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ABSTRACT

A gas kick simulation model for deep-water horizontal well with diesel-based drilling fluid is
presented in this paper. This model is mainly based on the mass, momentum, and energy
conservation equations. The unique aspect of this model is the fluid-gas coupling and the change of
mud properties after the gas influx from the formation. The simulation results show that the gas in
an annulus dissolves first and it then escapes from the drilling fluid due to the gas solution in diesel.
Therefore, it is possible to avoid existing gas hydrate by using oil-based drilling fluids. When gas kick
occurred, it will be more dangerous, if the well has a longer horizontal section, a greater gas influx
from the formation, and smaller displacement. The occurrence and development of overflow will
be very quick in the condition of pumping; it will also be more dangerous, when diesel-based
drilling fluid is used in the deep-water horizontal wells.
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and the oil-based drilling fluid has widely been
INTRODUCTION
used [1]. Thus it is very important to know the

The timely detection of overflow has become
one of the most important factors to ensure the
safety of a well, because the number of deep-
water horizontal wells has increased dramatically
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change rules of annulus multiphase flows. Up to
now, there have been many models about
annulus multiphase flows at home and aboard.

In general, they could be divided into three
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categories, including empirical models [2],
mechanism models [3], and numerical models [4].
However, those models could not simulate the
process of gas invasion accurately because of the
existence of deep water and the use of diesel-based
drilling fluids [5], factors such as more complex
wellbore temperature fields [6], gas solubility in the
drilling fluids, and so on [7-9], cannot be ignored.
Therefore, new multiphase governing equations
need to be established to predict the occurrence
and development of gas invasion and to analyze the

influential factors.

Annulus Multiphase Flow Modeling and
Solution Method

Model Assumptions

(1) Hole shape was circular and the drill string
and borehole were concentric, and the eccentric

ones were ignored;

(2) The gas, liquid, and cuttings will be considered as

an unsteady axial flow in the annulus;

(3) Invasion gas will flow at the same velocity at
first, and the effects of cutting transport were

neglected.

Modeling

The solubility and saturation pressure of gas
must be taken into consideration, while using
diesel-based drilling fluids. The new conservation
of mass, momentum, and energy conservation

equations are as follows.

(1) Continuity Equations

0 0
a(nggA)"'E(pgnggA):Qg _Qs(Hlt)
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Where, A (m?) is the cross-section area of the
annulus m>. Hg, H;, and H. are the volume fractions
of the gas, drilling fluids, and cuttings respectively.
Vg, Vi, and v, are the return velocities of gas, drilling
fluids, and cuttings respectively in m/s. pg, pj, and p.
denote the densities of gas, drilling fluids, and
cuttings respectively in kg/m®. t(s) is the time. H (m)
is the hole depth m. Q, (kg/s) is the production
rates of gas. Q,(H,t) (kg/s) is the volume of gas
dissolving at t and H. Q. (kg/s) is the production

rates of cuttings.
(2) Momentum conservation equations

0
E(Anggvg + ApIsH/vl + ApCHCvc)

0

+ a—(Anggv; +Ap HV! +Ap HV?
z

+AgcosO(H,p, +H,ps +H.p,.)
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Where, Fg (Pa) is friction loss. ¢ (deg) stands for

inclination at Hole-depth. P (Pa) denotes annular

pressure and pj; (kg/m’) represents the density

of drilling fluid with the solution of gas [10].

(3) Energy Conservation Equations

The heat exchange process was unstable, when
gas invasion occurred. However, it also met the
law of the conservation of energy. According to the
energy conservation equations, the following
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equations can be driven [12]:
0 1
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Energy conservation equation in the drill pipe is

given by:

0 1
Py Ta—"

(6)

