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Power-Preserving Interconnection of Single- and Two-Phase Flow
Models for Managed Pressure Drilling*
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Abstract— Many complex systems are modeled by a net-
work of different subsystems, each having their underlying
mathematical model representations. Energy-based modeling
of each of these subsystems can yield a port-Hamiltonian
(pH) representation. In this paper, a single-phase flow model,
a dissipative mathematical component and a two-phase flow
model are interconnected to model hydraulics for Managed
Pressure Drilling (MPD) applications. These subsystems are
interconnected in a power-preserving manner to build an
aggregated pH system for real-life MPD scenarios. We prove
that the interconnection junction connecting the single- and
two-phase flow models is conditionally power-preserving.

I. INTRODUCTION

Port-Hamiltonian (pH) systems have recently received a
lot of attention for modeling physical phenomena governed
by nonlinear Partial Differential Equations (PDEs) and ordi-
nary differential equations [5], [16]. A pH realization offers
a suitable description of the components for the modeling,
analysis and controller design [5].

Controllers for PDEs are generally designed for finite-
dimensional state-space model descriptions obtained after
a low-resolution spatial discretization of the PDEs, which
lack part of the information (such as mass conservation)
present in the infinite-dimensional representation. Next to
PDE control techniques such as optimal control, backstep-
ping [8] and adjoint methods [12], recently, researchers have
been investigating control strategies for pH representations
[5]. A pH framework enables controller design based on
energy consideration by different techniques such as energy-
shaping [10], and interconnection and damping assignment
[14]. In addition, the Hamiltonian defined in pH framework
represents a good candidate for the Lyapunov function,
rendering the physics-based control design and the stability
proof more tangible [11].

One interesting feature of pH systems is power preserva-
tion. A key property of pH systems is that the interconnection
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of such systems still preserve the pH structure if the inter-
connection is performed in a power-preserving manner [5],
[3]. This compositionality feature enables to interconnect the
individual pH subsystems to define an aggregated pH system.
A lot of work has already been done in the past in the scope
of integration of finite-dimensional and infinite-dimensional
components [5], [3]. The key point in aggregating different
pH subsystems is the identification of the interconnection
structure and casting this interconnection into a power-
preserving structure.

Hydraulics in an Managed Pressure Drilling (MPD) can
be characterized by interconnection of subsystems governed
by a single-phase flow in one pipe and a two-phase flow in
another pipe (see Figure 1), and, mathematical models gov-
erned by nonlinear ordinary differential equations or static
equations [1]. A single-phase flow is usually modelled by the
isothermal Euler equations, which obeys a pH formalism [4].
For two-phase flow modelling, the Two-Fluid Model (TFM)
and the Drift Flux Model (DFM) are typically employed [1].
Recently, it has been shown that the TFM and a DFM without
slippage between the two phases can also be cast in the pH
formalism [2]. Drilling with MPD is composed of single- and
two-phase flow pH realizations, which can be interconnected
via MPD equipment (bit) in a power-preserving manner to
form an aggregated pH system.

We employ the existing theory to interconnect (individual)
mathematical subsystem models to construct an aggregated
model for MPD. To the best of our knowledge, compositional
pH modeling for MPD is taken up for the first time in this
paper. A compositional pH representation of the MPD model
is useful when it needs to be connected to other systems such
as a reservoir model, where each system is characterized by
a particular energy property. The compositional structure,
presented in this work, can be viewed as a stepping stone
towards a holistic control paradigm for MPD scenarios. To
the best of our knowledge, most controllers for MPD are
designed based on a lumped-parameter models approximat-
ing the hydraulics and ignoring the fast pressure dynamics
[1]. The framework introduced in this paper enables an
energy-based controller design while taking all (infinite-
dimensional) dynamics into account.

The contribution of this study is two-fold. First, a power-
preserving interconnection at the junction connecting the
single- and two-phase flow models are provided and, second,
a power-preserving condition for a typical junction used
in MPD [13] interconnecting these two models is derived.
Outside this conditional power-preserving region, the in-
terconnection junction generates power, which renders the
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junction model (that connects the two subsystems) non-
physical.

