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Abstract
Dynamic killing is a non-conventional well control technique that employs annular pressure loss in conjunction
with hydrostatic pressure to halt well influx. This method is particularly applicable in off-bottom conditions,
where the drill bit is away from the well's bottom. Off-bottom conditions are common during tripping
operations, where surface pressure may not accurately reflect bottom-hole conditions. Ignoring the region
beneath the drill bit necessitates higher kill rates, which may exceed equipment limits, such as maximum rated
surface pressure.
In this study, the effect of kill fluid falling below the drill bit was examined in terms of critical influx velocity.

A Python program was developed to model single-phase and two-phase flow conditions within the drill string,
annulus, and below the bit. The focus was on accurately modeling the area below the bit, using three different
approaches: static, dynamic zero net liquid holdup (ZNLH) flow, and countercurrent two-phase flow.
Two gas influx scenarios were employed to test, verify, and assess these modeling approaches. Results

indicated that the static ZNLH approach required the highest kill rate, while the countercurrent two-phase flow
approach required the lowest. In terms of bottom-hole pressure, the static ZNLH approach resulted in the lowest
pressures, whereas the countercurrent two-phase flow approach yielded the highest pressures.
Temperature significantly impacts the properties of the kill fluid, such as density and viscosity, even when

water is used. Additionally, reducing the kill string depth logarithmically increases the required kill rate. The
critical gas velocity, which influences the kill fluid's fall-off at a certain depth, decreases with increasing gas
influx rate.This work provides a roadmap for applying dynamic kill techniques in off-bottom conditions,
accommodating both low and high gas influx rates.

Introduction
The conventional well control techniques based on the constant bottom hole pressure (BHP) concept in some
cases fails to controls well kicks. From well ’s blowout statistics, 25% of blowouts happened due to swabbing
effect due to excessive tripping speed while pull out of hole. Meanwhile 80% of blowout events happened when
the bit position is off-bottom in those cases the dynamic kill technique incorporated (Yin et al. 2023). The
dynamic kill method, announced by Mobil Oil Corporation and initially presented by Blount and Soeiinah, was
used to control a high-deliverability gas well blowout (400 MMscf/day) in Indonesia's Arun Field, which
continued to burn for 89 days. The blowout was controlled within 50 minutes once the killing operation
commenced (Vallejo-Arrieta 2002).
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The dynamic kill technique involves pumping fluid at the surface into the blowout flow path to increase the
combined annular pressure loss and hydrostatic pressure along the blowout flow path, surpassing the formation
pressure. In some instances, blowouts occur while the drill string remains off-bottom, complicating the well-
killing process as the ability to circulate the kick fluid out is not feasible.
Limited research has been conducted on off-bottom kills, particularly considering the ability of heavier kill

fluid to fall and flow counter-current against the formation fluid, which supports well killing.
This paper aims to simulate the off-bottom dynamic kill process for gas well blowouts, highlighting the effect

of liquid fall-down on selecting the killing rate. The study incorporates different flow models, including two-
phase flow models, static zero net liquid holdup, and dynamic zero net liquid holdup, to achieve a more
accurate flow model for calculating well-killing requirements.
The counter-current flow of killing fluid dropping through the influx fluid was primarily studied by Gillespie

et al. (1990) for off-bottom dynamic killing conditions. They defined a certain limit at which the kill fluid
begins to fall through the gas influx, termed the critical gas velocity. This is defined as the gas velocity at which
the liquid begins to fall, considered equal to the relative settling velocity of the largest droplet. The critical gas
velocity variables are illustrated in Eq. 1 (Gillespie et al. 1990). They based the well-killing condition on two
variables: the largest droplet diameter in the gas stream and the droplet drag coefficient.

