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On a Method of Prediction of the Annular Pressure
Buildup in Deepwater Wells for Oil & Gas

Deli Gao', Feng Qian' and Huikai Zheng'

Abstract: In deepwater wells for exploration and exploitation of oil & gas, the
wellhead structure is of importance, and the annular pressure cannot be released
after the casing hanger is set. The pressure changes in the casing annuli, caused by
the temperature changes during the drilling and production processes, will increase
the risk of failure of the casing. Therefore, a study of the safety of the casing in
deepwater wells, by considering the complex engineering factors, will be of both
academic as well as practical significance. In this paper, a model for the interac-
tions among the casing-cement-formation system is established, by considering the
thermal loading in a perfect well section. The deformation of the casing, as related
to the temperature and the internal pressure of the casing, is obtained through a
theoretical derivation. The theoretical model, established in the present paper, can
be used to predict the annular pressure buildup caused by the thermal expansion of
both the casing and the annular fluid. The present research shows that the annular
pressure caused by a temperature change can lead to the failure of the casing, when
the average temperature change is high enough. Therefore, the effects of temper-
ature and pressure should be taken into account specially in the casing design for
deepwater wells for oil & gas.

Keywords: Deepwater well; Casing Load; Annular Pressure Buildup; Casing
Design; Casing Failure

1 Introduction

Pressure buildup in trapped annuli has long been the subject in the several stud-
ies by Adams [Adams (1991), Adams et al (1994)], Halal [Halal et al (1993)],
Leach [Leach et al (1993)] and Wang Bo [Wang Bo (2006)]. There are two reasons
which contribute to the pressure buildup in deepwater wells. First, the structure of
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the subsea wellhead is of a special construction in deepwater wells, and the annu-
lar pressure cannot be released after the casing hanger is set, so that the pressure
buildup in the casing annuli, which is caused by the temperature change between
drilling circulation and oil & gas production increases the risk of damage to the
casing. Second, the change in the temperature of the annular fluid is more obvi-
ous. Based on the researches of Tang [Tang et al (2010)] and Gao [Gao Baokui et
al(2006)], this condition is magnified in deepwater because the wellbore is cooled
during drilling circulation, and is warmed up during the production or during the
well testing for oil & gas.

In the previous researches by Adams [Adams (1991), Adams et al (1994)], the influ-
ences of the annular fluid temperature rise, and of the casing temperature rise were
taken into account. However, the formation was thought to be rigid, with infinite
stiffness. In practice, the formation and the cement around the casing, prevent the
casing from expanding under the internal pressure loads, such that the smaller the
displacement is, the higher the annular pressure build-up. The interaction among
the casing-cement-formation system can be simulated by the mechanical model
built by Li [Li et al (2009)] and Qian [Qian et al (2011)]. In this paper, a model
for simulating the interactions among the casing-cement-formation system under a
thermal loading is established in a perfect well section. Based on the study about
the temperature distributions in a wellbore, the casing displacement which changes
with the temperature and internal pressure of the casing, is obtained through a the-
oretical derivation. Thereafter, a theoretical model is established to predict the
pressure buildup in different annuli of a deepwater well, by considering the effects
of the casingwall thickness, and of the interactions of thermal expansions among
the tubular strings, the fluid and the formation. The results for several cases show
that the annular pressure may lead to the failure of the casing, when the average
temperature rise is high enough.

2 Thermal Expansion of Annular Fluids

The thermal expansion in a wellbore consists of two parts, including the expansion
of the annular fluid, and the expansion of the casing. The system consisting of the
tubing, casing and annuli is considered to be elastic, and a computational method
based on mechanics of elastic media can be used to compute the annular pressure
buildup in a deepwater well. All the casings in the system, shown in Fig.1, are
numbered as 0,1,2,3 from outside to inside, and the effect of casing couplings is
neglected in this analysis. In practice, the fluid volume in annulus B is responsive
to temperature and pressure, so that the total volume change Apr ¢ can be described
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Figure 1: Schematic diagram of casing and annuli

as follows:
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Where, AP,F;, stands for the fluid volume change caused by AP,; superscript ‘p’
stands for the pressure effect; superscript ‘e’ stands for the temperature effect; sub-

script ‘L’ refers to unit length, n, = Dy/L; subscripts ‘i’ and ‘o’ refer to inner
diameter and outer diameter respectively.
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Figure 2: Schematic diagram of well structure
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3 Thermal Expansion of the Casing
3.1 Free Casing Section