+6iz[wIS (h+ %vf -g cos&)}

=47zr,U, (T, -T,)
where, w, and wy, (kg/s) are the mass flow rates
of gas and liquid phases respectively. h (J) stands
for enthalpy, including intrinsic energy and
kinetic energy. v, (m/s), A; (m?), T, (°C), T4 (°C),
and T, (°C) represent the velocities of liquid, the
cross-section area of the drill pipe, the temperatures
in annulus, the temperatures of formation/sea

water, and the temperatures of drill

pipe
Respectively; Tp is a dimensionless temperature
[14]. r.,, and r; are the outside diameter of
return line and the inside diameter of drilling

pipe in meter. U,, and U, W/(m?.°C); represent

W. Liu, Y. Liu, G. Huang, J. Fu et al.

overall heat transfer coefficients in the annulus
and drill pipe in K. (W/m.°C), re, (m), and ry; (m)
stand for the heat conductivity of formation or
sea water, the outside diameter of return line,
and the

inside diameter of drilling pipe

respectively.
(4) The Calculation of Gas Solubility

Under specified conditions of temperature and
pressure, the solubility of gas was calculated by

the following equations:

Rm:stXfw"‘Rsz(l'fw'fc) (7)

n

145.038P
= _+c

9

R, =0.1778. .
a(sz + fT)
5

2
Ry =0.1778.{A +BT +C (32+§T J }xscc

a, b, ¢, and n are the empirical constants, which
are listed in Table 1; scc is salinity correction

coefficient.
A =5.5601+0.00849P —3.06x10~' P?
B =-0.03484—4x10"°P

C=6.0x10"° +1.51x10~'P

Table 1: a, b, ¢, and n as the empirical constants.

a b c n
(0.00081P+0.00177T ) -0.6.32
Methane 1.922 0.2552 4.94¢ 0.8922y,
Ethane 0.033 0.8041 0 0.8878y, 0%
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SCC = exp H—0.0G +6.69x10°° (32 +%T H x (sc)}

where, R, R, Ry, and sc are the gas solubility

in drilling fluid, in oil, in water, and solid content

respectively. o , ¢, and y, are the volume

fractions of liquid, the volume fractions of
cuttings, and the relative density of oil phase. P
(MPa) is the annulus pressure and T (°C) is the

annulus temperature.

When gas solubility reached saturation, the gas
would not dissolve anymore; thus the saturation
pressure (P,) should be taken into account,
while the model is established [10, 11]. If the
annular pressure (P) is greater than the
saturation pressure (P,), P is then replaced by P,

in Equation 5, and the dissolved quantity of gas

Qs(H,t) is calculated by Equation 7; but if
Q,(H,t)<Q,(H,t), the surplus gas volume is

given by Qs(H,t) - Qg (H,t), otherwise the gas is

dissolved completely and the single phase flow

model will then be used.
(5) The Equation of Formation Seepage

A horizontal section drilled along a homogeneous

reservoir, where minor changes in drilling
conditions may provoke gas influx; this means
gas influx can enter into the wellbore including
both the bit and any location in the wellbore
exposed to the gas-bearing formation. According to
the equation of Renard and Dupuy, the productivity

of horizontal gas well is obtained by [13, 14].
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B 25 h )|, 4hg (8
cosh (x)+(ﬂn/L)In[1+ﬂ2ﬂrW]+ﬁLS

Qg =

where, x=2a/L=[05+,/0.25+(2r,/L)*]** and

cosh™*(x)=In[x+vVx*-1] ; Q. (kg/s) is the

infiltration capacity of formation fluid (surface
condition). K, (10%pum?), K, (10°um?), h (m), Py
(MPa), p (MPa), p,. (MPa), T (K), Ty (K)
represent horizontal penetration rate, vertical
penetration rate, drilled net pay thickness,
formation pressure, bottom hole pressure, surface
pressure, bottom hole temperature, and surface
temperature respectively S, r,, (m), y,4, and B denote
gas gravity, and

skin factor, borehole size,

anisotropy coefficient ( 5 = /K, / K, ) respectively.

L (m), Z and u stand for horizontal section length,

gas deviation factor, and gas viscosity respectively.

