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Abstract: In this study, dynamic response analysis of a heave compensation system for offshore
drilling operations was conducted based on multibody dynamics. The efficiency of the heave com-
pensation system was computed using simulation techniques and virtually confirmed before being
applied to drilling operations. The heave compensation system was installed on a semi-submersible
and comprises several interconnected bodies with various joints. Therefore, a dynamics kernel
based on multibody dynamics was developed to perform dynamic response analysis. The recursive
Newton—-Euler formulation was adopted to construct the equations of motion for the multibody
system. Functions of the developed dynamics kernel were verified by comparing them with those
from other studies. Hydrostatic force, linearized hydrodynamic force, and pneumatic and hydraulic
control forces were considered the external forces acting on the platform of the semi-submersible
rig and the heave compensation system. The dynamic simulation was performed for the heave
compensation system of the semi-submersible rig for drilling operations up to 3600 m water depth.
From the results of the simulation, the efficiency of the heave compensation system was evaluated to
be approximately 96.7%.

Keywords: heave compensation system; dynamic response analysis; drilling operation

1. Introduction

As the use of simulation tools to analyze mechanical systems has been increasing,
the shipbuilding industry uses simulation techniques progressively when deploying vari-
ous types of mechanical systems. For example, Figure 1a shows a goliath crane used to lift
and transport heavy loads and essential facilities in shipyards. Figure 1b shows a floating
crane, whose capacity is usually greater than that of the goliath crane. As shown in the
figure, unlike the goliath crane, the floating crane is operated in the sea. Figure 1c shows
an offshore drilling rig. All these facilities are mechanical systems that must be analyzed
concerning their dynamic aspects for accurate and reliable design. Among these three
examples, we focused on the offshore drilling rig in this study.

A drilling rig is a massive offshore facility and comprises two parts: a platform and an
offshore drilling system installed on the platform, as shown in Figure 2. One of the main
functions of the offshore drilling system is to drill a hole in the seabed, which requires
several sub-systems, including a drill string composed of steel pipes and a drill bit to dig
the hole, as well as a hoisting system to raise and lower the drill string in and out of the
hole. However, the semi-submersible moves owing to the effect of waves. The horizontal
motions of the semi-submersible can be controlled by its mooring and dynamic positioning
system, in contrast to the vertical motion. Therefore, a heave compensation system is
required to keep the drill string stationary and unaffected by the heave motion. However,
the motion and efficiency of the heave compensation system need to be evaluated with
dynamic response analysis before applying it in offshore drilling operations. In this study,
we aimed to develop a multibody dynamics kernel to perform dynamic response analysis
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and control of the heave compensation system of an offshore drilling rig by simulating the
drilling operations under various wave loads.

Hoisting. System

Figure 1. Various types of mechanical systems in the shipbuilding industry; (a) goliath crane; (b) floating crane; and (c)

offshore drilling rig.

Hoisting_System

e

Figure 2. Offshore drilling rig and hoisting system.

2. Related Works
2.1. Multibody Dynamics Kernels

Automatic dynamic analysis of mechanical systems (ADAMS) is a bundled soft-
ware that comprises various integrated programs that aid engineers in performing three-
dimensional kinematic and dynamic analyses of mechanical systems [1,2]. ADAMS gener-
ates equations of motion for multibody systems using augmented formulation. The users
can define any multibody system comprising several rigid and flexible bodies intercon-
nected by joints. ADAMS supplies various types of joints, such as fixed, revolute, and spher-
ical. Various external forces can also be applied to the multibody systems; however,
ADAMS cannot handle hydrostatic and hydrodynamic forces, which are the dominant
forces exerted on the floating platform. Open dynamics engine (ODE) is an open-source
library for simulating multibody dynamics [3]. Similar to ADAMS, ODE derives equations
of motion for multibody systems using augmented formulation. However, ODE can treat
only rigid bodies and not flexible ones. Moreover, ODE also cannot handle hydrostatic and
hydrodynamic forces.

RecurDyn is a three-dimensional simulation software that combines dynamic response
analysis and finite element analysis tools for multibody systems [4]. It is 2-20 times faster
than other dynamic solutions due to its advanced fully recursive formulation. Simscape
Multibody also supports multibody modeling. It is a module integrated in Matlab Simulink,
and it is very convenient to use. However, although various joints and external forces
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can also be applied to the multibody systems, RecurDyn and Simscape cannot handle
hydrostatic and hydrodynamic forces.