������ = 4� ����(��−��)
3�� ��
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Gillespie et al. (1990) used three approaches for droplet size estimation, which produced different critical
velocity values, varying widely, with the highest value being almost four times the lowest for the same
conditions. A high value for the droplet drag coefficient would lead to a conservative estimate of the critical gas
velocity (Gillespie et al. 1990; Flores-Avila et al. 2003). Additionally, liquid holdup, which may exist while
circulating a fluid, was not considered in their estimation.
Kouba et al. (1993) employed the critical gas velocity model to estimate formation fluid rates below which a

minimum value of liquid holdup would exist. They utilized Barnea’s studies, which indicated that liquid holdup
is 0.25 during slug flow, 0.75 for bubble flow, and zero for annular flow, to estimate the liquid holdup below
the killing string during off-bottom dynamic killing operations. They made several assumptions: no-slip flow
between the gas and liquid phases above the injection point, no friction pressure loss below the injection point,
and a minimum value of liquid holdup for each flow pattern. These assumptions led to higher required kill rates
(Kouba et al. 1993; Flores-Avila et al. 2003).
Flores-Avila et al. (2002) extended the research on the effect of kill fluid falling through the upward-moving

formation kick fluid, particularly when the injection point is off-bottom in blowout wells. Their study
demonstrated that the accumulation of injected kill fluid below the kill string would increase bottom hole
pressure and assist in killing the well by using two important concepts.
The first concept is the critical gas velocity, which controls the accumulation of kill fluid below the injection

point. This was predicted by revising Turner's (Turner et al. 1969) model of terminal velocity for liquid droplets.
The new proposed model considers the flow regime of the continuous phase when evaluating the drag
coefficient, suggesting a value of 0.44 instead of the 0.2 proposed by Turner et al. (1969). Additionally, they
incorporated the deviation angle from the vertical, as given by Eq. 2 (Flores-Avila et al. 2003).

vScrit = 14.27 σ ρl−ρg

Kdcos α ρg2

0.25
,.......................................................................................................................(2)

The second concept is the volume of kill fluid that falls and accumulates below the injection point, which can
be predicted using the concept of static Zero Net Liquid Flow holdup (ZNLF).
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Zero Net Liquid Flow Hold-up. Liquid hold-up is defined as the ratio of the liquid volume in a pipe portion to
the total volume of that portion under downhole conditions. Conversely, the zero net liquid flow (ZNLF) hold-
up expression arises when a portion of a well becomes filled with dropped liquid while gas flows through that
well portion, rendering the liquid portion stagnant (Flores-Avila et al. 2002).
Typically, slip velocity is the difference between the absolute velocities of the gas and liquid phases. The

absolute velocity is defined as the ratio between superficial velocity and its volumetric hold-up, as given in Eq.
3. However, under vertical ZNLF conditions, the liquid is stagnant, resulting in a superficial liquid velocity of
zero. Thus, ZNLF is defined by Eq. 4 (Kanshio 2019):

vS = vg − vl = vsg

1−Hl
− vsl

Hl
,...........................................................................................................................(3)

vG0 = vsg

1−Hl0
,.................................................................................................................................................(4)

Where,

Hl0 = 1 − vsg

vG0
,...............................................................................................................................................(5)

Flores-Avila et al. (2002) utilized the experimental results of Arpandi et al. (1996), which were conducted for
a gas-liquid cylindrical cyclone with multiphase inlet flow and continuous liquid phase withdraw from vessel
bottom and gas exit from top as explained in Figure 1, to calculate gas slip velocity (Eq. 6) and, consequently,
the zero net liquid flow (Eq. 7).

