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Abstract

In the past two decades, aerated drilling has been applied
to improving recovery of the low permeability oil and
gas reservoirs at home and abroad. This technology can
improve the level of exploration and development, reduce
the cost of drilling and protect reservoir. Because of its
advantages, aerated drilling has been developed and
promoted rapidly. And its theoretical study has also been
further developed. In this paper, the impact of the eccentric
drill string to annular multiphase fluid in aerated drilling
was studied. Based on mathematical solution of eccentric
annuli, combined with multiphase flow control equations
and flow law, aerated drilling eccentric annulus pressure
formula was derived. Under the condition of Concentricity
and different degrees of eccentricity, the eccentric annulus
pressure were calculated. The distribution law of annulus
pressure with depth and the influence law of the eccentricity
to annulus pressure were analyzed.
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INTRODUCTION

In order to effectively develop complex medium and small
oil and gas field, fault-block oil-gas field, oil sheet, oilfield
with low pressure and low permeability, heavy oil or super
heavy oil field and old oilfield, well drilling technologies
which include horizontal well and underbalanced drilling
and so on successively appear in twentieth century 20 and
50, then the horizontal drilling well and underbalanced
drilling technology rapidly develop and are extensively
applied in the world"™.

In 1996, assuming multiphase fluid can be seen as
homogeneous mixture of three-phase of gas, liquid, solid,
Guo et al established the calculation model for predicting the
most optimal air injection rate and cuttings transport capacity.

In 1998, considering the existence of slippage,
Bijleveld et al established steady flow model to calculate
bottom-hole pressure and important parameters of two-
phase flow during underbalanced drilling. The same year,
Zhou Kaiji established steady state model of multiphase
flow of underbalanced drilling through calculating
continuity equation of gas, liquid phase, momentum
equation and energy equation.

In 2000, combining experimental and theoretical
study, Lage'®” et al established mechanics model of
concentric annulus of two-phase flow, the model includes
the prediction method of flow pattern and the calculation
formula of gas phase volume fraction and pressure drop of
bubbly flow, dispersed bubble flow, slug flow, churn flow
and annular flow.

In 2002, Perez-Tellez® ' et al established pressure
prediction model of comprehensive underbalanced drilling
in the previous studies of underbalanced drilling model.




In summary, most of theoretical formula is based
on pipe flow or concentric annulus flow, only a few
formulas considered the effect of the eccentric drill
pipe on annulus pressure.

1. AERATED DRILLING ECCENTRIC
ANNULUS PRESSURE DROP

CALCULATION DERIVATION

The basic hypothesis:

(a) External environment does not work on the
multiphase flow control unit, multiphase flow
control unit also does not work on external
environment.

(b) Multiphase flow is under the state of steady flow.

(¢) Ignore gas dissolved in the liquid phase and no
chemical reaction and heat exchange between
gas phase and liquid phase.

(d) Neglect the effect of thermal resistance on
the annulus fluid temperature, and annulus
multiphase fluid temperature is equal to the
formation temperature.

(¢) Without considering drill string rotation and fluid
invasion, the mass force is only the gravity.

The angle between wellbore and horizontal direction
is . According to the conservation of energy, for the unit
mass of multiphase fluid, the differential expression of
steady flow mechanical energy conservation equation can
be expressed:

d—p+g~sin0~dz+v~dv+dE=0. (1)
P

Under the condition of equal pressure drop, the
pressure drop calculation formula of circular pipe flow
and annulus flow, the concentric annulus diameter can be
showed:

D, = \E(Dz -D,)=0.816497(D, - D,) . )
Equation (2) can be expressed:
dp dE . dv
——=p—+pgsinf+pv—. 3
L Pt PV (3)

By the circular pipe flow pressure drop and the
definition of equivalent diameter, we can get the axial
direction equivalent diameter of eccentric annulus:

D, = ,%Kﬂ (D,-D,)=0.816497/K (D,-D,). (%)
Equation (4) can be expressed:
£2 2 o
dz \0z), \oz), \oz),

According to Equation (5), gravity pressure drop
gradient, frictional pressure drop gradient and acceleration
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pressure drop gradient together form the total pressure
drop gradient of annular multiphase.