The structure of this paper is as follows. In Section II,
a brief introduction to MPD is provided. In Section III,
single- and two-phase flow models together with their pH
formalisms are introduced. In Section IV, the interconnection
of the single- and two-phase flow models together with
the conditional power preservation of the interconnection
junction is discussed. In Section V, the power-preserving
interconnection of the systems in a real-life drilling scenario
is investigated. Finally, Section VI concludes the paper.

II. MANAGED PRESSURE DRILLING

The industrial problem under investigation is a drilling
system, with a special focus on MPD. The configuration
of the system is illustrated in Figure 1. A drilling liquid
known as mud is pumped into a pipe, called the drillstring,
at high pressure. At the bottom of the drillstring, the mud
leaves the drillstring through nozzles created inside the
drill bit and enters the area between the drillstring and the
wellbore, known as the annulus. It then flows up through
the annulus and carries the rock cuttings out of the well.
In MPD, the annulus is sealed off from the surroundings
at the top with a Rotating Control Device (RCD in Figure
1) and the mud circulates out of the well through a choke
valve. The circulation path of the mud can be observed by
following the green arrows in Figure 1. Usually a flow from
the formation containing gas and liquid (this formation is
named reservoir in Figure 1) occurs at the bottomhole of the
annulus, leading to multi-phase flow in the annulus. For a
more comprehensive explanation of MPD, single-phase and
two-phase flow modeling, we refer to [13].

Remark 1: If no contingency happens during drilling, the
flows inside the drillstring and annulus are of a single-phase
flow nature. In case of liquid influx, we assume the reservoir
produces the same liquid as the drilling mud. If a gas influx

pump

Fig. 1. A drilling well with MPD equipment.

occurs in the formation, the flow inside only the annulus
involves two phases.

Notation: The following short-hand notations are used
in the paper. z,,x4: spatial coordinate in the annulus and
drillstring, z4 € Q4 = [0, L] and z, € Q, = [0, L]: spatial
domain in the drillstring and annulus, respectively. ()7 :
variable (-) at the boundary 24 = L, (~)6‘D'7 %+ the i-th compo-
nent of the decomposed variable (-) at the boundary z, = 0,
()| L.a: variable (-) at zq = L, ()53 = ()£ — ()lo.a-
(-)g 79 () §t: boundary variables at the reservoir for the
gas and liquid phase, respectively. Subscripts (-); and (-),
refer to the values for liquid and gaseous phase, respectively.
R denotes the space of real numbers.

II1. PORT-HAMILTONIAN MODELS

In this section, we briefly introduce the isothermal Euler
equations and the TFM. The pH formulation of each of these
models is presented in this section. It should be noted that
modeling MPD in 1D captures the most important hydraulics
features of drilling [1]. Therefore, the governing PDEs and
models for the MPD equipment are presented in 1D.

A. Isothermal Euler Equations

Isothermal Euler equations [9] are typically employed to
model single-phase flow inside the drillstring [13]. This
model encompasses a coupled mass balance and momen-
tum balance equation. For a drillstring with constant cross-
sectional area A, and a constant inclination of the pipe 6,
see Figure 1, under the assumption of laminar flow, the
isothermal Euler equations read as follows:

Bup + Bs,y (pv) =0, (1a)

B: (pv) + Buy (p0* +p) = —32%%” 4 pgsinf,  (Ib)
where ¢ € Ry and x4 denote the temporal and spa-
tial variables in the drillstring, respectively (see Figure 1).
Variables p(t,zq4), v(t,zq) and p(t,z,) refer to density,
velocity and pressure of the mud inside the drillstring,
respectively. Moreover, py and dg denote viscosity of the
mud and hydraulic diameter of the drillstring, respectively,
and g is the gravitational acceleration. To complete the set
of equations, an Equation of State (EOS) is provided as
p=(p— po)cf ~+po with constants pg and pg (respectively the
density and pressure around which the EOS is linearized),

and ¢, being the speed of sound in the mud.
The Hamiltonian function for (1) in the state variables
z :=[p,v]T is
2
H(z) = Ad/ p% + pcz Inp+ (cipo — po) — pgxsin 6 d.
Q
’ @
In the following theorem, the pH formulation corresponding
to (1) is introduced.

