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Abstract - A new mathematical model was developed in this study to simulate the unsteady flow in
controlled mud-cap drilling systems. The model can predict the time-dependent flow inside the drill string and
annulus after a circulation break. This model consists of the continuity and momentum equations solved using
the explicit Euler method. The model considers both Newtonian and non-Newtonian fluids flowing inside the
drill string and annular space. The model predicts the transient flow velocity of mud, the equilibrium time,
and the change in the bottom hole pressure (BHP) during the unsteady flow. The model was verified using
data from U-tube flow experiments reported in the literature. The result shows that the model is accurate, with
a maximum average error of 3.56% for the velocity prediction. Together with the measured data, the
computed transient flow behavior can be used to better detect well kick and a loss of circulation after the mud
pump is shut down. The model sensitivity analysis show that the water depth, mud density and drill string size
are the three major factors affecting the fluctuation of the BHP after a circulation break. These factors should
be carefully examined in well design and drilling operations to minimize BHP fluctuation and well kick. This
study provides the fundamentals for designing a safe system in controlled mud-cap drilling operatio.
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INTRODUCTION

Due to the depletion of onshore oil and gas re-
sources, the oil-gas industry has extended its search
for resources to deep-water areas. However, deep-
water drilling is facing many problems and chal-
lenges, including pore pressure prediction uncertain-
ties, narrow pressure margins, and high equivalent
circulation density (ECD) (Shaughnessy et al., 1999;
2007; Stave, 2014). These problems and challenges
not only lead to the inability to design wells for tradi-
tional kick tolerances, but also make a well techni-
cally undrillable due to lack of drilling window right
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below the previous casing/liner shoe. Controlled
mud cap (CMC) drilling is the solution to all of these
problems and challenges, and improve safety and
efficiency in the well construction process (JPT staff,
2013; Stave, 2014; Malt and Stave, 2014; Godhavn
et al, 2014; Borre and Sigbjern, 2014).

CMC drilling is a kind of subsea mud-lift pump
drilling system technologies. Figure 1 shows a sche-
matic of a CMC drilling system. The mud-lift pump
is placed in water and return mud and cuttings to
surface through a mud return line (MRL). The tech-
nique allows for precise control of bottom hole pres-
sure (BHP) during drilling by regulating the mud
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level in the marine riser. This method can improve
the safety margins and drill longer open hole sections
in wells with narrow operational mud windows
(Barre and Sigbjern, 2006).

Furthermore, the mud level in the annulus is posi-
tioned below the mud level inside the drill string
during CMC drilling but not conventional drilling.
Therefore, there is a potential pressure imbalance
between the fluids in the drill string and the annulus.
After surface pump is shut down, the mud in the drill
string will continue to flow downwards along the
drill string, through the drill bit, and upwards along
the annulus until an equilibrium between the mud
column pressures in the drill string and annulus is
reached. This process constitutes an unsteady flow
(Choe et al., 1998; 1999; 2007).

Drill string MRL I
l Mud pit

l l r Subsea mud-lift

pump

Mud line

Figure 1: Schematic of the CMC drilling system.

After a circulation break, the uncontrolled un-
steady flow can cause a significant problem during
drilling in CMC drilling, especially in deepwater
narrow-margin formations. During the unsteady
flow, the mud will flow into the annulus from the
drill string due to pressure imbalance between the
drill string and the annulus. The increase in the mud
level in the riser may cause an increase in the BHP,
which may lead to a loss of circulation; the disap-
pearance of the friction pressure loss can reduce the
BHP, resulting in kick. Drill string valves (DSVs)
can be used to solve these problems (Schubert and
Juvkam-world, 2006), but this additional device is
currently not very reliable. Moreover, DSVs can
bring additional restrictions to drilling operations.
Therefore, the effect of unsteady flow on the BHP
must be known. However, we have not found any
sufficient model in literatures to address this issue,
which has motivated us to investigate into the problem.