Definite Conditions
P.(0,t) =1 atm

Qg (H.t)=Qg —Qs(H,1)
Qe(H.)=Qc; T (0,t)=Ti,
Te(H,t)=T4(H,t)

(9)

Where, P. (0.1MPa),

represent atmosphere pressure, the hole depth,

H (m), and T, (°C)

and inlet temperature of drill string.

Solution of Model

The mathematical model included the recognition
of the annulus flow regime [15-19]. The possible

flow type in an annulus is shown in Figure 1.
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Figure 1: Possible flow type in an annulus.

In Figure 1, V4 and V, are the superficial
velocity of the liquid phase and gas phase

respectively.

The calculation of characteristic parameters and
pressure drop was difficult to be solved by
analytical methods; therefore, the finite difference
methods were used to simplify the theoretical
model. Then, it could be solved by computer
programming (Visual Basic 6.0). The calculation

process is shown in Figure 2.

(1) Input the parameters above, generate mesh,
and estimate the pressure of node i+1 at time

n+1;

(2) Calculate the temperatures in the drill string

and the annulus of node i+1 at time n+1;

(3) Confirm whether gas is completely dissolved
at the pressure and temperature by using
Equation 7; if not, then go to step 4, else the

single phase flow model will be used;

(4) Calculate the density and other physical

property parameters;

(5) Estimate the volume fractions of gas, liquid,
and solid phases at node i+1 at time n+1; and

compute the phase velocities of gas, liquid, and
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solid with governing the equations of multiphase

flow;

(6) Calculate phase volume fractions, if the error
is within the allowed limits and go to next step,

otherwise, return to (5);

(7) Substitute the parameters into the momentum
equation and calculate the new pressure at note
i+1 at time n+1, if the error is within the allowed
limits, the estimated pressure is correct in step (1)
and take the parameters at node j+1 as the data of

node i+2, otherwise return to step (1).

Model-based Verification

The oil field measured values [20-21] and simulation
results were compared to evaluate the accuracy of
this model. The simulation results are shown in
Table 2.

Table 2: Verifying simulation accuracy.

Measured | Simulation
Measured
Well depth (m) pressure results
P (MPa) (MPa)
2308.25 17.17 18.07
Run
2328.67 16.77 17.37
1186.0 11.82 11.01
LSU 2
1768 17.62 16.7
2605 23.28 22.57
Muspac 53
2614 22.21 21.4
Agave 301 2259 20.8 19.75

The results showed that the accuracy of this
model can meet the requirements; thus it can

be used to simulate gas kick.
The Analysis of Influence Factors
Basic Data

(1) The program data of casing

Casing program data are tabulated in Table 3.
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Table 3: Casing program.

Casing
Hole depth Bit size|Casing OD|Casing ID
No. shoe
(m) (mm)| (mm) | (mm)
(m)
1 1902.0 |[311.1| 2445 220.5 | 1900
2 3251.66 |215.9

(2) The profile data of well
The profile data of well are listed in Table 4.
(3) Bottom-hole Assembly

®215.9mm Bitx0.25m+®172mm Motorx6.9m+
®165mm Non-Magnetic Drill Collar x 9.3m +
®209mm Stabilizerx0.5m+®165mm Drill Collar
x 40 m + ®127mm Drill Pipe x 500 m +
®139.7mm Drill Pipe.

(4) Relevant parameters

The density of drilling fluid was 1.25 g/cm?’ (Qil /
water was 8/2; the density of diesel was 0.85
g/cm?; the salinity of water was 20% and the
solid content was 18%). Yield value (YP) was 9 Pa
and plastic viscosity (PV) was 32 mPa.s. The
water depth was 900 m and the true vertical
depth (TVD) of gas reservoir was 2600 m.
Temperature gradient was 2.6 °C/100m. The

Journal of Petroleum
Science and Technology

temperature of sea surface was 26 °C. The
outside diameter (OD) and the inside diameter (ID)
of riser was 533.4 mm and 495.3 mm respectively.
Displacement (Q,,) and reservoir thickness were 30
I/s and 30 m respectively. The gas was methane.
Formation permeability, porosity, skin factor, the
rate of penetration (ROP), and the cutting density
were 70 mD, 0.28, 1.5, 2 m/s, 2.6 g/cm’ respectively.