As is shown in Fig.2, for the whole free section between the annuli A and B, the
volume change in the casing, in unit length, caused by diameter variation AD; can
be described as follows:
AVior = % |(D1g+AD1,)* = D}, | L, = ZLLyAD o
AViip = F |(Dii+ADy;)? *D%,} L, ~ HhDyflu
The total volume change of casing outer wall (taking No.1 casing as an example)
can be described as follows:

o LyD1,AD
avi, =Y. (” e 1““) 3
s=1 s

Similarly, the total volume change of No.l casing inner wall can be described as
follows:

ng
AViig=Y (7“%””") 0<D<D,

s=1 s
& [ LDy ADy; “)
AViigy = ) ( = 112 hab) D,<D<D,

s=1 N

Where n,, = (Dp — Dy) /Ls.

The ADf{ stands for the diameter variation caused by temperature variation AT
in a free casing section. According to the thermoelastic theory, the casing wall
displacements caused by annular pressure and temperature rise can be described as
follows:

2(1-v2)D},D1, (1+v3) [(1=2v)D},+D} D1

ADIlfa = (1 + Vc) ﬁcATch() + Ec(D%o*D%i) AP, — Ec(D%o*D%i) AP,
(14ve)[(1=2ve) D}, +D3, | Dui 2(1-v2)D3,Dy;
ADSE, = (14 v0) BAT Dy, + 00 S P pp, - 20 A,
)

For the free casing section, the casing expansion can inevitably cause the annu-
lar pressure buildup. According to equations (4) and (5), the total casing volume
change caused by the variations of temperature and pressure, can be described as
follows:

AV

loa

= Iy, — F{} AP, + F{5AP, (6)
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AVf = Ff; — F{| AP, + F,AP, @)
Where
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3.2 Cemented casing section

For the cemented casing section, external pressure on the casing outer wall, caused
by thermal expansion of formation and cement, can lead to an annular pressure
buildup. According to appendix A, the volume change of casing inner wall in a
cemented section can be described as follows:

AV = Fudp + FlapAPo + Fip (8)

Where
tar [(1-v2) aLD? D
L [T o,

s=1 [ lo

’

Fi = nf _TCLS(I +VC) {(1 _ZVC)D%I'_‘_ [1 _2(1 - vc)kiZ]D%o}D%i
lab 2EC D%O_D%l

s=11]

Nap

T
Fleiab = Z [ELSBC (1 + V¢)D%1ATC}

s=1 S
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4 Calculation of the Annular-Pressure Buildup

Based on the annulus B, the above equations are derived through the mechanics
of elastic media, and the equations for other annuli can be analogously derived
by this method. The following equations can be obtained by considering thermal
expansions of the fluid and the casing comprehensively:

AVYC = AVgE — AV

AV = AV + AV, — AV,
e e ¢ ¢

AVES = AVf + AV — AVES

AV = AV3

©))

In the above equations, the left side represents the volume change in the annular-
fluid, and the right side represents the volume change in the casing. The Eq.(14)
can be expressed as follows:

AV; + Ff, — Fyq, — Fg,
—Fii+ F5, + AV — Fud, — Fliap | _
_FZC;' + F3e0 +AVCe - FZ(;ch;Jc - FZeibc
| —F5+AV)
[F{ + Fa+ F, 4 —F 0 0 AP,
—H Fo+Fy R +6 —F3 0 AP,
0 -F; F+F, + FJ +F, __F302 AP.
L 0 0 —F3ll F3LZ + Fy APy
(10)
It can be also rewritten as:
[AP°] = [F] ™' [AV¢] (11)

5 Examples
5.1 Parameters

Parameters of the casing-cement-formation system are listed in the following Ta-
bles 1 & 2.