The unsteady flow has always been a practical
challenge for operations, such as the pumping of
heavy mud of cementing (Sauer, 1987). For CMC
drilling, unsteady flow is also a potential problem in
common operations, such as the connection, tripping
and disconnection of the drill string. In 2007, Choe
and co-workers presented a simple formula describ-
ing the unsteady flow for a subsea mud-lift drilling
(SMD) system (Choe, 2007), but they did not carry
out a detailed theoretical analysis and verification.
Moreover, CMC drilling is different from SMD, and
the formula describing unsteady flow for SMD is not
suitable for CMC drilling.

A few studies have examined the unsteady flow
after a circulation break. However, a detailed simula-
tion study of the transient change in the BHP during
the unsteady flow has not been published yet. Kick
detection methods for CMC drilling systems after a
circulation break are scarce. In this study, a new
mathematical model describing the unsteady flow
after surface pump shutting down for CMC drilling
is developed and validated with experiment from the
literature (Ogawa et al., 2007). A numerical simula-
tion based on the explicit Euler was performed to
investigate the transient behaviors of mudflow ve-
locity, mud level in the annulus and BHP. This paper
presents an accurate detection method for the kick
and loss of circulation after a circulation break. Sen-
sitivity analysis was performed to better understand
the effects of system parameters on transient flow
behaviors during unsteady flow. This study provides
the fundamentals for designing a safe system for
controlled mud-cap drilling operations.

MATHEMATICAL MODEL
Governing Equation
The governing equation for the liquid flow veloc-
ity in the annulus is derived in Appendix A. The re-

sultant form is

2 2
6UAnn —_ UAnn — UDC
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The first right-hand side term is the kinetic veloc-
ity due to the difference in the cross-sectional area
between the drill string and the annulus. The second
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right-hand side term takes into account the boundary
pressure at the mud level in the drill string and the
annulus. The third right-hand side term is related to
friction, and the last right-hand side term represents
the driving mechanism caused by the hydrostatic
pressure imbalance between the drill string and the
annulus. All symbols are defined in the Nomencla-
ture section.

The final expression for the equation of motion
for the length of mud, L,,,, in the annulus is ob-

tained:

= _UAnn (2)

These two equations are solved numerically in a
computer program.

Numerical Formulation

Because the mud level is not changing very rap-
idly, the numerical integration need not to be exces-
sive. The explicit Euler method is locally second-
order accurate but first-order globally accurate (Bew-
ley, 2012). Provided that the time step is small
enough, the explicit Euler method will yield good
results for the problem. The simplest and most intui-
tive way of integrating the above scheme is by using
the explicit Euler method, which takes the following
form for Equation (1):
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The explicit scheme of the length of the mud col-
umn in annulus is

1 1
LtTnn = rj‘lnn + UZ:trnAt (4)

Eq. (3) can be easily solved using the velocity
and position of the previous time step to solve for the
acceleration of mud in annulus in each time step. The
acceleration is then used to obtain the velocity of
mud in annulus, which in turn is used to calculate the
position of the liquid level in annulus. In practice,
the routine can be summarized as follows:

= Use Eq. (3) to update the acceleration based
on the level position and velocity at the previous
time step;

= Use Eq. (4) to update the level position based
on the new velocity.

This procedure is repeated for each time step until
the maximum time is reached.

Initial Conditions

After a circulation break, the initial mudflow ve-
locity in the drill string is equal to that in the string
before a circulation break:

Upc(t=0)=U, (5)

During normal circulation, the length of the mud
column within the drill string is equal to the well
depth:

LDC (t=0)= Lwell (6)

The annulus pressure at subsea level is ap-
proximately equal to the seawater hydrostatic pres-
sure; therefore, the length of the mud column within
the annulus can be calculated using the following
equation:

PP
Lann (t = O) = Lwell - = hw (7)
RESULT AND ANALYSIS
Model Verification

Field experimental test for the unsteady flow after
a circulation break are not currently available for a
CMC drilling system. In 2007, Akira Ogawa et al.
studied the flow in a U-tube in a laboratory (Ogawa
et al, 2007). They adopted 3 non-Newtonian fluids to
carry unsteady flow experiments in a U-tube: 68%
glycerin solution, 1.8% acrylic co-polymer solution
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and 3% acrylic co-polymer solution. The experi-
mental device is shown in Figure 2. The inner diame-
ter (ID) of the U- tube is 40 mm. During the experi-
ment, high-speed cameras were used to record the
experimental procedure. The data from the 3 non-
Newtonian fluid flow experiments were used in this
study to validate the developed unsteady flow mathe-
matical model. The values of the specific experi-
mental parameters are shown in Table 1.

