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With the development of offshore oil industry, the influx and blowout are inevitable. Well control methods have been
well researched, but how to recognize the failure of well control earlier and how to evaluate the probability of blowout for
taking steps to avoid are imperfect. Based on the two-phase gas-liquid flow, the characteristic of well killing curve before
and after killing are analyzed. Then the method for recognizing the failure of well killing is established by the probabilistic
and covariance processing method. Then the blowout due to the failure of well killing is studied and the build-up pressure
template is established. According to this, three evaluation methods for blowout probability are established, the shut-off
pressure, the standing and casing pressure, formation parameters and underbalanced level varying methods. Final, four
hardware systems and one evaluation system are recommended for decreasing or avoiding the risk during the failure of well killing.
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Induction

An oil spill following a blowout in the Timor Sea
off Western Australia's northern coast is shaping as
one of the nation's worst on 21 August 2009 in the
Montara oil field'. The Deepwater Horizon blowout
and oil spill is an industrial disaster that began on
20 April 2010 considered to be the largest marine oil
spill in the history of the petroleum industry’. The
Bohai Bay oil spill was a series of oil spills that began
on 4 June 2011 at Bohai Bay, China’. Each of these
recent accidents has brought about great problems,
and not only huge economic losses for offshore oil
development and human casualties, but also the
destruction of the marine ecological environment.
After reviewing the processes of how these accidents
were handled, one can conclude that the current state
of the blowout risk evolution mechanism in offshore
drilling and well-control technology is extremely
lacking compared to land drilling.

Offshore drilling attracted global attention since the
Macando blowout. Worldwide concern on the safety
level of oil and gas industry is raised and the deepwater
drilling activity is directly influenced. The probability
of drilling abnormal high pressure reservoir is big
when the oil and gas exploration area move to deep or

ultradeep water, leading to the inevitable overflow, gas
kick or blowout. Once the well control is failed, the
loss is incalculable. It will cause the influx or blowout
even worse and the wellbore pressure system will
become more complicated. But the influx, blowout and
well control are inevitable with the development of oil
industry. So, the well killing is needed for avoiding the
more losses. The well control in offshore drilling are
different from the methods on the land or shallow
water due to the complicated marine environment,
reservoir formation characteristics, drilling equipment
and technology. There are many factors causing the
well control risk and each factor may cause different
influence on risk. The assessment on well control
risk incentives can reduce the probability of
blowout effectively.

Recently, there are lots of studys about the
multiphase flow behaviors in wellbore during well
control*"’. Sule et al.® presents a reliability assessment
of kick control operation in a constant bottomhole
pressure technique of managed pressure using a
dynamic annular pressure control system. Aarsnes
et al.” developed a coupled PDE-ODE model of
pressure and distributed gas dynamics during offshore
well control. Sun et al.® proposed a pattern recognition
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model for gas kick diagnosis in deepwater drilling.
Wang et al’ established the gas influx mathematical
model to finely describe the APWD pressure variation
during the gas influx, combining the two dominating
phenomena, namely, reduced hydrostatic pressure of
the mud column and increased annular pressure due to
friction resistance and inertia force. Oliveiraa et al."
developed a simplified kick simulator to aid the
analysis, through graphics, of the dynamic behavior of
some variables, such as volume fractions of both
drilling fluid and gas, density of the gas-liquid mixture
in the well and pressure. In recent years, the well
control method have been well researched, but how to
recognize the failure of well control earlier and how to
evaluate the probability of blowout for taking steps to
avoid the losses are imperfect. There are few literatures
available to study the above problem.

Based on the two phase gas liquid flow theory, the
behaviors of well killing curve before and after the
failure is analyzed. And the method for recognizing
the failure of well killing early is established by
analyzing the abnormal curve characteristics. Then
the shut-in pressure build-up template is established
and two different evaluation methods about the
probability of the well control failure are studied.
Finally, the four hardware systems and one evaluation
system are recommended for decreasing or avoiding
the risk after the failure of well killing.

The behaviors of well killing curve before and

after thewell killing failure
Thewellbore pressure calculation during the well killing

Gas-liquid two phase flow occurs in the wellbore
annuli after the gas influx. Based on the two phase
flow theory, considering the wellbore temperature
varying, the wellbore pressure calculating model is
established. The length of the segment is dH.

