density of 1000 kg/m® and the maximum killing
fluid density of 2000 kg/m® are selected for calculation and
analysis.

As shown in Fig. 12, with the increase of kill fluid den-
sity, the curve of gas—liquid critical displacement moves up,
and the gas-liquid critical displacement increases.

As shown in Fig. 13a: The greater the density of the kill
fluid, the greater the critical displacement of the kill fluid.
The main reason is that with the increase of killing fluid den-
sity, the droplets with the same diameter are more difficult
to be carried by gas, due to the greater gravity. Secondly,
under the action of equal gas shear force, the droplets with
the same diameter and greater density have greater inertia
force and mass force, and the ability to resist gas shear is
also enhanced.

As shown in Fig. 13b: With the increase of kill fluid
density, the critical gas displacement also increases, mainly
because the gravity and inertia force of the same volume
of droplets increase, the shear effect of gas flow on liquid
flow becomes more complex, and the liquid carrying
degree becomes weaker. This means that when the kill fluid
density increases, the gas displacement can be appropriately
increased to reduce the kill time.

As shown in Fig. 13c, the critical displacement of gas and
liquid increases with the increase of kill fluid density. At this
time, the time required for well-killing decreases with the
increase of kill fluid density.

The calculation results under different kill fluid densities
are shown in Table 9.
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Table 8 Calculation results under different gas densities

Gas density (kg/m®) Critical velocity of kill fluid Critical displacement of kill fluid Gas critical
(m/s) (L/s) velocity
(m/s)
In wellbore 30 0.159 2.883 0.278
45 0.151 2.740 0.264
60 0.145 2.631 0.254
In annulus 30 0.230 3.707 0.402
45 0.219 3.524 0.382
60 0.210 3.383 0.367
Gas density (kg/m?) Gas critical displacement Injection time of 5 m> kill fluid ~ Casing pressure after
(L/s) (min) injection of 5 m’ kill fluid
(MPa)
In wellbore 30 5.041 28.91 2.13
45 4.791 30.41 2.13
60 4.600 31.68 2.13
In annulus 30 6.482 22.48 1.79
45 6.161 23.65 1.79
60 5.915 24.63 1.79
Gas density (kg/m?) Time required to reduce
casing pressure to 0
(min)
In wellbore 30 51.65
45 54.35
60 56.60
In annulus 30 35.68
45 37.54
60 39.10
220 S ety Analysis of the influence of engineering parameters
200 £ Kill fluid density in wcllborc—!(){)(}kgﬂn: related to ﬂooding
180 % Kill ﬂm:d clcn51:ty 1:n wcllborc—2000kgfm;
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Fig. 12 Critical flooding displacement under different kill fluid densi-

ties

Critical displacement of killing fluid (L/s)

increases, the critical velocity curve of liquid flooding moves
upward, indicating that the larger the inner diameter of the
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Fig. 14 Critical displacement of flooding under different casing diam-
eters

casing, the critical liquid flooding velocity of gas and liquid
increases.

As shown in Fig. 15: The flooding critical displacement
curve moves upward with the increase of casing inner diam-
eter, and the value range of kill fluid critical displacement
and gas displacement change greatly. This is because the
increase of the inner diameter of the casing increases the
cross-sectional area of the flow area, which amplifies the
increasing trend of the flooding velocity.

As shown in Fig. 16a: With the increase of casing inner
diameter, the critical displacement of kill fluid increases.
This is because after the increase of casing inner diameter,
the actual velocity of gas flow in the wellbore decreases,
which weakens its sheer effect on the liquid, and the critical
displacement of liquid increases.

As shown in Fig. 16b: As the inner diameter of the casing
increases, the critical gas displacement increases. This is
because a more significant gas displacement is required to
provide the interfacial shear force required for flooding.

As shown in Fig. 16c¢: As the inner diameter of the casing
increases, the critical displacement of the kill fluid becomes
more significant, and the time required to kill the well will
decrease.