(a) Gravity Pressure Drop Gradient

The pressure gradient caused by height variation:

[Z—’;l =pgsing (6)

Where the multiphase fluid mixture density can be
showed:

p=p,H,+p,(1-H)). (7)
Therefore, Equation (7) can be rewritten:
0 . .
(_pj :pgsmH:[pmHl+pg(1—H,)]gsm«9, ®)
0z ),

(b) Frictional Pressure Drop Gradient
According to the definition, the friction pressure drop
gradient can be written:

) _ Av :i(m/A)v ©
oz), 2D, Y
(c) Acceleration Pressure Drop Gradient
Owing to
v=v_+v e +
=V sm - . 10
¢ p.A  p,A (10)

So the equation for acceleration pressure drop gradient
can be showed:

Y dv_ | d(m,/4) difm, /4
2) —pvga—p{a[p—m}a[p—gﬂ - b

Compared with gas phase, multiphase fluid
compressibility of liquid phase and solid phase can be
ignored, we can obtain

m, /A
_/J "

d [mm/Aj d
z\ p, z{ p,

d d
(apj d [mg/A pg&(mg/A)_(mg/A)Epg
= | =pv— = pv -
0z), ~ dz{ p, P,

d
) (e 4)d,
Pe p; dz

(12)
In addition, due to gas phase density changes in

annulus is generally much greater than gas phase mass

flow rate changes, the flowing equation can be obtained:

d
4 (me/4) - (mgéA) dp, 13
Py Py Az

Equation (12) can be simplified to
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A)d
(2) _plml)ae,
oz ), p, dz

According to the gas state equation, we can know
_rM,
~ ZRT

Where Mg represents the molecular weight of injected
gas, so
dp, d [ngJ: M, dp p dM, pM,dz pM, dr

P

dz  dz| ZRT | ZRT dz ZRT dz Z°RT dz ZRT? d=.

15)
Simplifying Equation (15) by:

dp, ldp 1 dM, 1dz 1dT
— & = &[__4.__& _____ _J (16)

dz pdz M, &z Zdz Td:
W L dM, 14z 14T 1dp
e can assume == "~ pdz,so
simplifying Equation (16) we can obtain:
d
4P; _ P dp ] (17)
dz p dz

Substituting Equation (17) into Equation (14), we can
obtain

() __p\me/4)dn,
oz ), J Py

~(m4) p, ap
PE g
__pvvsgd_p

B
Finally, substituting Equation (8), Equation (9),
Equation (18) into Equation (5), we can obtain
dp [pmH, +p,(1-H, )}gsin¢9+ Amv/(2D,A)
dZ 1__pmHl+pg(1_Hl)_vvsg

p

(19)
Where

a :[pmH, +p, (I—HI)]gsinH
b=Amv/(24)

c=[pmH,+pg (I—HI)]vvsg

Substituting Equation (4) into Equation (19),
multiphase flow pressure drop calculation formula of
aerated drilling eccentric annular can be expressed:

ap a+b/(0.816497JK, (D, - D))
- —
p

(20)

Where
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Z, R+R,  z z,
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2. ANNULAR PRESSURE CALCULATION
AND ANALYSIS OF AERATED DRILLING
IN ECCENTRIC ANNULUS

Based on the eccentric annulus pressure drop formula
derived from above equations, C# language is used to
compile calculation program of aerated drilling annulus
pressure and calculate aerated drilling annulus pressure.
Combining with calculation data to prepare graphs and
analyze variation regularity of annulus pressure, then the
effect of different eccentricity on the annulus pressure can
be obtained.

The basic parameters: The well type is vertical well;
The well depth is 3,350 m; The calculation step is 60 m.

Tablel
Basic Parameters

Name Data Unit Remark
Ground temperature 5 c
Geothermal gradient 3.5 ‘C/100 m
Casing 222.4 mm Inner diameter
Drill pipe 127 mm Outer diameter
Drill collar 165 mm Outer diameter
Liquid injection 0.6 m’/min
Liquid density 1.05 g/em’
Gas injection 40 m’/min
Gas relative density 1.0 Airis 1.0
Cutting density 2.6 g/em’
Cuttings sphericity 1 Sphericity is 1.0
Cutting size 4 mm
Wellhead back pressure 0.1 MPa

For the sake of simplifying calculation process, we
ignore the joint and do not consider the presence of
downhole motor. The following calculation analysis is
taking the constant eccentricity in the whole well section
as example.