(1) The mixture continuity equation

6(apg +(1—a)pm) +8((ngvg +(1—Ol)/0me) —q,-- (1)
ot oH

(2) The mixture momentum equation

8(apgvg +(1—a)pmvm) a(apgvé +(1—a)pmvr2n)
+ +
ot oH ... (2

op (op _
H +(¥)ﬁ +[apg +(1- a)pm]g =0y,

(3) The wellbore temperature equation

Tfout = Teout + GXp[A(Zm - Zout)]

..(3

(Tin=Ten =94/ A+94 /A ®
where Tgye is wellbore fluid temperature, Teoy is
undisturbed formation temperature at any given depth,
Zin 1s total well depth from surface, z,, is variable well
depth from surface, T., is undisturbed formation
temperature at the bottom hole, Tg, undisturbed
wellbore temperature at the bottom hole, gy is

27zrtoUtoke , Tio 1s
Vvthm(ke + f(t)rtoulo)
inside radius of tubing, U, is overall heat transfer
coefficient, K. is thermal conductivity of earth, W, is
total mass flow rate, C,, is specific heat at constant
pressure of mixture fluid, f(t) is transient heat-
conduction time function for earth. The detail solution
method can be seen in the literature' ™',

geothermal gradient, A=

The normal well killing curve char acteristics

(1) The well kill operation

Taking the driller’s method for example, during the
first circulation, there is bubble flow in the mud when
the original muds arrive at the drill bit and the bottom
hole pressure increases due to the adjusted throttle
valve. The gas influx rate decreases and the polluted
mud are out of the wellbore, shown in Figure 1.

In the second circulation, there is no gas in the
wellbore and the muds used are heavier than the
original muds, as showing in Figure 2.

(2) The casing and tubing pressure curve
characteristics during well killing
In the first circulation, the original muds are pumped
into the wellbore and pull the influx gas out. The
casing pressure increases when the influx gas rises
along the wellbore and will reach to the peak. After
that, the gas will be circulated out of the wellbore
gradually. Then the casing pressure will reduce and
be equal to the shut-in standing pressure finally. In
the second circulation, the heavier muds instead of
the original are pumped. Before the heavier muds
reach at the drill bit, the casing pressure will be
constant. The standing pressure reduces to Py and
keeps to be constant. When it is circulated to the
wellhead, the hydraulic pressure of muds is balanced
with the bottom hole pressure. The casing pressure
reduces to 0, which is the successful sign of the
driller’s method. The key point is that the bottom
hole pressure is always larger than the formation
pressure, as shown in Figure 3.
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(a) the mudsarrive at thedrill bit (b) themuds are pulled into the annular
(Pwir>Pr, Pri= Pyt APg) (Puti>Pr, Pri = P+ APg)

Fig. 1 — The first circulation of driller’s method

(a) the heavier mudsarriveat thedrill bit (b) theannular isfilled with the heavier muds
Fig. 2 — The second circulation of driller’s method
The curve char acteristics of well killing failure A. The upper layer blowout and the lower layer leak
(1) The failure due to the underground blowout It is associated with the blowout rate of the upper

The underground blowout includes: uper layer  high pressure layer. Assuming the rate is high, there
blowout and lower layer leak, upper layer leak and  will be parts of fluid leaking into the formation and
lower layer blowout, the blowout and leaks occurs in parts flowing to the surface. The frictional pressure
the same layer. According to these conditions, the  drop increases with the rising velocity in annular
well killing parameters are different: when the opening of throttle valve remains to be
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Fig. 3 — The successful well kill curve in some well of Puguang gas reservoir
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Fig. 4 — The casing and standing pressure curves when the influx rate is high

constant. The casing and standing pressure will
increase, seen in Figure 4. Assuming the rate is low,
the fluid will all flow into the lower layer and parts of
the muds will flow into the leak layer. The rising
velocity in the annular will decrease when the
opening is constant. And the casing and standing
pressure will reduce.

B. The upper layer leak and the lower layer
blowout

This situation is same to the part A.

C. The blowout and leak happens in the same layer

This situation happens in the layer of which the
permeability is good, the fracture and caves are
developped. The casing and standing pressure will
increase when blowout happens and will decrease
when leaks happen.