The calculation results under different casing diameters
are shown in Table 10.
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Table 9 Calculation results under different kill fluid densities

Kill fluid density (kg/m®)

Critical velocity of kill fluid

Critical displacement of kill fluid

Gas critical

(m/s) (L/s) velocity

(m/s)

In wellbore 1000 0.158 2.872 0.277
1500 0.173 3.134 0.367

2000 0.182 3.311 0.456

In annulus 1000 0.229 3.693 0.401
1500 0.250 4.030 0.531

2000 0.264 4.258 0.660

Kill fluid density (kg/m?) Gas critical displacement

Injection time of 5m> kill fluid ~ Casing pressure after

(L/s) (min) injection of 5 m° kill fluid
(MPa)
In wellbore 1000 5.021 17.41 321
1500 6.652 15.96 2.40
2000 8.267 15.10 1.59
In annulus 1000 6.457 13.54 3.01
1500 8.554 12.41 2.09
2000 10.631 11.74 1.18

Kill fluid density (kg/m®)

Time required to reduce
casing pressure to 0

(min)

In wellbore 1000 51.85

1500 31.68

2000 22.49

In annulus 1000 35.82

1500 21.88

2000 15.53

450 , , . : y . . The influence of casing pressure

————— Inner diameter of casing in wellbore-0.1520m 3
400 ~-=-= Inner diameter of casing in wellbore-0.1905m

350 i

300
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200
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Fig. 15 Critical displacement of flooding under different casing inner

diameter

10

12

Critical displacement of killing fluid (L/s)

In this paper, the minimum casing pressure is 3.10 MPa (the
gas density in the well is 19.9 kg/m?), and the maximum
casing pressure is 4.83 MPa (31.0 kg/m?) for calculation

and analysis.

As shown in Fig. 17: As the casing pressure increases, the
critical displacement of flooding decreases. This is because
casing pressure has no direct effect on the essential removal
of flooding. Still, it is mainly because the gas density in
the well increases after the casing pressure increases, which
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reduces the critical displacement of flooding. The casing
pressure change acts on the gas density in the well, and the
gas density change in the well acts on the critical displace-
ment of the flooding.

As shown in Fig. 18a, b: The casing pressure increases
and the critical displacement of the kill fluid decreases, but
the range of change is not extensive. At the same time, the
casing pressure increases and the critical gas displacement
decreases, and the range of change is slightly larger than
that of the kill fluid displacement. It shows that the critical
displacement of gas is more sensitive to the shift in casing
pressure than the critical displacement of kill fluid to the
change of casing pressure.

As shown in Fig. 18c: As the casing pressure increases,
the critical displacement of the kill fluid decreases, and the
height of the static liquid column required to balance the
formation pressure increases, which greatly increases the
kill time.

The calculation results under different casing pressures
are shown in Table 11.

The influence of well angle

This paper selects the minimum deviation angle of 0°and the
maximum deviation angle of 60°for research and analysis.

As shown in Fig. 19, the flooding critical displacement
curve moves down with the increase of well deviation angle.
It shows that the smaller the well deviation angle, the more
likely flooding occurs. This is because the increase of well
deviation angle, the increase of liquid film thickness, and
the increase of liquid film fluctuation lead to the decrease of
flooding velocity and the decrease of critical displacement.

As shown in Fig. 20a, b: The critical displacement of
gas and liquid decreases with the increase of well deviation
angle. When the well deviation angle is small, the critical
displacement of gas and liquid decreases slowly with the
increase of well deviation angle. When the well deviation
angle is large, the critical displacement of gas and liquid
decreases quickly with the increase of well deviation angle.
Therefore, the critical displacement of gas and liquid is more
sensitive to the change of well deviation angle, when the
well deviation angle changes between small areas.
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Table 10 Calculation results under different casing diameters