Figure 1—Gas-liquid cylindrical cyclone (Flores-Avila et al. 2003).

vGo = 1.15 vsg + 0.35 g di(ρl−ρg)
3ρg Kd

,...................................................................................................................(6)

Hl0 = [1 − vsg

vG0
](1 − Ld

Lp
),............................................................................................................................(7)

Enhanced Model
In this study, we aimed to develop an enhanced model to account for the effect of liquid fall-off below the kill
string. The dynamic kill mathematical model was established to evaluate the killing process in off-bottom
scenarios. The model consists of two major components: the reservoir inflow performance model and the
wellbore performance model. Combining these models provides the actual well blowout deliverability, which
serves as the starting point for the modeling process.
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The model divides the well system into four distinct regions, as illustrated in Figure 2. Region 1 represents
the formation, which is the source of the blowout fluid flow. Region 2, located in the wellbore, encompasses the
section where counter-current two-phase flow occurs, with upward-moving formation fluid and downward-
moving kill fluid, starting from the end of the kill string to the bottom of the well. Region 3, also within the
wellbore, represents co-current two-phase flow, where both formation and kill fluids move upward through the
annulus from the end of the kill string depth to the surface. Finally, Region 4 is characterized by single-phase
flow, with kill fluid moving downward inside the kill string.

Region 4
Single phase flow (kill fluid)
into the kill string

Region 3
Two phase flow (formation and kill
fluid) through the annular section

Region 2
Two phase flow (formation and kill
fluid) from the bottom-hole to the
sting depth

Region 1
Producing formation

Figure 2—Off-bottom well blowout system modeling with four regions (Vallejo-Arrieta 2002).

Reservoir Model (Region 1). The reservoir model was constructed using Forchheimer ’s equation (Eq. 8) for
radial gas flow in porous media. This model accounts for high gas velocities near the wellbore by incorporating
a non-Darcy gas flow term, as described in Eq. 11 (Ikoku 1980; Forchheimer 1901).

PR
2 − Pwf

2 = A Qsc + B Qsc
2 ,..............................................................................................................................(8)

Where,

B = 1422 μg zr Tr

k ℎ
[ ln 0.472 re

rw
] ,....................................................................................................................(9)

A = 3.161∗10−12 β Ƴg zr Tr

ℎ2
1
re

− 1
rw

,..............................................................................................................(10)

β = 2.33∗1010

kg
1.201 ,.................................................................................................................................................(11)

Wellbore Model. The wellbore model is based on the general conservation equation and Newton’s second law
to derive the general form of the pressure gradient, as shown in Eq. 12. This implies that the total pressure loss
across the system is the sum of pressure losses due to hydrostatic pressure reduction, friction loss caused by the
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shearing force between the fluid and the pipe wall, and pressure loss due to fluid acceleration. The acceleration
component is typically negligible due to its minor effect on the total pressure loss value.

dP
dL

total = dP
dL

elevation + dP
dL

friction + dP
dL

acceleration..............................................................(12)

To enhance the model's accuracy, the effect of temperature changes was incorporated by using the wellbore
temperature model proposed by Hassan and Kabir, as detailed in Eq. 13 (Hasan and Kabir 2012; Hasan and
Kabir 2018),

���� = ��� + 1−� �−� ��
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Single Phase Flow (Region 4). In this region, which contains only killing fluid, sea water is used due to the
large volume required for the dynamic killing process, making water a practical choice. Therefore, the general
pressure gradient equation for this region can be expressed as shown in Eq. 14 (in field units),

dP
dL

total = ρl
144

+ ( ρlfvl
2

772.17 Ds
)...................................................................................................................(14)

Concurrent Two-phase Flow (Region 3). This region features concurrent flow, where both kill fluid (water)
and reservoir fluid (gas) move in the same direction (upward) through the annulus, from the end of the drill
string to the surface. In a two-phase flow scenario, the flow regime transitions through several stages: annular
flow, churn flow, slug flow, and ultimately bubble flow as the liquid hold-up reaches its maximum value.
To model this flow condition, the mechanistic two-phase flow model presented by Hassan and Kabir (2007)

was employed. This model establishes specific conditions to identify the flow regime. Once the flow type is
detected, flow parameters are determined from Table 1, and the nature of gas bubble rise velocity is selected.
At this stage, Eq. 15 can be used to calculate the gas void fraction (Hg).

Hg = vsg

Co vm +v∞
.................................................................................................................................................(15)

Table 1—Flow parameter according flow pattern and type.