The hydrostatic force and hydrodynamic force can be calculated by considering the
shape and motion of the semi-sub based on potential theory. For this calculation, it is
usually necessary to use dedicated software, but it is not easy to integrate the software
for with a commercial dynamics program. Therefore, we developed a dynamics kernel
for the dynamic analysis of offshore structures such as a semi-submersible drilling rig or
drillship. The equations of motion for multibody systems were derived using recursive
formulation. Moreover, the external force calculation module can generate hydrostatic
force by considering the nonlinear effects and linearized hydrodynamic force as external
forces. Table 1 shows the features of the different dynamics kernels that were compared in
this study.

Table 1. Comparison of features of the developed dynamics kernel in this study with commercial
dynamics kernels.

This Study ADAMS RecurDyn
Multibody Recursive Augmented Recursive
formulation formulation formulation formulation
Various joints O o @)
Flexible body X o (@)
Hydrostatic force A A A
Linearized A A A

hydrodynamic force

(O: Supported; A: The hydrostatic and hydrodynamic force can be only interfaced by the developer of the
dynamics kernel, X: Not supported).

2.2. Dynamic Response Analysis of a Heave Compensation System

There have been several studies related to heave compensation systems. As shown
in Table 2, simulations of DSC were performed in all papers except Do’s [5]. However,
most studies considered the heave compensation system as a mass spring—damper system
or lumped mass system. Only Beutlich’s study modeled the DSC system as multibody
system [6]. However, Beutlich’s study did not treat the hydrostatic force, and hydrodynamic
force. Therefore, in this study, a multibody dynamics kernel was developed and used for
the dynamic analysis of the system and the hydrostatic and hydrodynamic forces were
considered as an external force.

Table 2. Comparison of the features of this study with those of other studies.

This Research Albers [7] Hatleskog [8] Do [5] Lumeng[9] Beutlich [6]
DSC for DSC for DSC for offshore AHC for DSC for DSC for
Object offshore offshore drilline ri offshore offshore offshore
drilling rig drilling rig &118 drilling rig drilling rig  drilling rig
ing— ne— o Lumped
Equation of motion Multibody dMass P rlr;g dMass sprlr}cg dl\;[fr?s Spring mass Multibody
amper system amper system persystem . 4od
External force .
exerted on Hy?;scs;catlc o
platform ’, X * X * X * (Physical X*
(*: forced hydr(f)dynarmc test bed)
External  oscillation) orce
force .
Spring @) @) (@) (@) @) @)
DSC control  [mplementation Constant Acti
force of the spring Pneumatic co?eri}ﬁscigt Pneumatic co;g‘,cfl Pneumatic ~ Pneumatic

mechanism
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3. Heave Compensation System Equipment
3.1. Configuration of an Offshore Drilling System

The primary function of the offshore drilling system of the offshore drilling rig is to
drill a hole in the seabed, which requires multiple pieces of equipment. The equipment
systems used in drilling a hole include six main categories: the hoisting system, heave com-
pensation system, pipe handling system, BOP and X-mas tree handling system, circulation
system, and power system, as shown in Figure 3.

ffshore —~
Drilling System /

Heave Compensation | 7
System

Hoisting System _|

Y S

1
/
X-Mas Tree Handling System| "=’

Figure 3. Six main categories of equipment systems on an offshore drilling system.

Among these main categories, we focused on the heave compensation system in
this study. In the following subsection, the heave compensation system is explained in
detail [10].

3.2. Components of a Heave Compensation System

The heave compensation system is composed of a drill string compensator (DSC) and
an active heave compensator (AHC), as shown in Figure 4.

The DSC is a passive heave compensator, mounted on top of the hoisting system,
to minimize the effects of the drill rig heave on the drill string. In this paper, we modeled
and analyzed “drill string compensator” from “Aker solutions”. The DSC supports the
weight of the drill string, which comprises 1200-m steel pipes and a drill bit.

As pneumatic and hydraulic systems are capable of transmitting a large amount
of power, the DSC employs a combined pneumatic and hydraulic system that acts as a
low-ware spring using air pressure, which is controlled to vary the load.

The side and front views of the DSC are shown in Figure 5. The side view shows two
inclined cylinders that support the crown block connected to the drill string. The DSC also
has two mounted rocker arms to support four-wire sheaves.
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Figure 4. Components of a heave compensation system.

Side View
ﬁ“

Side View Front View

Crown

/ block

Two rocker
X arms
Inclined Inclined
cylinder cylinder
Drill Drill
string string
Figure 5. Side and front views of the drill string compensator.