Casing inner diameter (m) Critical velocity of kill fluid Critical displacement of kill fluid  Gas critical
(m/s) (L/s) velocity
(m/s)
In wellbore 0.152 0.158 2.872 0.277
0.1905 0.177 5.050 0.310
0.2286 0.194 7.966 0.339
In annulus 0.152 0.229 3.693 0.401
0.1905 0.250 6.617 0.437
0.2286 0.269 10.493 0.470
Casing inner diameter Gas critical displacement Injection time of 5 m> kill fluid Casing pressure after
(m) (L/s) (min) injection of 5 m’ kill fluid
(MPa)
In wellbore 0.152 5.021 29.02 2.13
0.1905 8.830 16.50 3.11
0.2286 13.93 10.46 3.64
In annulus 0.152 6.457 22.56 1.79
0.1905 11.569 12.59 2.98
0.2286 18.346 7.94 3.57
Casing inner diameter (m) Time required to reduce
casing pressure to 0
(min)
In wellbore 0.152 51.85
0.1905 46.31
0.2286 42.28
In annulus 0.152 35.81
0.1905 32.83
0.2286 30.51

i T I A N T ] As shown in Fig. 20c: With the increase of well devia-
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160 g =+=+= Casing pressure in wellbore-4.83MPa decrease of critical gas-liquid displacement.
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2 140k E.““f"*‘- preasg aranmhed: . 2 The calculation results under different well deviation
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consistent with the experimental results of Ramtahal. The
drill pipe has an obstructive effect on flooding, mainly
because the drill pipe plays a role in the diversion. Even if
there are interface fluctuations in the gas—liquid flow, due to
the existence of the drill pipe, this kind of fluctuation cannot
bridge the liquid film on one side to the liquid film on the
other side smoothly, so that flooding is not easy to occur.

However, it can be seen from Fig. 22 that when the outer
diameter of the drill pipe increases, the critical displacement
of the kill fluid and the critical displacement of the gas curve
move down, which is opposite to the trend of the critical
gas—liquid critical velocity curve. This is because, when the
inner diameter of the casing does not change and the outer
diameter of the drill pipe increases, the cross-sectional area
of the annulus decreases. At this time, the area of the flow
area decreases, and the flow rate corresponding to the same
speed also decreases (Fig. 23).

The calculation results of different drill pipe outer
diameters in the annulus are shown in Table 13.

The influence of drill pipe eccentricity in the annulus

In this paper, the minimum eccentricity of the drill pipe
is 0 m, and the maximum eccentricity of the drill pipe is
0.0508 m for calculation and analysis.

As shown in Figs. 24, 25: As the eccentricity of the drill
pipe increases, the critical displacement of gas and liquid
decreases. When the drill pipe is eccentric, the distance
between the drill rod and the casing is widened on one side
and narrowed on the other side. On the side with a narrower
spacing, liquid level fluctuations are more likely to occur
and cause liquid film bridging. Simultaneously, the criti-
cal gas—liquid velocity required for flooding is reduced, and
flooding is more likely to occur. As shown in Fig. 26, with
the increase of drill pipe eccentricity, the critical displace-
ment of gas and liquid decreases, and the killing time incr
eases.

The calculation results under different well deviation
angles in the annulus are shown in Table 14.

The influence of drill pipe joints in the annulus

The drill pipe joint is a component of the drill pipe, divided
into a male joint and a female joint connected to the two
ends of the drill pipe body. In order to enhance the con-
nection strength of the joint, the wall thickness of the pipe
body needs to be increased at the joint. According to the
thickening method, it can be divided into inner thickening,
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Table 11 Calculation results under different casing pressures

Casing pressure (MPa) Critical velocity of kill fluid Critical displacement of kill fluid ~ Gas critical
(m/s) (L/s) velocity
(m/s)
In wellbore 3.10 0.159 2.893 0.345
3.965 0.159 2.885 0.304
4.83 0.158 2.872 0.277
In annulus 3.10 0.229 3.693 0.401
3.965 0.250 6.617 0.437
4.83 0.269 10.493 0.470

Casing pressure (MPa)
(L/s)

Gas critical displacement

Injection time of 5 m> kill fluid ~ Casing pressure after
(min) injection of 5 m° kill fluid
(MPa)