Theorem 3.1: The governing equations (1) together with
the EOS p = (p— po)c? +po can be written in the following
dissipative pH formulation:

Oz = (Ja — Ra(2)) 0. H(z), (3a)

. 1 o 1] o 0
with Jq = —Xd [1 ()] 87“77%1(2) = |:0 32up

Aqd?p?

} » (3b)
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where z := [p, v]T and H(z) is given by (2). This equation
is completed by the power conjugated input » and output y
at the boundaries with coupling relations as follows:

B 1 B 1
yra) — (ag%M(2) Yo\ _ (—a0oH(2)
(Uf,a) N ( gu’H(z) 2.4, ué—%d = d l0,d-

0, H(2)
Proof: Using (la) and the EOS, the momentum
equation (1b) can be written in terms of p and v as

2
+ ¢ Inp) — 3okt

o = —8”(% d2 + gsiné. )

The variational derivatives of Hamiltonian (2) are:

O0pH = Ad( —|— o Inp+ - grasin®), 6,H = Agpv. (6)
The physical interpretation of J,7 is the mass flow rate
of the mud passing spatial location x4 at time ¢. The
energy per unit mass multiplied by the cross section Ay
can be inferred from J,#. Equations in (3) are obtained
by a straightforward replacement of e; = [§,H, 6,H]"
in (la) and (5). Boundary conditions (4) are obtained by
satisfying the following relation for the time derivative of
the Hamiltonian 7{ and the power through the boundaries of
the drillstring P2,

H+PP = */ eq Ra eq dz + (AL(SPH(Z)(;U’H(Z)) lo,a—
Qq d

1
(;Q6@H<@6aﬂ(a)|L@-+y5du5d+-yf@u5¢::

—/ edTRdeddeO‘
Qq

N
The last inequality is due to the positive semi-definite nature
of Rd(z) |

B. Two-Fluid Model

The TFM can be defined in terms of PDEs expressing
mass and momentum conservation laws for each phase in
the annulus with constant cross-sectional area A,, constant
hydraulic diameter d, and constant inclination 6 as follows
[15]:

Ot (aipi) 4 Oz, (aipivi) = 0, (8a)

O (tipivi) + On, (iipivi) = —0s (vipa) +
pg@ivi
2 Z

Mi — P9 sinf — 3 (8b)

where i € {¢, g} and z, is the spatial variable in the annulus
(see Figure 1). The model contains seven unknown variables,
namely, liquid and gas void fraction, o and «, liquid and
gas phase velocity, v, and vy, liquid and gas phase density,
pe and pg, and the common pressure in the annulus p,. To
complete the model, we use a set of widely applied closure
laws as in [6]:

ag +op =1, (%9a)
M9+Mz=0 M, =pa8-ag+bM(w—vg)7 (9b)
pg = 2,pe po+ e 20 (9¢)

Ce
where (9a) expresses that any pipe segment is occupied
by the combination of gas and liquid. The terms M, and
M, with the constant bM > 0 in (9b) account for the
force interaction between the phases. Finally, (9¢) define the

barotropic EOS of each phase with ¢, the constant speed of
sound in the gaseous phase.

The Hamiltonian for the flow inside the annulus with z,, :
[mg, me, vy, ve]’ takes the following form (with my :
agpg and my 1= aypp):

2 2
v v
Ha(za) := Aa/ mg?ngmg?[ +mgc§ lnngrmgc? In pe+
Qq

ae(cgpo —po) — (me +myg) g(L — ) sinf dz.  (10)

Notably, variables p, py, ¢ can be written in terms of my

and my, see [2]. In the following theorem, the pH formulation
corresponding to (8) and (9) is presented.