Figures 3-5 show the comparisons of the recorded
experimental results and the calculated results for 3

_D=40mm

2100mm

different non-Newtonian fluids. Both the flow ve-
locities and the fluid level data agree well for the 3
non-Newtonian fluids. The errors are shown in Table
2, indicating the maximum average error of the flow
velocity is 3.56%, which is within the allowable
range of the engineering applications. The error is
partially due to neglecting the capillary effect in the
model. The scale of the experiment apparatus is small,
and the capillary effect can be significant, whereas
the capillary effect has not been taken into considera-
tion in the mathematical model.

N—_— R
b # _______ 7

H

A 4

Figure 2: Schematic illustration of the experimental apparatus.

Table 1: Parameter values in the unsteady flow experiments.

Fluid Type Left-liquid Right-liquid Balanced liquid Density Dynamic Kinematic
height Hy, height Hg surface height viscosity viscosity
0,
68% 870 mm 670 mm 770 mm 1200 kg/m® | 20.76x10° Pass | 173x10°m%s
glycerin solution
1.8% 3 -3 6.2
. 870 mm 670 mm 770 mm 1030 kg/m 17.4x10” Pa's 169%10° m*/s
acrylic co-polymer
0,
3% 870 mm 670 mm 770 mm 1030 ke/m® | 41.8x10°Pass | 40.4x10° m%s
acrylic co-polymer
870 200
850 L A Measured 150 O Measured
——Calculated ===-Calculated

Left liquid height H; (mm)

Time (s)

(a) H.(t) profiles

Flow velocity ¥ (mm/s)
i
=4 =1
6O O?b‘
L
A,
%
%g
1

Time (s)
(b) M(t) profiles

Figure 3: Comparison of the calculated results of H;, and V with the experimental results for the 68%

glycerin solution in water.
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Figure 4: Comparison of the calculated results of Hp

acrylic co-polymer solution in water
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Figure 5: Comparison of the experimental results of Hy and V with the calculated results for the 1.8%

acrylic co-polymer solution in water.

Table 2: Error of calculated data by the model for 3 non-Newtonian fluid flow experiments.

Fluid Type

Average error of left-liquid height £ ",

Average error of flow velocity EV

68% glycerin solution
1.8% acrylic co-polymer
3% acrylic co-polymer

1.7%
2.21%
2.3%

1.53%
3.56%
2.97%

Case Study

A deep water well in the Gulf of Mexico is used
as an example to analyze the unsteady flow for the
CMC drilling system. The well data are shown in
Table 3. These data were used to calculate the mud
flow velocity and mud level in the annulus after a
circulation break.

Figure 6 shows the transient flow velocity in the
annulus with time after the surface pump is shut
down. At the beginning, the mud circulation loses
its main power source (i.e., the SPP) due to the shut-
down of surface pump, therefore, the mudflow ve-
locity decreases rapidly. When the SPP reaches zero,
the maximum mud free-fall velocity in the drill
string is reached at point A. After that the mudflow
velocity continues to decrease linearly. At point B,

the flow pattern transitions from turbulent to lami-
nar flow inside the drill string. Subsequently, the
mudflow velocity drops exponentially to zero. Un-
like the flow condition in the experiment, the mud
column in the drill string does not oscillate because
the high-friction pressure loss in the CMC drilling
system prevents the surge. The model can also pre-
dict the time to reach the mud level equilibrium
between in drill string and annulus. When the mud-
flow velocity drops to zero, the equilibrium is
reached. As can be seen from Figure 6, the equilib-
rium time is 35 minutes. Figure 7 shows the corre-
sponding mud level in the annulus measured from
the sea level versus time. As expected, the mud
level in the annulus increases rapidly at the begin-
ning and then gradually reaches its final equilibrium
position.
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Table 3: Basic parameter values.