In wellbore 3.10 6.266
3.965 5.516
4.83 5.021
In annulus 3.10 8.058
3.965 7.093
4.83 6.457

28.81 0.40
28.88 1.26
29.02 2.13
22.40 0.06
22.46 0.93
22.56 1.79

Casing pressure (MPa)

Time required to reduce
casing pressure to 0
(min)

In wellbore 3.10
3.965
4.83
8.058
7.093
6.457

In annulus

33.04
42.36
51.85
22.82
29.26
35.82

150 —— ey ;
————— Inclination angle in wellbore-0°
1 --=-= Inclination angle in wellbore-30° |
120 ;‘ ————— Inclination angle in wellbore-60°
h --—-= Inclination angle in annulus-0°
l',". : === Inclination angle in annulus-30°
O Inclination angle in annulus-60° ]

90

Critical gas displacement (L/s)

Critical displacement of killing fluid (L/s}

Fig. 19 The influence of well deviation angle on the critical displace-
ment of flooding

outer thickening, and inner and outer thickening. The inter-
nal thickening does not affect the outer diameter of the drill
pipe. The inner thickening does not affect the outer diameter
of the drill pipe, and the critical displacement of the flood-
ing remains unchanged. In the case of outer thickening and
inner and outer thickening, the outer diameter of the drill
pipe changes, and the calculation is calculated by taking
1.1 times and 1.2 times the outer diameter length. The outer
diameter is 0.0508 m, the outer diameter of the drill pipe
joint is 0.0559 m if 1.1 times and 0.0610 m if 1.2 times.

As shown in Fig. 27: When the outer diameter of the drill
pipe joint increases, the flooding critical velocity increases,
and the flooding critical velocity curve increases. This is the
same as the influence trend of drill pipe outer diameter on
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displacement of the flooding decreases, and the critical dis-
placement of the kill fluid and the critical displacement of
the gas both decrease. This shows that flooding is less likely
to occur when the drill pipe joint is thickened. However,
due to the reduction in the area of the flow area and the
reduction of the critical displacement, the outer diameter
of the thickened drill pipe joint should still be used in the
engineering calculation to select the displacement to avoid
flooding (Fig. 29).

Influence law

Through calculation and analysis of physical and engineering
parameters related to flooding. The effects of liquid viscosity
(u), liquid surface tension (o), gas density (p,), killing fluid
density (p,), casing inner diameter (D)), casing pressure (p),
well deviation angle (), casing outer diameter (D,), drill
pipe eccentricity (e), and drill pipe joint outer diameter (d)
on flooding critical gas—liquid velocity and flooding critical
gas-liquid displacement are obtained. As shown in Table 16.

By comparison, the hydrodynamic viscosity, liquid sur-
face tension, gas density in the well, killing fluid density,
casing inner diameter, casing pressure, and inclination angle
have the same influence rules in the annulus and wellbore.
In the annulus, the outer diameter of the drill pipe increases,
the critical gas-liquid velocity increases, and the critical
gas—liquid displacement decrease.
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Table 12 Calculation results under different well deviation angles

Well deviation angle (°)

Critical velocity of kill fluid

Critical displacement of kill fluid

Gas critical

(m/s) (L/s) velocity

(m/s)

In wellbore 0 0.158 2.872 0.277
30 0.147 2.673 0.258

60 0.112 2.031 0.196

In annulus 0 0.229 3.693 0.401
30 0.213 3.437 0.373

60 0.162 2.611 0.283

Well deviation angle (°)