(2) The failure due to the failure of well control
equipment on the surface
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A. The throttle valve failure

When the throttle valve is failure, the casing
pressure in the well head will be incontrolable and the
well can’t be killed according the casing pressure.
Taking the driller’s method for example, one is the
failure in the first circulation and the other is the
failure in second circulation.

In the circulation, the casing pressure can’t be
increased which results in that the bottom bole
pressure is lower than the formation pressure and the
well kill is failed. The throttle failure level can be
reflected by the casing pressure. The casing pressure
is lower, the failure is heavier, shown in Figure 5.

B. The surface casing failure
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One of the failure is that the casing is good but the
pressure bearing capacity is not high enough. The other
is that the casing is broken. The first will be discussed
here in detail. The casing pressure will not increase
when it is equal to the bearing pressure. According to the
“U” pipe theory, the bottom hole pressure will be lower
than the formation pressure leading to that the gas will
leak into the wellbore annuli and the well kill will be
failure, seen in Figure 6.

The method for recognizing the failure of well killing
early

The variance is used to represent the deviation
between the random variables and mathematical
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Fig. 5 — The casing and standing pressure curves in the circulation due to the throttle valve failure
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expectation in probability and mathematical statistics
theory'. It is introduced into recognizing the failure
early. The average value is the designed well killing
parameter associated with At. Then the variance
between the real well killing parameter and the designed
parameter will be calculated. The deviation curve will be
used for recognizing the failure of well kill early.

62=% ..®

where o is the variance; s is the average value of the
parameter designed; s; is real well kill parameter.

The failure probability and development tendency
of well killing can be evaluated and predicted by the
probabilistic method and the covariance processing
method. The failure can be recognized before the
completion of first circulation based on this method.
The opening of throttle value and the well killing
parameter can be adjusted in time. According to the
variance analysis, the failure will be worse after the
casing pressure reaches to the peak, and the well
killing parameter can be adjusted before this moment
to avoid the failure, as shown in Figure 7.

Thereason of blowout after thewell Killing failure
(1) The density of muds is too small to balance the
formation pressure
After the well killing failure, it is difficult to
predict the formation pressure accurately and
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calculate the mud’s density. So the influx gas is
flowing into the wellbore annuli during the well
killing. When it is near the wellhead, the gas will
expand strongly and the blowout will happen.

(2) The displacement of muds is too few to balance
the formation pressure

The standing pressure should be recorded
according to different pump stroke. Low pump stroke
test should be taken before the well killing to ensure
the displacement will be selected accurately when the
throttles are adjusted. The improper displacement will
result in the formation leak and the muds flowing into
the formation. The blowout will happen when the
formation pressure is underbalanced.

(3) The well kill parameters are not correct enough
to balance the formation pressure

The throttle is adjusted to control the backpressure
to ensure that the annular pressure is larger than the
bottom hole pressure in the well killing. Then the
influx gas will not flow into the wellbore. However
the backpressure will be controlled imprecisely due to
the throttle failure or the improper operations. The
formation pressure will be larger than the annular
pressure. The influx gas flows into the wellbore
continually and the well killing will be failing. The
blowout will happen finally.

The evaluation method for prabability of blowout

Estimating the probability of blowout according to the shut-in
pressure

The probability of blowout can be estimated by the
shut-in pressure when the influx happens. The influx

— Ammormal Carve 1
Ammormal Carve d

Fig. 7 — The variance analysis of well kill
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level is associated with the porosity, the permeability
and the negative pressure difference. These values are
larger, the influx is more serious, the shut-in pressure
is higher and the well killing is more difficult. The
probability can be evaluated by the difficult degree
and evaluation module of well control, shown in
Figure 8.

(1) The module establishment

There will be one “evaluation point” in the module.
The pressure of this point represents the underbalance
degree in the well bottom and the largest shut-in well
head pressure. So some pressure lines are needed to
distinguish the pressure level. The slope of the line
between the initial recovery point and the evaluation
point represents the shut-in pressure recovery speed due
to the gas influx capacity, refecting the formation factor.
Some lines of different slope are needed to distinguish
the formation factor level. Therefore, there are several
horizontal lines and oblique lines in the module.