Flow pattern
Flow parameter, �� Gas rise velocity, �∞Concurrent upward Countercurrent

Bubble 1.2 2.0 �∞�

Slug 1.2 1.2 �∞

Churn 1.15 1.15 �∞

Annular 1.0 1.0 0

For the two-phase flow, mixture fluid parameters are computed based on the volumetric weighted average for
the two phases, as illustrated in Eqs. 16 through 19.

Hl = 1 − Hg ,...................................................................................................................................................(16)

ρm = ρlHl + ρgHg ,........................................................................................................................................(17)

ρm = ρlHl + ρgHg ,........................................................................................................................................(18)

µm = µlHl + µgHg .........................................................................................................................................(19)

Countercurrent Two-phase Flow (Region 2). Region 2 is crucial in the off-bottom dynamic kill model, as it
examines how the area below the kill string affects the required dynamic kill rate. This area is often neglected,
but if the kill fluid coming out from the kill string falls down to the bottom of the well in the opposite direction
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to the kicked fluid, it will contribute to the well-killing process. If the gas superficial velocity at the end of the
kill string is less than the critical velocity, the kill fluid will fall down.
To study this region, two different approaches can be utilized. The first approach involves using the two-

phase mechanistic model for countercurrent flow conditions as presented by Hassan and Kabir (2007). In this
model, since the two-phase flows are in opposite directions, the void fraction equation is applied with a negative
sign, as shown in Eq. 20.

Hg = vsg

Co vm −v∞
,...............................................................................................................................................(20)

The second approach employs the dynamic zero net liquid hold-up (ZNLH) method to determine the liquid
hold-up below the kill string. Kolla et al. (2018) conducted laboratory tests to evaluate the dynamic ZNLH and
developed a model that accounts for the fluid properties of both kick and kill fluids, as well as the superficial
velocity of the kill fluid. This model is detailed in Eqs. 21 through 25 (Kolla et al. 2018).

vSg
∗ 2 + vSl

∗ 2 = 1,..............................................................................................................................................(21)

vSg
∗ = vsg ρg

0.5 g D ρl − ρg
−0.5

,...................................................................................................................(22)

vSl
∗ = vslz

2n ρl
n g D ρl − ρg

−n
,.....................................................................................................................(23)

n = 25µ g D
σ

0.25
,..........................................................................................................................................(24)

HLDZ = vslz
vslz+vsg

............................................................................................................................................(25)

Model Verification. To assess the accuracy of the model, its results were validated against actual well blowout
and killing data from Indonesia's Arun Field (Kouba et al. 1993) and the case analyzed by Gillespie et al. (1990),
which involved a potential dynamic kill of a workover well under off-bottom conditions.
Arun Field Blowout. For the Arun Field blowout case, reservoir data and wellbore input data, as detailed in

Table 2, were used to establish the well flow model. The model output was then compared with the actual data.
Initially, the data were used to construct the well’s blowout IPR/VLP model, which provided the initial
conditions for the well-killing process and resulted in a well blowout rate of 454,000 MMSF/D (Figure 3). The
same data in Table 2 were also used to develop the well IPR/VLP performance curve using commercial
software (PROSPER), yielding a well blowout rate of 473,841 MMSF/D (Figure 4 and Table 3).

Table 2—Blowout data from Mobil Oil Indonesia's Arun Field well C-II-2.

Input Data Value
Reservoir pressure (psia) 7,100
Reservoir temperature (°F) 230

Gas specific gravity 0.6
Casing ID (in) 8.535

Drillpipe OD (in) 5.00
Drillpipe ID (in) 4.275

Pipe roughness (in) 0.0018
Measured depth (ft) 10,210

True vertical depth (ft) 9,650
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Figure 3—Well's blowout rate using IPR/VLP model.

Figure 4—Well's blowout rate using commercial software.

Table 3—Summary of well IPR/VLP performance using commercial software.