Gas critical displacement

Injection time of 5 m> kill fluid ~Casing pressure after

(L/s) (min) injection of 5 m? kill fluid
(MPa)
In wellbore 0 5.021 29.02 2.13
30 4.673 31.18 2.13
60 3.551 41.04 2.13
In annulus 0 6.457 22.56 1.79
30 6.009 24.25 1.79
60 4.566 31.91 1.79
Well deviation angle (°) Time required to reduce
casing pressure to 0
(min)
In wellbore 0 51.85
30 55.72
60 73.33
In annulus 0 35.81
30 38.49
60 50.65
10 e Outside diamieter o il pIpE-U0308T ] 160 ISR TN T DR
L utside diameter of drill pipe-0. m ] E 7 sl Outside di: — ]
. == g i s 1 utside diameter of drill pipe-0.0508m ]
-';I _____ guL\ITge :_ji!ameter n;jnﬂ p!pe—g.?;Tém : 140 5’ —-=-= Qutside diameter of drill pipe-0.0762m
g s_-‘ utside diameter of drill pipe-0. m ~ " --=-= Outside diameter of drill pipe-0.1016m ]
o < 120 3
® it =
A 1 -
E ll“"_.\. ] e 1
é\ 6 -\'\“'\\'\_ '_ g
2 AN p 3 1
] R 1 = s
- '\'\_ N, 1 % L 5 5
B oA NN 7 FOBOE N 3
5] RN = 40F RNy 1
g 2 RN il 2 : e W
] s S = A e Sy
: R g B N e ]
0L~ . & ot TR L i 2ms EEbe T Smi Vrre 1 SR
0.0 0.1 0.4 0 | 2 z 4 5 6

Critical velocity of killing fluid (m/s)

Fig. 21 Critical velocities under different drill pipe outer diameters

eters

Critical displacement of killing fluid (L/s)

Fig.22 Critical displacement under different drill pipe outer diam-

Risdae cllod ayan
KACST a6l roglel)

@ Springer



3594 Journal of Petroleum Exploration and Production Technology (2021) 11:3571-3598
— o5 AT N NEE. B S S I O LB N B B S S N L A, B | ’E\
» - ~ £
= 361 %% . = g
= | g A £ 2
2 - e b5 8
= 34} - . Q ©
=] F e = =
£ ‘ = 2
= F 2] 7
= F ™ 5 O
= o32fF . - > =
= | -9 B on
£ L . = £
£ a0f N - 5 |0 o0 | &
3 [ . s> | n =~ of ©
= F S5l T S Y
< [ N O |6 v |8
S 28f y : 3
5 2.8 % _ 2]
F | 2 é 2
= r =
L b T i e I e et o it e R }— ~ 8
0.05 0.06 0.07 0.08 0.09 0.10 z )
x 4 5 i Q
Outside diameter of drill pipe (m) o I
. P g . ; i : - o Q N o o
(a) The influence of drill pipe outer diameter on kill fluid displacement z E ﬁ : g
6.5 S = N oon oo
* ..“‘. T T T T T :E
\"~ 4 S — n o0 ,‘?
o 0 ] @ S a I |&
~ s AR
= k& 1 O S o S|<
= 60 ~ = =l
- N ] =
=] - —_—
¥, : z
g sst N 1 % &
5 ‘ ‘ < o
B »* ] = %
2 3 1 E)
= 500 N . = 8
m T . = gy
2 1 = 3
b= N J o .%,
] Pea of S s
1 = =
4.5 L 1 L I \I ﬂé :;8
0.05 0.06 0.07 0.08 0.09 0.10 3 s
Outside diameter of drill pipe (m) ,‘_g é
. o . . - » w2
(b) The influence of drill pipe outer diameter on gas displacement % g
36,0 [r—prer ey 5 - o] ®
_: S EEE I EE
353 ~ 1 @] NN A —_ -
35.0F \-\ —
L ~ ]
~ 345F . g =
£ s ~. 1 @ é
=] [ ~ ] = 7 =
— 30 5 .
v E o ] EE 2
E F ~ 3 =
2 335 . - s (2 =
= ~. ] o = =
% 30 ™ k 5| = =
~. 1 5] Z =
s ~ ] g | =
32sF Yo s |3 n
F T = B 1)
320 ' L . . 13 813 2
0.05 0.06 0.07 0.08 0.09 0.10 8 < =
. - T 3 >
Outside diameter of drill pipe (m) 'Qé_‘ = .5
. N g . ; ik (=70 IS} (o EseIEN=1 B 31 O T O
(¢) The influence of drill pipe outer diameter on kill time = | E St wn|l8|lwna s
= | = A A2 n o
=S | O S S o|l=| AN AN ™
Fig.23 The influence of drill pipe outer diameter on kill fluid dis- g
placement, gas displacement, and kill time =
S
Rt
o ~~ ~
£ |E £
= | S =
3|8 g
s |2 E
2|3 =
S| ks
AE 5
= | 3 =
O |° o
[ [
o | & R=4
v | = EREEE el ==
s | nEo|lE|lwe = o
S = S S =B S o =
- A ccslAls s S