The Relationship of Gas Solubility and
Well Depth

The status of gas had a great influence on annular
pressure. Therefore, gas solubility should be
analyzed accurately. According to the theoretical
model, different oil-water ratios of 7:3, 6:4, and
5:5 were simulated and the results are shown in
Figure 3. Figure 3 show that gas solubility (methane)
had the maximum value at a depth of 1172 m. The
main reason is that gas solubility is reduced by the
increase of temperature. At similar temperature
and pressure, the results also show that diesel
content has a great influence on gas solubility. In
general, when gas kick occurs, the gas will be
dissolved first, and will then escape from the
drilling fluid. Thus it is possible to avoid existing

gas hydrate by using diesel-based drilling fluid.

Table 4: Profile data of well.

Hole depth (m) | Inclination (°) | Azimuth (°) | TVD(m) | N/S(m) | E/W (m) |V.Sec (m)|Dogleg (°/30m)
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000
1800.00 0.00 90.00 1800.00 0.00 0.00 0.00 0.000
1957.03 31.41 90.00 1949.28 0.00 41.97 32.15 6.000
2558.69 31.41 90.00 2462.80 0.00 355.49 272.32 0.000
2851.66 90.00 90.00 2600.00 0.00 600.00 459.63 6.000
3251.66 90.00 90.00 2600.00 0.00 1000.00 766.04 0.000
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parameters

Given initial conditions, boundary conditions and relevant
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Figure 2: The calculation model of gas kick.
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Figure 3: Relationship between gas solubility and
oil-water ratio.

Analysis of Influential Factors

(1) The analysis of the influence of gas influx on
annulus fluid parameters

Diesel-based (Oil/Water was 8/2) and water-
based drilling fluids, which had a similar density
and parameters, were used to analyze this
problem. The rate of gas influx (surface flow)
was 0.2 m%/s, 1 m/s, 3 m%/s, 5 m*/s and 8 m%/s
respectively; no booster pumps and the wellhead
choke manifold was opened completely. The
distribution of annulus liquid holdup and annulus
pressure are displayed in Figures 4 and 5
respectively; Q,(0) and Q4(w) are the rate of gas
influx in the diesel-based drilling fluid and
water-based drilling fluid respectively.

liquid holdup
0 0.2 0.4 086 085 1

0 T
100
2200 )
S 1-Qg(0) 0.2 mS;s\\«ﬁ 5
2 2-Qglo)1m3/s
= 3-Qg(o) 3m3/s
300 | 4-Qgfo)5m3/s
5-Qg(o)8m3/s
6-Qg(w)0.2m3/s
7-Qg(w)1m3/s
400

. 7 6
etween liquia noidup and

o

Figure 4: Relationship
the value of gas influx.
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Figure 5: The relationship between annulus pressure
and the value of gas influx

Figure 4 shows that the liquid holdup decreases
quickly with an increase in gas influx, especially,
when the gas is near the wellhead. The main
reasons are the compressibility of the gas, the
solubility, and the release of gas. Figure 5 shows
that gas influx has a little impact on annulus
pressure, when oil-based drilling fluid is used, which
is because of the solubility of the gas.

(2) The displacement impact on annulus fluid
parameters

To analyze the displacement impact on annulus
fluid parameters, the gas influx was measured to be
1 m*/s. The displacement (Q,,) was equal to 26 I/s,
30 I/s, and 40 |I/s respectively. The distribution of
liquid holdup,

annulus velocity, and annulus

pressure profile are shown in Figures 6 to 8

respectively.
Liquid holdup
0 0.2 04 06 08 1
0 . - T
6
- 4
__ 100 | 2
[
':3 200 | 1-Qm(w) 26 1/s
© 2-Qm(o) 261/s
- 3-Qm(w) 301/s
| 4-Qm(o) 301/s
300 5-Qm(w) 40 1/s
6-Qm(o) 401/s
400

135
Figure 6: Relationship between liquia noldup and
displacement.
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Figure 7: Relationship between annulus pressure and
displacement.
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Figure 8: Relationship between annulus velocity and
displacement.