Parameters Values Units
Gas Rate 473,841 MMscf/day
Oil Rate 0 STB/day

Water Rate 0 STB/day
Liquid Rate 0 STB/day

Solution Node Pressure 6672.51 psia
dP Friction 5947.1 psi
dP Gravity 710.399 psi

Secondly, the verification of the well-killing dynamic model was conducted by comparing the model results
for the killing rate of Arun Field well C-II-2 with the actual well-killing rate data. The model predicted a
minimum pumping rate of 84.5 bbl/min with 7216 psi bottom hole flowing pressure compared with reservoir
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pressure 7100 psi which explained in Figure 5. In practice, the well blowout was effectively controlled when
the pumping rate was increased to 85 bbl/min, and reignited when the pumping rate was reduced to 80 bbl/min.

Figure 5—Arun Field well C-II-2 predicted dynamic killing rate.

Gillespie’s Case in Workover Well. Gillespie et al. (1990) analyzed a potential dynamic kill for a workover
gas well under off-bottom conditions. The study focused on a gas recycling well within an Enhanced Oil
Recovery (EOR) project, which was completed with 2-7/8” tubing and snubbed with 1-1/4” coiled tubing to
wash sand and dynamically kill the well using a 9.5 lbm/gal sodium chloride (NaCl) solution. Reservoir data are
provided in Table 3, and the well schematic is shown in Figure 6.

Figure 6—Well completion with kill string (Gillespie et al 1990).
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Table 4—Reservoir data (Gillespie et al. 1990).
Parameters Values

Net thickness, ft 110
Permeability, md 100
Porosity, % 22

Water saturation, % 40
Temperature, oF 172

Reservoir pressure, psi 4,700

The reservoir and wellbore data listed in Table 4 were used in the model to determine the minimum dynamic
kill rate using 9.5 lbm/gal killing fluid with 1-1/4” coiled tubing at a depth of 10,053 ft. The model predicted a
killing rate of 0.8 bbl/min, as presented in Figure 7, while Gillespie reported a range of killing rates between
0.5 and 1.0 bbl/min (Gillespie et al. 1990).

Figure 7—Minimum dynamic killing rate in work over well case with 1-1/4” CT at 10053 ft.

Case Studies
The primary objective of this study is to evaluate the performance of dynamic well control techniques under
off-bottom conditions and to identify their limitations. To achieve this, a computer model was developed using
the Python programming language to simulate and analyze dynamic killing scenarios for off-bottom gas
blowouts.

Arun Field Well C-II-2 Case. A critical aspect of the modeling process is the area below the end of the kill string
(Region 2), which was modeled using three different approaches. For the case study of Arun Field well C-II-2,
Figures 8 through 10 illustrate the well inflow/VLP performance with the end of the kill string positioned at
8,000 ft. The killing rate was maintained at 3,850 gal/min, using water as the killing fluid. The modeling
approaches included static ZNLH (Figure 8), dynamic ZNLH (Figure 9), and two-phase flow model (Figure 10).
The static ZNLH model resulted in the lowest bottom hole flowing pressure (7,198 psi), whereas the two-

phase flow model showed the highest bottom hole flowing pressure (7,478 psi) during well-killing operations.
Not accounting for liquid fall-off led to a higher required killing rate (4,390 gal/min) to halt gas influx.



Improved Oil and Gas Recovery

10

Conversely, when maintaining a fixed bottom hole flowing pressure and performing sensitivity analysis on
the killing rate, the static ZNLH model indicated a higher required killing rate (3,850 gal/min), while the two-
phase flow model suggested a lower killing rate (3,765 gal/min).

Figure 8—The predicted off-bottom dynamic killing rate of Arun Field well C-II-2 using static ZNLH.

Pwf=7356 psi

Figure 9—The predicted off-bottom dynamic killing rate of Arun Field well C-II-2 using Dynamic ZNLH.

Pwf = 7198 psi
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Pwf=7478 psi

Figure 10—The predicted off-bottom dynamic killing rate of Arun Field well C-II-2 using two phase flow model.