sl ¢llodl ay .
e S §) Springer



Journal of Petroleum Exploration and Production Technology (2021) 11:3571-3598

Gas critical velocity (m/s)

10 = T L L B e el e LR b |
| —-=-No eccentricity while drilling
i —-—- Eccentricity while drilling-0.0254m
gl —- == Eccentricity while drilling-0.0508m ]
3
0y
HoA
R ]
IR
PN A
4RV N -
R N,
A
F N T
2F s, \-x =
L S
- e wa
0 -. " 1 PR R L .“.'T"“"I:J-T._."':;-:-— """ (k- T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Critical velocity of killing fluid (m/s)

Fig. 24 The influence of drill pipe eccentricity on critical speed

Critical gas displacement (L/s)

Fig.25 The influence of drill pipe eccentricity on critical displace-

ment

140

120

60

1008 Y
h

b
80K

—-=—-No eccentricity while drilling —
=-=- Eccentricity while drilling-0.0254m
=-=- Eccentricity while drilling-0.0508m

Critical displacement of killing fluid (L/s)

34 ~

32f . ]
30F '
281+ - ]

-

0.05

Critical displacement of killing fluid (L/s)
i

2_5-.;:J;:-.[;:;:l-.;:l;-
0.00 0.01 0.02 0.03 0.04

Drill pipe eccentricity (m)

(a) The influence of drill pipe eccentricity on kill fluid displacement

6-4 T T L T 1]
(7 S E

6.0F ~ ]
58F ~ 3

56F * ]

54F i
52} N 3
50F N
48k %
. . R,

0.01 0.02 0.03 0.04 0.05
Drill pipe eccentricity (m)

Critical gas displacement (L/s)

46 Lo
0.00

(b) The influence of drill pipe eccentricity on gas displacement
5'«} g T T L) ' T T T T E

pras VR
46k Ve y

44F . ]

42t Vs —

Kill time (min)

a0 " ]

8 E i .

L | AR SR S [ W S T— - |

0.02 0.03 0.04 0.05
Drill pipe eccentricity (m)

36
0.00 0.01

(c) The influence of drill pipe eccentricity on kill time

Fig.26 The influence of drill pipe eccentricity on kill fluid displace-
ment, gas displacement, and kill time

p},v.lb_u: [SIVFY F-VIRY:S @

KACSTa.0cilg roglel 22 SPringer

3595



3596

Journal of Petroleum Exploration and Production Technology (2021) 11:3571-3598

Table 14 Calculation results under different well deviation angles in annulus

Drill pipe eccentricity (m)

Critical velocity of kill fluid

Critical displacement of kill fluid

Gas critical velocity (m/s)

Gas critical

(m/s) (L/s) displacement
(L/s)
0 0.229 3.693 0.401 6.457
0.0254 0.198 3.197 0.347 5.590
0.0508 0.162 2.609 0.283 4.561

Drill pipe eccentricity (m)

Injection time of 5 m® kill fluid

Casing pressure after injection of 5 m? kill

Time required to reduce

(min) fluid (MPa) casing pressure to 0
(min)
0 22.56 1.79 35.82
0.0254 26.06 1.79 41.37
0.0508 31.94 1.79 50.70
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Fig. 27 The influence of the outer diameter of the drill pipe joint on

Critical velocity of killing fluid (m/s)

the critical speed

Critical displacement of killing fluid (L/s)

the critical displacement

Table 15 Calculation results under different outside diameters of drill pipe joints in annulus