5.2 An Analysis of the Strength of the Casing

Taking into account the average temperature rise in the analysis of casing strength
may be a valid approach, and is convenient for discussion. The computed results
based on the above models are shown in Fig. 3. The average temperature rise
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Table 1: Physical parameters

Materials Elastic Coefficient of Poissen’s

Modulus | Thermal Expansion | Ratio
Casing 2x10° | 1.2x1073 0.3
Formation 1.2x10* | 5.8x10°° 0.25
Cement 1x10* | 6x10°° 0.15
Annular fluid | 2.2x10% | 6x10~*

Table 2: Data of well structure

Numbers Outer Depth | TOC | Density of Drilling Fracture

of pipe Diameter in m m Fluids kg/m? Pressure MPa
20 2070 | 1479 1036 23.58

1 13-3/8 2365 | 1970 1108 28.88

2 9-5/8 3590 | 2265 1192 54.38

3 5-1/2 4094 | 3490 1306 67.31

leads to an increase of the casing annuli pressure. The rational approach used for
conventional casing design is to consider the worst one under all working condi-
tions. But, the neglected pressure buildup in annuli may lead to leak-off at the prior
casing shoe. Assuming that the fracture pressure at No.0 casing shoe is p,y, the
distribution of external pressure on No.1 casing can be expressed as follows:

Po = AP, + pngD OrPo:paf—ngD (12)

Assuming that the fracture pressure at No.1 casing shoe is pj, the distribution of
internal pressure on No.1 casing can be expressed as follows:

Pi = APy + pugD or p; = pyr — PmgD 13)

Down-hole accidents may be caused by a collapsed or burst casing, when the max-
imum value of the differential pressure, |p, — p;|, exceeds the strength rating of the
casing. In a practical design, the strength rating of a casing is the ratio of the casing
strength to the design coefficient. The differential pressure is shown as Fig.4 for the
average temperature rise of 30° and shown as Fig.5 for the average temperature rise
of 40°. It can be seen from Fig.5 that the annular pressure buildup in the annulus
can lead to a casing failure and the effects of temperature and pressure should not
be neglected in the casing design in deepwater wells.
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Figure 3: The pressures of confined annuli
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6 Conclusions

1. The model for interactions in the casing-cement-formation system has been
established, under thermal loading in a perfect well section. The casing dis-
placement due to the temperature and internal pressure of the casing has been
obtained through theoretical analysis. The present theoretical model can be
used to predict the annular pressure buildup caused by thermal expansion of
both the casing and the annular fluid.

2. The annular pressure in a cemented casing section is generally overvalued,
because of the effects of thermal expansion and internal pressure. It is shown
in this paper that the accuracy of the annular pressure prediction will be im-
proved by considering the interactions among the casing-cement-formation
system.

3. The annular pressure buildup is taken into account in the checking for the
safety of casings in a deepwater well. The annular pressure buildup in annu-
lus can lead to casing failure, so that the effects of temperature and pressure
should not be neglected in the design of casings in deepwater wells.

Acknowledgement: The authors gratefully acknowledge the financial support of
the Natural Science Foundation of China (NSFC, 51221003). This research was
also supported by the other projects (Grant numbers: 2010CB226703, 2011Z2X05009,
2011A-4208).