Parameter Value
Mud density, g/cm’ 1.50
Seawater density, g/cm’ 1.03
Fluid model Power-law
Water depth, m 2500
Plastic viscosity, cP 45
Bingham yield point, Pa 0.87
Number of bit nozzles 3
Bit nozzle diameter, 1/32™ in 14
Well vertical depth, m 5000
Length of drill collars, m 91.5
Inner diameter of the last casing, m 0.22289
Open hole diameter, m 0.22225
OD and ID of drill string, m 0.127%0.1086
OD and ID of drill collars, m 0.1778x0.0762
ID of return line, m 0.1524

04 b

Flow velocity in the annulus (m/s)

% 10 20 30 40 50
Time (min)
Figure 6: Change of annulus flow velocity over
time after the surface pump is shut down

The BHP can be predicted based on the mudflow
velocity and mud level in the annulus (Figure 8).

102

102

101.8

=
=N

BHP (MPa)

=
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|
101.2

101 : : : :
0 10 20 30 40 50
Time (min)
Figure 8: Transient BHP after the surface pump is
shut down.

The BHP is the sum of the hydrostatic pressure

600

~ ~ =)
g 8 3

Mud level depth in annulus (m)

850 . .
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Figure 7: Change of mud level in annulus over
time after the surface pump is shut down

and friction pressure loss in the annulus. During un-
steady flow, a fluctuation in the BHP can occur. Fig. 8
shows that the BHP rapidly decreases within the first
few seconds due to the disappearance of the SPP.
Subsequently, the BHP increases as the increase in
the pressure resulting from the rising mud level in
the annulus is larger than the decrease in the pressure
caused by reduced annulus flow velocity; when these
two equal to each other, the BHP reaches to a new
high point; and then the increase in the pressure re-
sulting from the rising mud level in the annulus be-
comes less than the decrease in the pressure caused
by reduced annulus flow velocity, and the BHP de-
creases gradually and tends to a constant. The fluc-
tuation in the BHP can threaten drilling safety as it
can lead to the occurrence of kick.

Applications

Under normal circulation conditions in CMC
drilling, the SPP is non-zero, a kick can be detected
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by comparing surface pump rate and subsea pump
rate. However, detecting kick after the surface pump
is shut down is very difficult. The kick is easily
masked by the continuous returning flow in the an-
nulus. The normal kick detection method for CMC
drilling requires a waiting period for circulation to
cease before detecting flow within the well as an
indicator of kick. Therefore, the detection of kick is
associated with a delay and risks a loss of well control.

However, the timely detection of kick after every
pump shutdown is crucial. The above model can
provide the transient mudflow characteristics in the
annulus after the surface pump is shut down. If the
system is coupled to a reservoir productivity model,
given by Eq. (8). The unsteady flow of kick after a
circulation break can be simulated.

g=PI(P,~B) ®

When the kick occurs, the governing equation for
the liquid flow velocity in the annulus is as follow:

UV ~Upe

a A
A ALy + ML)
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(B0 = Pamo) +(Pf,Dc +P s +5y) ©)
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Figure 9: Comparison of annulus flow velocity

with and without a kick.

In this paper, the emphasis is laid upon analyzing
the unsteady flow behavior of the pure liquid phase.
The detailed derivation of Eq. (9) is not presented
here. The equation just applied in the situation of
small kick. For large kick, the fluid in the annulus is
transformed from single phase into two-phase. The
application of steady friction factor cannot meet the
accuracy requirements. The frictional pressure loss
of two-phase flow need to be introduced into the
equation.