Gillespie’s Case. Figures 11 through 13 illustrate the well inflow/VLP performance for Gillespie’s case with the
end of the kill string positioned at 2,024 ft. The analysis was conducted at a constant killing rate of 3.7 bbl/min,
using water as the killing fluid, and applied static ZNLH, dynamic ZNLH, and two-phase flow model.
The static ZNLH model resulted in the lowest bottom hole flowing pressure (4,909 psi), while the two-phase

flow model showed the highest bottom-hole flowing pressure (5,393 psi) during the well-killing operation.
Ignoring liquid fall-off led to a higher killing rate (295 gal/min) required to stop gas influx.
Conversely, when maintaining a constant bottom-hole flowing pressure and performing sensitivity analysis

on the killing rate, the static ZNLH model indicated a higher required killing rate (155 gal/min), whereas the
two-phase flow model suggested a lower killing rate (145 gal/min).

Figure 11—The predicted off-bottom dynamic killing rate of Gillespie’s case using Static ZNLH.

Pwf = 4909 psi
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Figure 12—The predicted off-bottom dynamic killing rate of Gillespie’s case using dynamic ZNLH.

Figure 13—The predicted off-bottom dynamic killing rate of Gillespie’s case using using two-phase flow model.

Results and Discussion
One of the objectives of the model is to demonstrate the effect of well operating conditions on the killing
parameters, and some of the figures generated by the model illustrate this effect.

Temperature. Temperature has a significant effect on the properties of killing fluids. In the first case study
(Arun Field well C-II-2), despite using water as the killing fluid, its properties changed dramatically with depth
due to temperature variations. Figures 14 and 15 illustrate the impact of temperature on water density and
viscosity. Water density decreased from 62.5 pounds of cuber foot (PCF) at surface conditions to 59.5 PCF at
downhole conditions, while water viscosity decreased from 1.3 CP at the surface to 0.2 CP at total well depth.
These changes in water properties will influence the required killing rate, with the effect being even more
pronounced if a Non-Newtonian fluid were used as the killing fluid.

Pwf = 5001 psi

Pwf = 5393psi
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Figure 14—Effect of temperature on water density.

Figure 15—Effect of temperature on water viscosity.

Figure 16—The effect of killing depth on the required kill rate.
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Killing Depth. It is evident that the depth of the kill string has a crucial effect on the required kill rate. Figure
16 illustrates how the depth of the kill string impacts the kill rate in the second case (Gillespie’s case). As the
depth of the kill string decreases, the required kill rate increases, and follows a logarithmic relationship.

Gas Influx Rate. As previously discussed, the key criterion determining whether the kill fluid will fall to the
bottom of the well or move upward with the gas influx is the critical gas velocity (Vc). If the superficial gas
influx velocity (Vsg) at the end of the kill string depth exceeds the critical velocity, the kill fluid will fall.
Figures 17 to 20 illustrate Vsg and Vc with depth, ranging from the end of the kill string at 2,000 ft to the well’s
bottom, under different gas influx rates. At low influx rates, the superficial gas velocity is low, resulting in a
larger gap between Vsg and Vc. As the gas influx rate increases, Vsg rises and Vc decreases until they approach a
certain limit (influx rate). At this point, Vsg becomes lower than Vc, and the kill fluid will no longer fall but
instead will flow upward with the kick fluid to the surface.
It is important to note that both velocities decrease with increasing well depth, primarily due to the effect of

pressure on gas density. Additionally, the critical gas velocity decreases with increasing gas influx rate because
the higher bottom hole pressure results in greater gas density and consequently a lower critical velocity.

Figure 17—Vc and Vsg with depth at gas influx rate of 1 MMscf/d.

Figure 18—Vc and Vsg with depth at gas influx rate of 10 MMscf/d.
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Figure 19—Vc and Vsg with depth at gas influx rate of 24 MMscf/d.