Theorem 3.2: The governing equations (8) associated with
the closure equations (9) can be written in the dissipative pH
formulation as follows:

020 = (Ja — Ra(2a)) 020 Ha(2a), (11a)
1 (o 1| O 1 (0 0
Ja = A {1 0} G—%,Ra(za) =1 [0 T} . (11b)
where 2z, = [mg, me, v, vl and H, is given by
by’ 32pgag bf]”
m2 + 2d2 Tm >mE
10), 7 = g bM b2 g , and 0 and I denote
_ + 32pap
mgmy 2 2d2

the 2 x 2 zero and 1dent1ty matrlx respectively. This pH
formulation is completed by the power conjugated inputs
u and outputs y at the boundary coupled with relations as
follows:

B,1 1 B,1 1
Yo,a —Téqua yL,a TdmgHa

B, e B2 e
Y0,a — _T5m£’7l'[a yLﬁa _ T67WEHG

B, - < ‘Ova’ B,1 - 4 |L,a
Ug,q 5119Ha Up a 61)97-[(1.

B,2 B,2
U‘O,a 6veHcL uL,a 511[7-[(1

12)

Proof: Rewriting momentum equations (8b) in terms
of vy and vy leads to

o it
@W+&m<i):—ﬁ@ﬁmmﬁtg(w—%)
2 mi (13)

—gsinf — 32 MZ;}; ,

29

where “+” is used for ¢ = ¢ and “—” is used for i = /.
Using the Hamiltonian (10) (for details, see [2]),

Om,; Ha = Aqa ( —|—cZ Inp; +¢ —g(L —
dv, Ha = Aam,v,7 ie{l g}

Similar to the isothermal Euler equations, d,,H, represents
the mass flow rate of the phase 7. Similarly, The energy
per unit mass of phase ¢ multiplied by the cross section A,
can be inferred from &,,, H,. Straightforward replacement of
these relations into the original equations give the asserted
equations. Similar to Theorem 3.1, the boundary terms can
be obtained from (P2 is the power through the boundaries

Zq)sind), (14)
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of annulus)

. 1
Ha +7DaB = _/Q 65 Ra €a dz + <A7a§mgHa6nga> ‘O,a“!‘
1 1
TaamgHaév[Ha |0,a - TaémgHaénga |L,a_

1
(IamgHaélea> |L,a + y()Bi;llu(?’zll + y(?fu(?f-l-

B,1_B,1 B2 B,2 _ T
YLaULa T YL QUL 0 = —/ e, Rq eq dz <0,
Qq

with e, = [5mg’Ha,5meHa,5vyHa,5vz7{a]T. [

Remark 2: PH properties for the isothermal Euler equa-
tions in [4] and the TFM in [2] are proved for only unit cross
section without frictional and gravitational source terms.
Moreover, a different choice of the state variables than in
[2] is employed to express the pH realization of the TFM.

Remark 3: It can easily be proved that 7; in (3) and 7,
in (11) are formally skew-adjoint operators [S]. Moreover,
Rq and R, in the same equations are symmetric positive
semi-definite.

IV. POWER-PRESERVING INTERCONNECTION

In this section, the drillstring, the drill bit and the annu-
lus are connected in a power-preserving manner. First, the
boundary conditions are introduced. Then, the dissipation
of energy through the bit is studied. Finally, the power-
preserving structure of the interconnection junction (the bit
and the summation junction at the reservoir, see Figure 2) is
investigated.

A. Boundary conditions of the single- and two-phase flow
models in MPD

The boundary conditions governing the fluid flow in the
drillstring and the annulus follow from Figure 1. The gov-
erning equations of the pump, bit and choke are summarized
in Table 1. For the pump, 7y, A, pp and v, represent the
mass flow rate, the cross-sectional area, the density and the
velocity of the liquid through the pump, respectively. For the
bit, Apy, pp, 11, Ax and Cp denote the pressure drop over
the bit, density at the drillstring side of the bit, the mass flow
rate through the bit, the total area of the nozzles of the bit and
the nozzle coefficient, respectively. For the choke, 1., p¢, pc
and pg are the mass flow rate, the density, the pressure at the
choke inlet and atmospheric pressure, respectively. Finally,
K. and z., are the choke constant and the choke opening,
respectively.