The simulation results are shown in Figure 9 and
Figure 10. At the beginning, the BHP is higher than
formation pressure, and there is no kick. When the
BHP is lower than the formation pressure, formation
fluid will invade into the wellbore. The unsteady
flow of kick starts to be different from that of no
kick. The flow velocity and mud level in annulus of
kick are higher than those of no kick, as shown in
Fig. 9 and Fig. 10. The model can be used to detect
kick and loss of circulation during unsteady flow by
comparing the real-time monitored trend with the
calculated trend. If real-time monitored flow velocity
and mud level in annulus are higher than the calcu-
lated trend, a kick is indicated. Conversely, a loss of
circulation is indicated. This method can be used to
detect kick and loss of circulation in a timely manner
during unsteady flow and helps drillers take
measures to prevent kick or loss of circulation from
developing further in the well. A change in the hook
load may be adopted to determine whether a kick or
loss of circulation has occurred. However, the tech-
nique needs to be further investigated and developed.

The model is also applied to other managed pres-
sure drilling systems, such as constant bottom hole
pressure, but needs to be tuned with friction pressure
losses.

-600

-650 A

-700

-750 4

Mud level from the sea level (m)

=800 — -Kick
—No kick
-850
0 10 20 30 40 50

Time (min)

Figure 10: Comparison of annulus mud level
with and without a kick.
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The drilling fluid has a gelling effect. The transient
gelling effect of low-velocity mud in the CMC drill-
ing system has not been considered in this mathe-
matical model. After a circulation break, the subse-
quent flow is unsteady flow, which means that cau-
tion must be exercised to calculate the friction pres-
sure loss. For the CMC drilling system, long mud-
flow lengths in combination with small fluid accel-
eration make the application of steady friction fac-
tors adequate for friction pressure loss. But for large
acceleration of mud, the steady friction factors can
be insufficient. Unsteady friction factors need to be
introduced into the model to replace the steady fric-
tion factors.

SENSITIVITY ANALYSIS

The transient flow inside the drill string and an-
nulus during unsteady flow are influenced by many
parameters, including the drill string, well geometry,
bit nozzle size, water depth, physical properties of
the mud, etc. To understand how these parameters
affect flow behavior, a sensitivity analysis was per-
formed for each of these parameters while maintain-
ing the other parameters constant.

(1) Water Depth

The annulus flow velocity and BHP were com-
puted for water depths of 500 m, 1500 m, 2500 m,
3500 m and 4500 m. Figure 11 presents the calcu-
lated transient flow velocity of mud in the annulus
and BHP for different water depths. As shown in Fig.
11 (a), the flow velocity and equilibrium time di-

rectly correlate with the water depth because deeper
water generates a greater pressure difference be-
tween the inside of the drill string and annulus,
which consequently increases the mudflow into the
annulus from the drill string after a circulation break.
As indicated in Fig. 11 (b), the BHP level drops with
water depth for a given well depth. A critical water
depth that does not create a fluctuation in the BHP
can be determined. At this water depth, the disap-
pearance of the friction pressure loss is compensated
completely by the increase in the mud level in the
annulus. The final equilibrium BHP is equal to the
BHP during circulation. If the water depth exceeds
the critical depth, the final equilibrium BHP will
directly correlate with the water depth and can ex-
ceed the BHP prior to the circulation break, which
may result in a loss of circulation. If the water depth
is less than the critical depth, the final BHP will de-
crease as the water depth decreases, which may lead
to well kick. Therefore, a fluctuation in the BHP
during narrow-margin pressure drilling is a threat to
drilling operations.

(2) Mud Density

The annulus flow velocity and BHP were
sensitized to mud densities of 1.3 g/em’, 1.4 g/em’,
1.5 g/em’, 1.6 g/cm’ and 1.7 g/em’. As shown in Fig.
12 (a), increases in the mud density will increase the
flow velocity due to a greater pressure difference
between the inside of the drill string and the annulus.
Fig. 12 (b) demonstrates that the mud density also af-
fects the fluctuation in the BHP during the unsteady
flow. Again, a critical mud density that does not
create fluctuations in the BHP can be identified.

1.6 115
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141 _ 110
E < 110 A 105 Nz |
. 12 S e I —
E < 100
g 1y 8 L [ ———
£ 7 105 A e = I
9} Lo i eren=i
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> o L/\
2z < 0 1 2 3 4 3
506 S 100 1
° g e ]
> J
2 04 g 2
5 @ 95 .
Z 0, Tt e
0 ; . : . 90 : - . .
0 10 20 30 40 50 0 10 20 30 40 50
Time (min) Time (min)
(a) Flow velocity in annulus (b) BHP
----- 500m — —1500m ——2500m —--3500m —--4500m

Figure 11: Changes of flow velocity in annulus and BHP over time for different water depths.
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Figure 12: Changes of flow velocity in annulus and BHP over time for the different mud densities.