Fig. 28 The influence of the outer diameter of the drill pipe joint on

Outside diameter of drill pipe

Critical velocity of kill fluid

Critical displacement of kill

Gas critical velocity (m/s) Gas critical

joint (m) (m/s) fluid (L/s) displacement
(L/s)

0.0508 0.229 3.693 0.401 6.457

0.0559 0.232 3.640 0.406 6.364

0.0610 0.235 3.575 0411 6.250

Outside diameter of drill pipe joint

Injection time of 5m? kill fluid

Casing pressure after injection of 5m® kill

Time required to reduce

(m) (min) fluid (MPa) casing pressure to 0
(min)

0.0508 22.56 1.79 35.82

0.0559 22.89 1.79 36.42

0.0610 23.31 1.79 37.19
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~ ' ' ' ' Conclusion
Sanf ]
= ~
5 3e8r : ] (1) In the field of empty well killing, flooding mainly
é“ 366 i ] exists in dynamic displacement killing because in the
% sk \-\ 1 working condition of dynamic displacement killing
5 = gas and liquid simultaneously, there is gas-liquid
E 3oep £ countercurrent contact, which forms the necessary
E“ 360 - i ] condition for flooding to occur. The related parameters
T sssf N that cause flooding include physical property
5 . . . . . parameters and engineering parameters. Physical

0.050 0.052 0.054 0.056 0,058 0.060 0.062

property parameters include hydrodynamic viscosity,

Outside diameter of drill pipe joint (m)

{a) The influence of the drill pipe joint outer diameter on kill fluid displacement hquld surface tension, and gas den31ty in the well.

645 . : ; ; : Engineering parameters include killing fluid density,
casing inner diameter, drill pipe outer diameter, casing
B euof ] pressure, inclination angle, drill pipe joint diameter,
= and drill pipe eccentricity.
g (2) When the values of hydrodynamic viscosity, gas
& ] density in the well, shut-in casing pressure, inclination
‘:E: angle, drill pipe outer diameter, drill pipe joint outer
%“ 6.30 1 diameter, and drill pipe eccentricity increase, flooding
E is more likely to occur, and they are more likely to
% ) ) ) ) \ cause flooding. Thus, it has a promoting effect, and
00 00a  Dse DR, 006 the critical displacement of flooding decreases with the
Outside diameter of drill pipe joint (m) . L.
(b) The influence of the drill pipe joint outer diameter on gas displacement increase of these parameters; when the values of liquid
372 . — ; : 7 surface tension, killing fluid density and casing inner
wal y ] diameter increase, flooding is more difficult to occur,
# and they hinder the occurrence of flooding Function,
mEE Py ] the critical displacement of flooding increases with the
= 6k s 3 increase of these parameters.
‘: sk N ] (3) Based on the safety point of view, the critical gas—liquid
E # ] velocity is calculated by taking the gas density in the
2 362p it L. ] well at the initial time of well killing, and the influence
360 i 3 of density on the critical gas—liquid velocity and critical
54 /. : . , , gas-liquid displacement is studied. The follow-up
e I T T scholars can consider the dynamic displacement killing
Outside diameter of drill pipe joint (m) . L
{c) The influence of the drill pipe joint outer diameter on kill time re?searCh of the whole process dynamic gas-liquid
displacement.
Fig.29 The influence of the drill pipe joint outer diameter on kill
fluid displacement, gas displacement, and kill time
Table.16 C.h.anges. in critical Flooding parameters u c p n D p a D, e d
velocity, critical displacement, g
and kill time when the related Critical velocity of kill fluid (m/s) Wellbore + t Lt L 4 N\ N\
parameters of flooding increase Annulus ;o D roLy roL 1
Gas critical velocity (m/s) Wellbore + 1 0 1 Ty AR
Annulus T V41 Lot T
Critical displacement of kill fluid (L/s) ~ Wellbore + * {1 Ty NN N
Annulus VT 41 (" vl
Critical gas displacement (L/s) Wellbore ¥ 1 Voo T AN
Annulus VT4 7 (" Vol
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