First, we define the boundary conditions for the drillstring
to be used in (4).

TABLE I
GOVERNING EQUATIONS OF THE PUMP, BIT AND CHOKE.

Equipment Governing equation
pump mp = Apppup )
. _ L mb
bit Apy = 2pp (ANCD)
Choke e = Kezer/2pe (Pe — po)

Pump: At the pump location, we have A, = Ag,v, =
vlo,¢ and pp = plo,a- Hence

0uHlo,a = (pAqv)|o,a = p(t). (15)

The boundary condition at the left side of the spatial domain
Qg is assigned. Input and output variables at this boundary
can be defined with (15) and (4).

Bit and reservoir: Through the bit, the mass conservation
holds and the pressure drop is governed by the bit equation.
Moreover, the flow that passed through the bit is then mixed
with the known liquid mass flow rate 114(¢) and the gaseous
mass flow rate 7i4(¢) coming out of the reservoir. Then,
the mixture enters the annulus. Considering Apy, = p|p.q4 —
Plo,a» 1 = (pAav)|L.a, po = plL.4» We have

plr,da = ploa = 1 (5”H|L’d>2
£ 0.a 2p|n,a \ AnCh
6UH‘L,d + mé(t) = 6v/47'[a|0,a7

8oy Halo,a = 1y (2).

(16)

Remark 4: To solve the TFM, typically either 2 boundary
conditions are specified at the left side of the domain and
2 at the right side or 3 boundary conditions at the left side
and one at the right [7]. In this paper, we consider the 2-2
case. In (16), one equation corresponds to the right boundary
for the isothermal Euler equations in the drillstring and two
equations correspond to the left boundary of the TFM in the
annulus.

Remark 5: Above the bit and inside the drillstring, a non-
return valve is installed to restrict the flow in one direction
only from the drillstring to the annulus. When this valve
is open, the pressure drop over the bit is governed by
the bit equation in Table I. When this valve is closed,
the drillstring and the annulus become disconnected. Then,
the right boundary condition for the drillstring becomes
mp(t) = (pAav)|ra = 0 and therefore &§,H|rq = O.
The left boundary condition for the annulus changes to
571[7'[(1 0,a = Thz(t) and 5nga|0,a = mg(t).

Choke: For the TFM at the choke, we have two boundary
conditions, i.e., the explicit value of gas void fraction over
time and the nonlinear choke equation. Following the same
procedure in [13], we rewrite 1. as the mass flow rate of the
mixture, M. = (prAave)|L,a+(PgAavyg)|L,q. We also replace
pe with the mixture density, p. = oype + agpg. Therefore,
we have:

(60, Ha + 60, Ha) |10 = Kezev/2(mg + me)|L.a (PalL.a — o),
OCglL,a = g(t)a

a7

where ¢(¢) is a function of time, explicitly specifying the
gas void fraction at the choke.

Remark 6: Notably, boundary conditions (16) and (17)
form an implicit function of variational derivative of Hamil-
tonian (2) and (10) with respect to z and z,, respectively.

Remark 7: For the case of 2-2 boundary conditions spec-
ified above, setting the boundary inputs to zero leads to
H, = 0 in the absence of dissipation. For the case of 3-
1 boundary conditions, setting the boundary inputs to zero
will not yield the same result and it is not clear how energy
of the system evolves over time. This complicates the energy
perspective presented in this paper for 3-1 case.
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B. Dissipativity of power through the bit

The power-preserving structure of the single-phase flow
model and the TFM are shown in Section III by the corre-
sponding dissipative pH formulation of (3)-(4) and (11)-(12).