At the critical density, the decrease in annulus
friction pressure loss is offset by the increase in the
mud level in the annulus. If the mud density exceeds
the critical density, the final BHP will exceed the
initial BHP while circulating as mud density in-
creases. If the mud density is less than the critical
density, the stabilized BHP will be less than the ini-
tial BHP as mud density decreases.

(3) Well Depth
The calculated annulus flow velocities and BHPs

for well depths of 5500 m, 6500 m, 7500 m, 8500 m
and 9500 m are shown in Figure 13. As indicated in

1.2

0.1 02 03 04 05

Flow velocity in annulus (m/s)
(=]
[=)}

0 10 20 30 40 50
Time (min)

(a) Flow velocity in annulus

Fig. 13 (a), increases in the well depth decrease the
rate at which mudflow velocity in the annulus de-
creases, which prolongs the time required to reach
equilibrium. This phenomenon occurs because the
friction pressure loss directly correlates with the well
depth. Fig. 13 (b) shows that the well depth directly
correlates with the BHP, which also affects the pres-
sure fluctuation. Again, a critical well depth that does
not result in fluctuations of the BHP can be identi-
fied. If the well depth exceeds the critical depth, the
stabilized BHP will be less than the initial BHP as
well deepens. If the well depth is less than the criti-
cal depth, the final BHP will exceed the initial BHP
as the well depth decreases.
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Figure 13: Changes in the flow velocity in annulus and BHP over time for different well depths.
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(4) Mud Viscosity

The annulus flow velocity and BHP were inves-
tigated at mud viscosities of 35 mPa's, 40 mPa-s,
45 mPa-s, 50 mPa‘s and 55 mPa-s. Figure 14 shows
transient flow velocity in the annulus and the BHP
for different mud viscosities. As indicated in Fig. 14
(a), the mud viscosity affects the flow velocity and
the time to reach equilibrium in a complex manner.
Generally, a high viscosity will yield a slower de-
crease in the flow velocity and a longer time to reach
equilibrium. As shown in Fig. 14 (b), a higher mud
viscosity will reduce the fluctuation in the BHP.

(5) Drill String Size

The calculated annulus flow velocities and BHPs
for drill string IDs of 82.5 mm, 93.2 mm, 107.4 mm,
119.5 mm and 130.5 mm are shown in Figure 15(a)
and Figure 15(b), respectively. As shown in Fig. 15 (a),
the drill string size significantly impacts the mud
flow velocity in the annulus and the time to reach
equilibrium. For a given wellbore ID, the cross-sec-
tional area of the drill string inversely correlates with
the annulus cross-sectional area. For the same volu-
metric flow rate conditions, a larger drill string ID
generates a higher initial flow velocity in the annu-
lus. Increasing the drill string ID decreases the fric-
tion pressure loss inside the drill string and increases
the annulus frictional pressure loss. Because the fric-
tion pressure loss inside the drill string plays a domi-
nant role in the total friction pressure loss, a larger
drill string ID will generate a higher flow velocity in
the annulus. As revealed in Fig. 15 (b), increasing the
drill string ID results increases the equilibrium BHP,
because the cross-sectional area of the annulus in-
versely correlates with the drill string ID; therefore,
more mud will flow into the annulus from the drill
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string. The BHP shows similar trends for different
drill string sizes during the unsteady flow. The drill
string size does not significantly influence the fluc-
tuation in the BHP.

(6) Nozzle Size

The annulus flow velocity and BHP were sensi-
tized to nozzle sizes of 10/32"'in, 12/32" in, 14/32™
in, 16/32" in, and 18/32™ in. The results of this analy-
sis are presented in Figure 16 (a) and Figure 16 (b). As
displayed in Fig. 16 (a), a larger nozzle size normally
leads to a fast flow velocity and flow decline, result-
ing in a shorter time to reach the equilibrium. As
indicated in Fig. 16 (b), an increase in the nozzle size
typically increases the BHP fluctuation during un-
steady flow, but this increase does not significantly
affect the final BHP.