These lines are horizontal to define the amplitude
of the shut-in pressure evaluation point. The boundary
line between the low and middle pressure is 4 MPa
and between the middle and high pressure is 10 MPa.
The slope angle of boundary line between the low and
middle formation factor is 25° and between the
middle and high formation factor is 50° for defining
the pressure recovery speed.

The relationships among the underbalance degree,
the formation factor and the well control difficulty in
Figure 8 are as follows:

255

® Area A: low pressure and low formation factor,
well can be controled.

® Area B: low pressure and middle formation
factor, well can be controled.

® Area C: low pressure and high formation factor,
well control will have failed risks.

® Area D: middle pressure and low formation
factor, well can be controled.

® Area E: middle pressure and middle formation
factor, well control will have failed risks.

® Area F: middle pressure and high formation
factor, the well control risk and difficulty will be
high.

® Area G: high pressure and low formation factor,
well control will have failed risks.

® Area H: high pressure and middle formation
factor, the well control risk will be higher and
difficulty will be high.

® Area I: high pressure and high formation factor,

the well control failed risk and difficulty will be
higher.

The boundary of pressure and formation factor
should be adjusted according to the actual formation
property.

(2) Elevating the well control difficulty based on
the shut-in pressure recovery curve

The shut-in pressure recovery curve is affected by
the underbalance degree and formation parameters.
The formation pressure gradient, pressure gradient of

: I / F
11 C
- // /
1
rd
. E
E T H ,"/ B
% I
£ o 4
(=9
5 /
3
A
2
nl'-‘?41"'ﬂ‘|3|'||l|UWE?:’1;‘H-N‘:|7ﬂmlwli‘ilﬂwiﬂ‘ﬂﬂ““m
time/min

— the low and middle pressure

—— the low and middle formation factor -
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drilling fluids and the drilling formation thickness
affected by the drill rate and drill time will have an
influence on the underbalance degree. The thickness
is greater, the degree will be bigger in the same
pressure gradient. Taking three group parameters in
Table 1 for example, the pressure curves changing
with time are shown in Figure 9.

It can be seen from Figure 9 that the pressure of the
evaluation point represents the under balance degree,
which is to say that the product of the well depth and
the difference between formation pressure gradient
and pressure gradient of drilling fluids. The slope of
this point is the ration of maximum shut-in wellhead
pressure and the recovery time, reflecting the
recovery speed. It’s the product of the permeability
and the drilling formation thickness. The well control
difficulty of test 1, test 2 and test 3 is large, middle
and low according the location of point A, B and C in
the module.

(3) The well control difficulty can be analyzed by
the module. The shut-in pressure recovery speed
affects the well control. But there are two points to be
noticed in the well drilling.

First, the drilling formation permeability will be
unpredictable. The vertical permeability in the same
formation will be different. The well control difficulty
is uncontrollable once the influx happens.

Second, the effective formation thickness increases
with the drilling formation thickness and it’s
controllable.

The well control difficulty of different formation
properties can be analyzed through the line slope of
the evaluation point and the original point. Taking
one well for example, the depth is 3500 m, the
formation pressure gradient is 1.3 MPa/100 m, the
muds density are 1.05 g/cm’, one groups of
permeability are 10 md, 100 md, 2000 md and one
groups of drilling formation thickness are 1 m, 2 m,
4 m, 8 m. The calculation results are shown
in Figure 10.

From Figure 10, it can be seen that the line slope
increases with the permeability. The formation
permeability is larger, the well control is more
difficult with the thickness. Therefore, the well must
be controlled early when the influx happens for the
high permeability formation.

Table 1 — The data and results of shut-in pressure recovery test

Test Well depth permeability Formation pressure Muds density Drillrate  Drill time Well
/m /md gradient /(MPa/100m) /(g/em®) /(m/hr) /h Control difficulty
1 4100 800 1.35 1.08 2 0.89 high
2 3300 120 1.25 1.04 2.5 0.76 middle
3 2500 40 1.27 1.15 2 0.53 low

pressure/MPa
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Fig. 9 — The well control difficulty elevated curves based on the shut-in pressure recovery curve
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(4) The shut-in pressure build-up template is
established, as seen in Figure 11. The formation
factor and under balance degree can be calculated
based on this template. The evaluation point
position of the shut-in pressure build-up is upper in
the template, the underbalanced degree is larger.
The slope of line connecting between the evaluation

point and initial point is larger, the formation factor
is larger. The difficulty of well control will be
larger. There are several curve groups about the
standing pressure and the casing pressure curve.
The formation pressure can be calculated according
to the curve groups. The shut-in pressure build-up
zone is divided into 9 areas which represent
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different difference between the well bottom
pressure and the formation pressure.