In this section, we derive conditions under which the
interconnections, shown in Figure 2, are power-preserving.
To have power-preserving interconnections, we define the
following interconnections between input ports u and output
ports y of different components shown in Figure 2:

B B2
Ud,bit = YL,d {Ua,bit =1y u2 = Yo,
Yd,bit = _Uf,d " Yapit = —u1 Y2 = _u(?,f 7
B,rt B,rg (1%)
U3 = Yo,a Uya = Yo,a
B,r,t "’ B,r,g __ B,1 "
Y3 = —Ug, Yo,a = = ~Uo,a
The power preservation of all these connections can be easily
checked [5], e.g., u2ys + ugffy(ff = 0. If the power is
preserved through the bit, then the entire aggregated system
preserves power. Therefore, we only focus on deriving the
condition of power preservation through the bit.
Remark 8: Due to the directions shown in Figure 1, the
positive direction is assumed from pump to the bit and from
the bit to the choke. Therefore, the incoming power into bit

flows from the drillstring and the outgoing power from the

bit enters the annulus.
The physical nature of the bit dictates the outgoing power
to be less than the incoming power (see Figure 2)

19)

The incoming power wgpiYa,pic 15 related to the physical
variables of the system via (18). To relate the outgoing power
Uq bitYa,bit 10 the model-dependent variables, the power
preservation across the summation junction is written as

u1y1 + u2y2 +usys =0 5,

Phrit = Ua,bitYa,bit — Ud,bitYd,bit < 0.

(20)
(—ttapityavie) + (—uoaYou )+ (—ups “you ) = 0,
where ug 4= _ring(t) and, by considering the definition of

the boundarg conditions in the pH formulations (4) and (12),
we have “0,212 = 1y + 1y (t) and ygff = *A%Jlsmﬂ‘lab,a-
For the summation junction, we use a l-junction principle
where all outputs are equal and the summation of all inputs
equal to zero. This leads to yﬁt’;’e = ——-6m,Halo,a> Then
by using (16) in (20), we obtain, ‘

1 .
Ua,bitYa,bit = Iamb 5m£Ha|0,a- (21)
Substituting (21), (16) into (19) yields
1 1
Prit = mp <E5m£Ha\o,a - E&,,Hh,d) . (22)

B B1
UL L Yia
B B AL
Yod e N YLd Ug pie B2 \
P— 0,a

B2

L Uapit Y1 o~ U Y N\ Via
. [Dissipative Br 1\‘ ~— ﬁ \\\‘7 uﬁ—‘éissipme PH)—>
Ugd Buler  Juf, abit 21\ L2 Yol TRM e
-—A\ /47’ \ // B2

\\\ o Yd bit uz y }1 ——
3 yO,uT ? uly
Birf
e Br.f Brg Birg
o b uoay tyga?

‘ Reservoir ‘

Fig. 2. The power-preserving interconnection of different components of
a drilling well.

Note that when the non-return valve is closed, the two
systems become isolated and the summation of the power
change of both is less than the summation of the input-
output conjugated energy of each pipe. As the non-return
valve is open, 777, > 0 holds. To ensure the power-preserving
property across the bit, we must ensure Pp;; < 0. As a result
of this property and by using (22), we have
1 1
A7d5pH|L’d — E5mzﬂa|o,a >0. (23)
Replacing the terms describing the variational derivative of
Hamiltonian with respect to state variables from (6) and (14)
leads to
’U2 2 .
(= +4+celnp—gLsinb)|r,a—

2
2

(%" +cZnpe — gLsinb)|oq >0 — (24)

1.5 Mf P|Ld

SME(—2e 4 1)+ A >

2 d( Md2 ) p£|0,a -

where M, = U‘(fé’d7Ma = WC‘# are the Mach numbers of
the flow at the outlet of the drillstring and at the inlet of the
annulus near the bit. To further simplify the relation, we use

the bit equation,

1 A
Apy = (plL,a — pé\o,a)cz? = §P|L,d(ANéD )2'U|%,d — (25a)
peloa 1, Aa (2,2
—1— = M7, 25b
plr.a 2(ANCD) ¢ (238)

The mass conservation across the bit (16) can also be
simplified to

. e (t
(Aapo)la + 1ie(t) = (Aaprvd)loe — Aabdy + L8 —
AL, 8y, = A My + M, 20
p Aal— %(A;‘éD)QM«?
where M, = e ¢ the Mach number at the interface
" Aacepelo,a

of the reservoir and annulus. Finally by using (26), the
inequality (24) simplifies to