(7) Volumetric Flow Rate

The calculated annulus flow velocity and BHP
were sensitized to volumetric flow rates of 20 L/s, 25
L/s, 30 L/s, 35 L/s and 40 L/s. As shown in Figure 17,
for the same drill string geometry, a different initial
circulation rate does not cause noticeable difference
of transient mud flow velocity in the annulus and
total time for equilibrium except for the first couple
of seconds after the surface pump is shut down, and
the annulus mud flow velocity rapidly drop to 0.68
m/s for different initial volumetric flow rate. As dis-
cussed in the previous section, this phenomenon
occurs because the mud flow is powered by the pres-
sure imbalance between the inside of the drill string
and the annulus, and the annular flow velocity of
0.68 m/s indicates zero SPP which means a maxi-
mum free fall velocity inside the drill string for given
system in Table 3.
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Figure 14: Changes in the flow velocity in the annulus and BHP over time for the different mud viscosities.
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CONCLUSIONS

A new mathematical model for the unsteady flow
during CMC drilling was developed in this study to
simulate the annular after-flow and BHP after a circu-
lation break. The following conclusions are drawn:

1. The mathematical model was verified using
experimental obtained from U-tube flow. This veri-
fication indicated that the model is accurate, with a
maximum average error of 3.56% for the flow
velocity.

2. Based on the new mathematical model, a
method of early kick detection during the unsteady
flow was formulated. This method identifies abnor-
malities in the mudflow by comparing the model-
calculated and measured return flow in the annulus.
If the real-time measured flow trend differs from the
model-calculated trend, a kick or loss of circulation
can be detected in time. This approach will help to
overcome the current difficulty of early kick detec-
tion during the connection of pipes. Accordingly,
drillers can take well control actions in a timely man-
ner to prevent well blowout.

3. Sensitivity analysis of various parameters indi-
cate that the velocity of continuous flow in the annu-
lus is directly proportional to the water depth, mud
density, drill string size, and nozzle size and in-
versely proportional to the well depth and mud vis-
cosity. The time required for the unsteady flow to
reach equilibrium is directly proportional to the wa-
ter depth, well depth, mud density, mud viscosity,
drill string size and inversely proportional to the
nozzle size.

4. The water depth, mud density and drill string
size were identified to be three major factors affect-
ing the fluctuation in the BHP after a circulation
break. Whereas the water depth cannot be controlled,
the mud density and drill string size should be care-
fully selected to minimize the risk of well blowout.
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NOMENCLATURE
Aam Cross-sectional area of annulus (m2)
Apc Cross-sectional area of drill string (m?)
G Gravitational acceleration (m/s”)

Hp Left-liquid height (mm)

Hg Right-liquid height (mm)
Iy, Water depth (m)

ID Inner diameter

Lam Length of mud column in the annulus (m)

Lpc Length of mud column inside the drill
string (m)

Lyen Well depth below the Kelly bushing (m)

N Time node

OD Outside diameter

Pam, o Boundary pressure of mud level in the
annulus (Pa)

Py Bottom hole pressure (Pa)

Pri Friction pressure loss in drill bit (Pa)

Ppc,o  Boundary pressure of mud level inside
the drilling string (Pa)

Psam  Friction pressure loss in the annulus (Pa)

Prpc,o  Friction pressure loss in the drill

string (Pa)
PI Productivity index (m*/(Pa-s))
P, Pore pressure (Pa)
0 Reservoir inflow rate (m?/s)

Uo Mud flow velocity in drill string before
the surface pump is shut down (m/s)

Uin Average flow velocity of fluid in the
annulus (m/s)

Upc Average flow velocity of fluid inside
the drill string (m/s)
p Density of mud (kg/m’)
P, Seawater density (kg/m®)
At Unit time step (s)
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Figure Al: Illustration of mudflow in the wellbore at
any time during the unsteady flow.