Figure 6 shows that for a certain type of drilling fluid
system, the displacement does not have a great
impact on the annulus liquid holdup. Figures 7 and
8 show that the displacement is more sensitive to
the annulus pressure and annulus velocity, which is
because of the solubility of gas in the diesel.

Dynamic Simulation of Gas Kick

(1) Different kinds of drilling fluids versus time
during gas kick

The length of the horizontal section was 200 m
and the other parameters remain intact. The
bottom-hole pressure versus time is depicted in
Figure 9.

Figure 9 confirms that when gas kicks occurs, the
bottom-hole pressure changes slowly at the
beginning stage. But, it is rapidly declined with time
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after the gas enters the deviated section. The
bottom-hole pressure is a result of hydro-static
pressure exerted by drilling fluid and the friction
loss of return fluid in the annulus. More and more
gas enters the wellbore with time, which reduces
the hydro-static pressure. Although the influx of gas
accelerates the annulus fluid velocity, the friction
loss is increased correspondingly. It cannot catch up
with  the
Meanwhile, it also enhances pressure difference,

decline in hydro-static pressure.
which accelerates gas production. When the gas
escapes from wellbore, hydro-static pressure
decreases. The bottom hole pressure curve showed
nonlinear variation with time. The risk of well kick
could be appropriately reduced by using oil-based
drilling fluid. If gas invasion is found, well control

measures should be taken timely and effectively.

34

33 |

32

31

Pressure (MPa)

1 2
1- water-based drilling fluid

30 |  2-oil-based drilling fluid

29 1 1 1 1

0 10 20 30 40 50 60
Time(min)

Figure 9: Bottom-hole pressure versus time during

gas kick.

(2) Different horizontal sections versus time
during gas kick

The length of horizontal wellbore section was
200 m, 300 m, and 400 m respectively; other
parameters were kept intact and water-based
drilling fluid was chosen. The result is shown in
Figure 10.

Figure 10 shows that the horizontal section
length is different, but the bottom-hole pressure
has a similar tendency. The lower bottom-hole
pressure will cause the length of the horizontal
wellbore section to be increased.

http://jpst.ripi.ir



A Dynamic Simulation of Annular Multiphase Flow ...

1- horizontal length200m
2- horizontal length300m
3- horizontal length400m

pressure (MPa)
)
B

321

0 10 20 30 40 50 60
time (min)
Figure 10: Bottom-hole pressure versus time during
gas kick.

(3) Different displacements versus time during
gas kick

The displacement (Q,,) was 26 I/s, 28 |/s, and 30 I/s
respectively; the length of the horizontal section
was 200 m and the other parameters were
constant. The result is illustrated in Figure 11.

34
33 F —
T 3 1-Qm261/s
- 2-Qm 281/s
% 31 | 3-Qm301/s
§aj - 1 2 3
=
29 L L L 1 L

0 10 20 30 40 50 60
time (min)

Figure 11: Bottom-hole pressure versus time during
gas kick.

Figure 11 displays that the greater the displacement
becomes, the higher the bottom-hole pressure is.
Because an increase in displacement accelerates
the annulus fluid velocity, the friction loss increases
consequently and the bottom-hole pressure
becomes higher.

CONCLUSIONS

Due to the gas solution in diesel, the gas in
annulus will be dissolved first and then can
escape from the drilling fluid. Thus existing gas
hydrate can be avoided by using the diesel-
based drilling fluids.

The simulation results show that it is more
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dangerous, if a well has a longer horizontal
section length, greater gas invasion, and a
smaller displacement, when gas kick occurs.

The occurrence and development of overflow
will be very quick in the condition of pumping
and thus it will be more dangerous, when the
oil-based drilling fluid is used. Therefore, when
overflow is found, well control measures should
be taken timely and effectively.
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