Ag 1 M,,

1 2 2
M =-Mj((== — 5 ) —1)
2 Aall —i(ANéD)QMd Ma 27)
d_\27 2
. <O0.
+In(1 2(ANCD) Mji) <0

For the bit, connecting the drillstring and the annulus, to be
power-preserving, the inequality (27) should hold.

V. NUMERICAL EXAMPLE

In this section, a real drilling well is considered and the
region where the inequality (27) holds is investigated. The
corresponding geometry and bit property are studied to define
the power-preserving operational region. Outside this region,
the bit model should be adjusted to abide power preservation.

Remark 9: In drilling operations, the velocity inside the
drillstring is typically around 1 m/s while the speed of
sound in the mud is around 1000 m/s. Therefore, for drilling

applications, My ~ 0.001.
The geometry and equipment properties of the drilling
platform are given by

dq = 76.2 mm, dog = 241.3 mm, d,, = 444.5 mm,

2 (28)
Ay = 1418.7 mm ,CD = 0.8,
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Il Power-preserving region

M,

Fig. 3. Top: The value of the function M in (27) for different admissible
Mach number with 7y = 0, Below: Power-preserving region for different
Mach numbers of Mg and My, satistfying inequality (27).

where d,q and d,, are, respectively, the outer diameter of the
drillstring and the diameter of the wellbore.

For this well and this drill bit, to render the argument
inside the logarithmic function in (27) to be positive, we
observe that My < 0.35 should hold. As shown in the top
part of Figure 3, in this restricted region for My with no
flow from the reservoir (which is true in the normal drilling
scenarios), (27) always holds for 1, = 0 for the drilling well
under consideration and the bit model is indeed dissipative
(power-preserving). This might be the experimental condition
under which the model for the bit was derived.

In case of contingencies, where the fluid of the reservoir
flows into the annulus, condition (27) is not always satisfied
in the restricted region for M, as shown in the bottom part
of Figure 3. When the reservoir also contains liquid, the
velocity of this flow should be less than the velocity of the
flow coming through the bit. This situation most probably
occurs when the drilling process and the mud injection
are halted (My; = 0) and a new pipe section is added to
the drillstring to increase its length to drill further (this is
called a connection scenario in practice). If the reservoir
is producing liquid during connection, this inequality does
not hold for sure. Therefore, the bit model presented in
Table I must not be used to simulate the hydraulics in this
situation. Notably, in cases when velocity of the flow from
the reservoir is much higher than the velocity of the flow
passing through the bit, usually the non-return valve is closed
and the two subsystems become isolated. This situation,
however, requires more investigation. These bit models are
usually derived by curve fitting to experimental data obtained
under certain conditions. To adapt the bit model, experiments
should be designed in such a way that the inequality (27) is

violated and a new model should be fitted to the new data.

VI. CONCLUSION

In this paper, two pH models for the (single- and two-
phase) flow dynamics in MPD with nonlinear boundary
conditions are interconnected by a nonlinear drill bit model.
To render the aggregated system power-preserving, the math-
ematical model of the bit, used to interconnect the two
pipes, obeys power preservation under a certain condition.
However, this conditional power preservation does not re-
strict the normal drilling operation region. The drill bit
model restricts the drilling operation where liquid influx from
reservoir flows into the wellbore. In such cases, velocity of
the drilling mud at the bit inside the annulus should be higher
than the velocity of the liquid influx. Outside this region,
the power preservation of the bit model might be violated.
The framework proposed in this paper enables an energy-
based controller design for MPD while taking the infinite-
dimensional nature of the dynamics into account.
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