Nomenclature

r radius, m (ft);

o inner radius, m (ft);

d, inside radius of casing, m (ft);

a outside radius of casing, m (ft);

b outside radius of the formation, m (ft);
AT, temperature change of casing, °C (°F);
o radial stress, MPa (psi);

Co tangential stress, MPa (psi);

& radial strain, MPa (psi);

& tangential strain, MPa (psi);

u radial displacement, m (ft);

Ue, Ucem, Us radial displacements of casing, cement, formation, m (ft);

E. Ecom, Es elastic modulus of casing, cement, formation, MPa (psi);
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poisson’s ratio of casing, cement, formation;

thermal expansion coefficients of casing, cement,
formation, 1/°C (1/°F);

stiffness of casing, formation, MPa/m (psi/ft);

volume in annulus B, m3 (ft3);

tvolume change caused by thermal expansion, m? (ft%);
volume change caused by pressure, m® (ft*);

total fluid volume changes in annular A, B, C, D, m> (ft3);
total outer volume change of casing in free section, m? (ft);
total inner volume change of casing in free section, m® (ft});
total inner volume change of casing in cemented section,
m? (ft});

values of pressure buildup in annular A, B, C, D, MPa (psi);
bulk modulus of fluid, MPa (psi);

length of annulus A, m (ft);

length of annulus B, m (ft);

length of cemented casing, m (ft);

length of any annulus, m (ft);

unit length in free section, m (ft);

thermal expansion coefficient of annulus B, °C~! (°F~1);
inner diameter of No.1 casing, m (ft);

outer diameter of No.1 casing, m (ft);

outer diameter change of No.1 casing, m (ft);

inner diameter change of No.1 casing, m (ft);

inner diameter change of No.1 casing in D, section, m (ft);
temperature change of annulus B, °C (°F);

outer wall volume change of No.1 casing in unit length,

m? (ft?);

inner wall volume change of No.1 casing in unit length,

m? (ft?);

volume change after thermal expansion, m?® (ft%);

pressure change, MPa (psi);

external pressure, MPa (psi);

internal pressure, MPa (psi);

fracture pressure at No.0 casing shoe, MPa (psi);

fracture pressure at No.1 casing shoe, MPa (psi);

mud weight, g/cm® (Ibm/ft3).
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Appendix A: Interaction model for the casing-cement-formation system

The casing deformation is under restrictions after cementing so that the spatial
problem can be considered as a plane one. A reasonably accurate description of
the behavior of these stresses in the elastic range can be provided by assuming that
casing, cement sheath and formation form a rotational symmetric cylinder model.
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Figure 6: Casing-Cement-Formation System

As shown in Fig.6, it is supposed that inside radius of casing is ‘ap’ and outside
radius ‘a’, and outside radius of cement sheath is ‘b’, and the formation radius is
a constant-temperature boundary ‘c’. In cylindrical coordinate, the physical equa-
tions can be described as follows:

)
g = 1E" [or—ﬁcg}—i—(l—kv)ﬁ(r)T(r) (AD)
2
o =17~ (09 — 12500 + (1+V) B (1) T (r)
Geometrical equations can be described as follows:
u,
Differential equations of equilibrium can be described as follows:
do;, ©;—0
r + T 0 -0 (A3)

dr r

The following expression can be obtained by substituting geometrical equations
and physical equations into differential equations of equilibrium:

1—|—v1

C
=1 B() (dr+Cirt == (A4)

The following relationships can be obtained by substituting Eq.(A3) into geometri-
cal equations and physical equations:

G”(r) 1 ri2 fror (l") ( )dr+ (1+VC)‘1(1E,2V) - (lisz)rz
6(r) = 55 & [ rB(NT (r)dr — £ BT (1) + st + 1 (A5)
cz(r):(fﬁ %ﬁ(”) (r)

Q
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A.1 Casing

Casing wall is so thin that can be heated up quickly and simplified into the uniform
temperature change. Supposed that gy and ¢, are respectively the external pressure
and internal pressure, the following relationships can be obtained by substituting
these boundary conditions into Eq.(A5):

C = (14v.)(1-2v,) adqo+a*q1+a* M,
- 2
E, a*—aj A6
_ (+v) aga (A0
C="g gtz @+ a1 +M)

Where M, = 1€ e a2a2 B.AT,. The radial displacement of casing can be described
as follows: '
I14+v.1 r C
ue(r) = +Ve fBCATC/ rdr+Cyr+ —2 (A7)
l—v.r a0 r

Thus, the radial displacement at outside boundary can be expressed as follows:

uc (@) = kingo +keq1 +ucr (A8)

) 2
Where kj; = 2(1 ‘v ‘) s ko = ﬂw, uer = (14 v.)aBAT..