For this situation, the Reynolds transport theorem
is expressed as follows (Cengel and Cimbala, 2010):

4 BdV:J' a—Banu.[ B(V - Vgg)-ndA
dtdcv cv ot cs

where B can represent several parameters per unit
volume, such as the mass, momentum or energy; V

is the local material velocity; Vg is the local con-
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trol surface velocity at the surface elementd4 ; n
represents the outward-pointing unit normal vector
associated with dA ; CV denotes the control volume;
CS represents the surface area of the control volume.

According to the Reynolds transport theorem of a
deforming control volume, the mass balance equa-
tion for the drill string can be written as follows:

o(L
P St p (U ~Upa) =0 (A1)

The momentum balance equation for the annulus
can be written as follows:

o(pApcLpcUpc)
ot

+pApcUpc(Upe —Upy) =
(A2)
—APApc — Py pcApe + PLpcApcg

where p is the density of the mud in kg/m’; Apc is

the cross-sectional area of the drill string in m?; Upc
is the fluid velocity in the drill string in m/s; Lpc is
the length from the bottom to the fluid level in the
drill string in m; Up; is the average velocity of the
lower boundary of the control volume in m/s (when
the lower boundary is fixed, the velocity is 0 m/s);
Py pc 1s the friction pressure loss in the drill string in
Pa; g is the gravitational acceleration in m/s*. AP is
the pressure difference between two boundaries of the
control volume in Pa (AP =Fy) — Py, Py =PFpcyp);

Ppc is the atmospheric pressure in Pa because the
drill string is open at the surface after the surface
pump is shut down (FPz, =PFpc); and Ppe is the

bottom hole pressure in the drill string in Pa.

Expanding the time derivative of the momentum
balance equation and combining Equations (A1) and
(A2) yields the following expression for the momen-
tum balance equation of the drill string:

0Upc __Toc —Fpco _Froc
ot P

Lpc +Lpeg  (A3)

Similarly, the momentum balance equation for the
annulus can also be obtained:

8(JA;m __ PAnn,O - PAnn _ Pf,Ann
ot P

LAnn - LAnng (A4)

where L, is the length from the bottom to the fluid
level in the annulus in m; Uy,, is the average flow
velocity of the fluid in the annulus in m/s; Py, ¢ is
the atmospheric pressure because the annulus is open
at the surface. P,,, is the bottom hole pressure in the

annulus in Pa; Py 4, is the friction pressure loss in

the annulus in Pa.

Combining the drill string and annulus momen-
tum balance Equations, (A3) and (A4), yields the
following expression for the momentum balance
equation for the fluid in the entire well:

aUAnn aUDC —
ot
~Poc = Puwn Ppco = Panno

P P

Prpc  Pry
—(f—Jr% +(Lpe —Lyny)g

LAnn + LDC

(AS5)

P

The wellbore mud is incompressible; therefore,
the volumetric flow is conserved, which implies that
the rate of volumetric change over time is the same
inside the drill string and the annulus:

aUDC =4 aUAnn
ot Ann oy

Apc (A6)

According to the energy balance equation, the fol-
lowing formula can be obtained:

2 2
PDC +UDC =PAnn +UAnn +i (A7)
p 2 P 2 p

where Ay, 1s the cross-sectional area of annulus in
m’; P, is the friction pressure loss in the drill bit in

Pa. The friction pressure loss calculation is well es-
tablished, and the detailed method used to calculate
Prpcs Prann and F;, can be obtained from the

literature (Ochoa, 2006).
According to Equations (A5) (A6) (A7), Upc is

eliminated, and the equation governing the liquid flow
velocity in the annulus can be derived as follows:

Foco = Pinno

A a A
2(LAnn + AAM LDC) p(LAnn + A LDC )
DC DC ( A8)
Brpc + L am + B N (Lpc —Lyn)g

A A
AL+ L) (L + L)
DC DC

2 2
aUArm — UAnn _UDC
ot

Thus, the final expression for the motion equation
for the length of mud column L ;,,, in the annulus can

be obtained:

aLAnn

ot ==U 4un (A9)
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