2.1 Pressure Calculation Results

Table 2
Annulus Pressure Calculation Data (Eccentricity of
0.5,1.0 for Example)

Well depth Centricity Eccentricity is 0.5 Eccentricity is 1.0

m MPa MPa MPa
0 0.20 0.20 0.20
240 1.01 0.96 0.86
480 2.02 1.93 1.74
720 3.24 3.10 2.83
960 4.63 4.44 4.09

To be continued



Continued
Well depth  Centricity Eccentricity is 0.5 Eccentricity is 1.0
m MPa MPa MPa
1,200 6.14 5.91 5.48
1,440 7.75 7.48 6.97
1,680 9.45 9.13 8.54
1,860 10.77 10.41 9.76
2,220 13.49 13.06 12.30
2,370 14.65 14.20 13.39
2,370 14.65 14.20 13.39
2,610 16.54 16.04 15.16
2,850 18.47 17.92 16.95
3,090 20.42 19.83 18.78
3,115 20.63 20.03 18.98
3,115 20.63 20.03 18.98
3,175 21.26 20.63 19.51
3,235 21.89 21.23 20.04
3,295 22.53 21.83 20.58
3,350 23.11 22.38 21.07

2.2 Regular Analysis

Table 3
Comparisons of Annulus Bottomhole Pressure Under
Different Eccentricity

Annulus bottomhole Differential pressure

Eccentricity pressure . compared
MPa with non eccentricity

MPa

0 23.11 0

0.1 22.98 013

0.2 22.80 2031

0.3 22.62 20.49

0.4 2238 0.73

0.5 22.19 041

0.6 21.92 092

0.7 21.73 138

0.8 21.48 1.63

0.9 21.30 _1.81

1.0 21.07 2.04

The eccentricity of 0, 0.5, 1.0 is taken as example,
annulus pressure data under different eccentricity is drawn
in the same figure.
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Figure 1
Annulus Pressure Under Different Eccentricity

As shown in Figure 1, change rule of annulus pressure
is consistent under different eccentricity when other
parameters are fixed. Iterative calculation program is
based on annular wellhead back pressure which is the
starting point, we calculate from the wellhead down,
owing to the constant wellhead back pressure, annulus
outlet pressure value is the same in Figure 2. The
maximum annulus pressure appears under the condition
of centricity, annulus pressure reduces after the emergence
of eccentricity. The bigger eccentricity is, the smaller
annulus pressure will be, the slope of curve increases, the
annulus pressure curve is steeper, the annulus downhole
pressure becomes lower. As shown in Figure 1, the
downhole pressure decrease with increasing eccentricity,
the bigger eccentricity is, the bigger increasing trend will
be. Equivalent diameter of annulus is varied owing to the
effect of eccentricity, this make the greater pressure than
condition of centricity and can lead to friction pressure
loss and pressure decreasing of annulus downhoe.

CONCLUSION

Aerated drilling annulus pressure follows curve
distribution, pressure gradually decreases from the bottom
to wellhead, the cross-sectional area changing position
which includes casing shoe and junction of drill pipe
does not show pressure mutation, this is because the
gravitational pressure drop is dominant in the annulus
drop, liquid is incompressible fluid. Although the variation
of gas volume, gas density is very small in contrast with
liquid density, aerated liquid density has little change in
the position of area variation cross-section. In the same
conditions, the eccentric annulus flow pressure drop is less
than the concentric annulus, and the greater eccentricity
is, the smaller flow pressure drop will be.
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NOMENCLATURE

P Solid-liquid mixed density, p,, - H,[pp+p, (1-¢p) ],
kg/m’

@ Volume ratio of solid phase particles in solid-liquid
mixed phase

p,Density of gas phase

6 The angle between borehole axis and horizontal
direction

A Multiphase flow frictional resistance coefficient

p Well section average pressure, MPa

z Well depth, m

A Annulus cross-section area, m’

D, Annular equivalent diameter, m

G Gravitational acceleration, m/s’

H,Liquid holdup

E, Prosity

m Multiphase flow mass flow rate, m = m, + m, + m_kg/s

v Average velocity of multiphase fluid, m/s

v, Superficial gas velocity, m/s

D, The diameter of drill string, m

D, The borehole diameter, m

R,Radius of inner pipe (radius of drill sting), m

R, Radius of outer pipe (radius of borehole ), m

K, Flow ratio
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