Figure 20—Vc and Vsg with depth at gas influx rate of 25 MMscf/d.

Conclusions
In this study, three approaches were employed to develop an optimal model for predicting the dynamic kill
technique with the kill string positioned off-bottom. Given the limited practical efforts to model this killing
condition, the results obtained can be generalized for modeling off-bottom dynamic killing in gas blowout wells.
The constructed model was validated with actual well killing data, and the following conclusions were drawn:

1. The Static Zero Net Liquid Hold-up (ZNLH) model resulted in the lowest bottom hole flowing pressure,
indicating a higher kill rate, whereas the two-phase flow model produced the highest bottom hole
flowing pressure, reflecting a lower kill rate for well killing operations.

2. Temperature significantly impacts the properties of the killing fluid, even when water is used. Changes
in temperature alter the fluid's density and viscosity, which in turn affects the required killing rate.

3. The required kill rate exhibits an inverse logarithmic relationship with the depth of the kill string.
4. Liquid fall-off below the end of the kill string will continue if the superficial gas velocity is lower than

the critical gas velocity. As the gas influx rate increases, the superficial gas velocity rises and the critical
gas velocity decreases until a certain limit (gas influx rate) is reached, beyond which the liquid fall-off
ceases.
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5. The critical gas velocity is inversely proportional to the gas influx rate. Higher gas influx rates lead to
increased bottom hole pressure and higher gas density, resulting in a lower critical gas velocity.

6. Both superficial and critical gas velocities decrease with increasing well depth due to the effect of
pressure on gas density.

Recommendation
For the future work, I would recommend to modify the model to utilize non-Newtonian fluid to be used as
killing fluid.

Nomenclature
a = Well vertical depth, ft;
Co = Flow parameter, dimensionless;

Cp = Heat capacity, Btu
lbm−℉

;

dmax = Maximum droplet size, ft;
di = Pipe internal diameter, ft;
Ds = kill string internal diameter, in;
f = Moody friction factor, dimensionless;
g = Gravity acceleration, ft/sec2;

gG = Geothermal gradient, oF/ft;

Hl = Liquid hold-up, fraction;
Hl0 = Liquid hold-up at ZNLH condition, fraction;
Hg = Gas void fraction, fraction;
h = Reservoir thickness, ft;
J = ft-lbf to btu conversion factor, dimensionless;
Kd = Sphere drag coefficient, dimensionless;
k = Reservoir permeability, md;
l = Total well measured depth, ft;
Ld = Piper length with annular flow, ft;
Lp = Pipe length, ft;
LR = Relaxation distance parameter, ft-1;
PR = Reservoir pressure, psi;
Pwf = Flowing bottom hole pressure, psi;
Qsc = Gas flow rate at surface condition, scf/day;
rw = Wellbore radius, ft;
re = Reservoir radius, ft;
T = Temperature, R;

Tann = Annular fluid temperature, oF;
Tei = Undisturbed formation temperature, oF;
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Greek:
vscrit = Critical gas velocity, ft/sec;
vs = Slip velocity, ft/sec;
vg = Gas velocity, ft/sec;
vl = Liquid velocity, ft/sec;
vsg = Superfacial gas velocity, ft/sec;
vsl = Superfacial liquid velocity, ft/sec;
vGo = Gas slip velocity at ZNLH condiction, ft/sec;
vm = Mixture velocity, ft/sec;

v∞ = Gas rise velocity, ft/sec;
z = Gas compressibility factor, dimensionless;
σ = Gas/liquid interfacial tension, lbm/sec2;
α = Deviation angle from vertical, degree;

μg = Gas viscosity, cp;
μl = Liquid viscosity, cp;

μm = Mixture viscosity, cp;
β = Turbulance factor, ft-1;

Ƴg = Gas specific gravity, dimensionless;
ρl = Density of liquid phase, lb/ft3;
ρg = Density of continuous gas phase, lb/ft3;
ρm = Mixture density, lb/ft3;
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