As shown in Figure 11, there will be more influx
gas in the annular if the distance between the shut-in
standing pressure and the shut-in casing pressure is
larger. If they locate at the left upper of Figure 11, the
pressure and permeability of the formation is high. If
they locate at the right lower of Figure 11, the
pressure and permeability of the formation is low. The
well killing risk can be roughly evaluated according
this template.

Estimating the probability of blowout according to the
changes of casing and standing pressure

The changes of casing pressure can represent the
varying annular transient pressure and the influx gas
rising in wellbore annular. It will increase during
circulation. But it will reduce when the gas arrives at
the well head and be equal to the shut-in standpipe
pressure. If the casing pressure increases all the time
and reaches the pressure bear limit of the well head
equipment, it is needed to open the relief line, which
is to say the gas influx still happens and the
probability of blowout is larger.

The four hardware systems and one evaluation
system for decreasing or avoiding the properbility
of blowout

The well control out of control is a disastrous
accident in the drilling engineering. Preventing out

he m&]l killing equipments i
are safe and reliable to ensure
pthe well killing fluid can be

ped into the well bottom

effectively when influx or
! blowour happens

of control means there will be no disastrous
accident.

(1) The blowout out of control factors

A. BOP failure

The different types of BOP have different bearing
pressure. If the bearing pressure is lower than the
pressure needed, the well will not be shut in, which
means the BOP is failure and the blowout will happen.

B. The throttle and relief equipment failure

The throttle and relief equipments are not paid
enough attention for checking or testing on time. The
blowout happens if the throttle equipment are failure.

C. Well control equipments are failure

The standing pressure is affected by the well
control associated equipment. The standing pressure
is controlled by the pump and the drilling pipe
strength. If the well bottom hole pressure can’t be
increased by the drill pipe or killing pipe, which
means the pumped muds can’t reach to the well
bottom. Then the well control equipment will be in
failure and the well control out of control will happen.

D. The integrity of the wellbore hydraulic

The integrity includes: the wellbore design, such as
casing inner pressure resistance, drilling pipe outer
pressure resistance and the fracture pressure at the casing
shoes. If one of them don’t match with the formation
pressure, the well control will be out of control.

(2) The four hardware systems for decreasing or
avoiding the risk due to the well killing failure

The throttle equipment is safe
and reliable to ensure that the
well can be open flow and back
pressure can be prande& to

8 The mechanics nfborehnle is
N integrity to ensure that the

o formation can't be leakage

and the casing can't he

broken when well killing

Fig. 12 — The four hardware systems in well control
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A. Ensure the BOP is safe and reliable.

B. Ensure the throttle associated equipment are safe
and reliable.

C. Ensure the well control associated equipment
are safe and reliable.

D. Ensure the wellbore hydraulic is integrity.

(3) The evaluation system for decreasing or
avoiding the risk due to the well killing failure.
This system can ensure the four hardware systems
safe and reliable, shown in Figure 12. If the four
hardware systems are safe and reliable before the well
killing and not be reliable due to the operation
methods, this system will evaluate and adjust the
operation.

Conclusion

(1) Based on the two-phase gas-liquid flow, the
characteristics of curves before and after well killing
failure are analyzed.

(2) The method for recognizing the failure of well
killing early is established based on analyzing the
abnormal curve bahavoirs between the real well
killing and the ideal parameters. The failure
probability and development tendency of well killing
can be evaluated by the probabilistic and the
covariance processing method.

(3) The shut-in pressure build-up template is
established. The evaluation point position of the shut-
in pressure build-up is upper in the template, the
underbalance degree is larger. The slope of line
connecting between the evaluation point and initial
point is larger, the formation factor is larger, and the
difficulty of well control will be larger.

(4) The four hardware systems and one evaluation
system are recommended for decreasing or avoiding
the risk due to well killing failure. It provides a
theoretical guidance to the well control of the offshore
oil and gas wells, significantly for the development of
oil and gas wells, which will be more scientific, safe
and efficient .
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