2_ . 2_
a*—ag E. a*—aj

A.2 Cement

Assuming that both boundaries of the cement sheath are restricted, cement inside
boundary ‘a’ subjects to external pressure -¢q;, and outside boundary ‘b’ subjects
to external pressure g,. The following expressions can be obtained by substituting
these boundary conditions into Eq.(A5):

Ecom b2—a? (A9)
G = —“ZV’") bg_l’az (q1+q2+Mcem)

{Cl (14Veem) (1 =2Veem) a®q1+b*qo+b*Meem

Where Mgy = —Leen f 1 Beem(r) Teem (r)dr. Thus, the radial displacement can be

1—Veem b2
expressed as follows:

l +V C
Mcem(r == / Bcem Teem )di"—f—Cﬂ"-’- 72 (AIO)

— Veem T

The radial displacement at the outside and inside boundary can be described as
follows:

{ucem (a) - AcemaCIl + Bcemaq2 + UcemT (a)

(A11)
Ucem (b) = Acembq1 + Beempq2 + Ucemt (b)
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Where
Acema = lz:::f:m (172]‘;5‘”36);212+b261 Beema = 2(156::’”) bzbjuza
Acomp = Um) 0y By = Ltian (=25
and

Ucemr (a) = Z(II:QF% f rﬁcem(r)Tcem(r)dr
Ucemr (b) = 2(1;—%;;,, fg 1Beem(r) Teem (r)dr

A.3 Formation

Supposed that boundary “b” of the formation inside is subjected to load “—¢g;” and
its outside boundary is infinitely far away from the wellbore. Then, the follow-
ing relationships can be obtained by substituting these boundary conditions into
Eq.(AS):

C;=0
(A12)
{Cz — (lJIg:’s)bZCIZ

The displacement distribution can be described as the following relationship by
substituting Eq.(A12) into Eq.(A4),:

e (1+Vs)b2
z Al3
() = [ B e (A13)

Thus, the radial displacement at the outside boundary can be expressed as follows:

us (b) = ksq2 (A14)
Where k; = %b.

A.4 Continuity Conditions

In order to investigate the impact of high temperature on annular pressure buildup,
the following continuity conditions can be established for casing-cement-formation
system under the perfect cementing condition:

Us (b) = Ucem (b)
{ucem (a) = U, (a) (A15)

The following relationships are obtained by substituting Eq.(A19), (A21) and (A14)
into Eq.(A15):

(A16)

Acema‘]l + Bcemaq2 + UcemT (a) == kiqo + chIl + Uer
Acembq1 + Beempq2 + Ucemt (b> = k.ﬂz
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A.5 Solutions

By solving the above equations, the pressures at boundaries can be expressed as
follows:

_ [UcemT (ll) —Ucr 7kil qO] (k_s 7Bcemb ) +B('ema Uz:emT (b)

ql - (Acema_kc) (Bcemb_ks)_AcembBcema (A17)
_ (kc 7Acema ) UcemT (b) +Acemb [UcemT (a) —UcT 7ki 1 qO]

qz - (Arema _kc)(Brfmh _ks)_Arethcema

Substituting geometrical equations, physical equations and boundary conditions
into equilibrium equations, the casing displacement can be described as follows:

(1—|—Vc)a(){(l —2VC)CI%—|—[1 —2(1 —Vc)kiz]az}

I/tc(aO) = E, (aZ _ a%) q0
2(1-v7) apa’®
@) B HvI@BAT (A8

Ue (a)fu 'T} (k~7B;, b)+BeemaUcemT (b)
Wh I /: [ cemT & S cem .
ere q (Acemu_kc)(Bcemb_ks)_Acethcema

The above equations shows that the value of u.(ag) can be determined by the physi-
cal dimensions of casing, internal and external pressures, wellbore temperature and
cement material property, etc.