The compensator and the suspended load, including the crown block and the drill
string, may be considered a spring-mass system. At this moment, the DSC can be regarded
as a pneumatic spring. This is achieved by suspending the crown block from a large piston
in the cylinder connected to a high-pressure air pressure vessel (APV). The volume of the

air can be increased or decreased to alter the spring rate. Moreover, the mean pressure of
the air is controlled to vary the load that can be supported [6].
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As shown in Figure 6a,b, using inclined cylinders, the force in the direction of the cylin-
ders changes depending on the heave. Furthermore, as shown in Figure 6c,d, the rocker
arms allow a full stroke of the compensator with a constant length of the wireline within the
system. The rocker arm sheaves are equipped with a wire guide to prevent wire derailing.
Therefore, the DSC provides stable positions for the crown block and the drill string in
reference to the seabed.

/

Two inclined
cylinders

(@)

make the crown block
to remain stationary

Side View Front View

make the crown block
to remain stationary

7

Two rocker
arms

Two rocker
arms

)
- -ﬁ“wo inclined
cylinders

gy

(b) (c) (d)

Figure 6. The operating mechanism of the drill string compensator.

However, because of the DSC seal friction between the inner wall and the cylinder’s
piston, which tends to enforce the heave disturbance, an AHC is additionally required
to overcome the disturbance. However, in ideal conditions, the DSC can support most
of the loads. The efficiency of the heave compensation system is more than 95% for any
ship motion.

The explained heave compensation system is a collection of rigid bodies intercon-
nected with various joints that limit the relative motion of pairs of bodies. It can be
considered a multibody system. Because the mechanism of the heave compensation system
is not simple, their body connections should be modeled precisely for accurate simulation.
Therefore, a multibody dynamics kernel was developed in this study for the dynamic
analysis of the system.

4. Multibody Dynamics Based on Recursive Formulation

In this section, we describe the developed multibody dynamics kernel based on
recursive formulation.

4.1. Forward and Inverse Dynamics

The dynamics of a rigid-body system can be described by the equations of motion,
which specify the relationship between the forces acting on the system and the accelerations
produced. In this section, we focus on the algorithms for the following two particular
calculations.

- Forward dynamics: The calculation of the acceleration response of a given rigid-body
system to a given applied force;
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- Inverse dynamics: The calculation of the force that must be applied to a given rigid-
body system to produce a given acceleration response.

Both forward and inverse dynamics are implemented using recursive formulas for the
simulation [11]. The equations of motion for each body of the multibody system based on
recursive formula can be summarized as below.

0= i'Xi 101+ Si-q; )
8 = ' X;_1-8;_1 + Si-; + Si-q; + 6; X SieGy @
fi=fP+iX; 0 fia = f7 )

where:

0;: Velocity vector of body i (six components);

4;: Acceleration vector of body i (six components);

g;: Generalized coordinate (joint values);

St Velocity transformation matrix;

I;: Mass and mass moment of inertia of body i;

fiB : Resultant force exerted on body i;

ff”: External force exerted on body i;

fi: Force across the joint i;

7;: Force generated by joint i (generalized force);

i'X;_1: Coordinate transformation matrix.

In inverse dynamics, as the positions g;, velocities g;, and accelerations g, of general-
ized coordinates are provided, the velocities 9; and accelerations 4; of each body can be
computed. Furthermore, the forces f; and the generalized forces 7;, which are exerted on
each link, can also be computed in a recursive fashion [11,12].

Equations (1)—(5) can be rearranged into Equations (6)—(9), which are the equations of
motion for the forward dynamics of the multibody system based on recursive formulation.

8 = ' X181+ Si-d; + ¢ (6)
i, = (sTI/s:) - (v = ST (1 (i Xiadia + i) +p1')) @)

. . -1 .
FfFA _ 7. *  FA il ciyx fA o (T A q. T FA itly
[ =1+ Xy L 1 X = 0 X( [ Siva (5i+11i+151+1) Siplia ™ Xi - (8)

. . . . . . -1
pit = pi X pl X T e+ X TS (SiT-i-llfklsi-‘rl) (Ti+1 -5l <1£1Ci+1pﬁ+1>) 9

where: .
¢i = Si-q; + 0i X Si-q; (10)
pi = 0; x I;-9; — fext (11)

1

The multibody dynamics kernel was developed based on the equations of motion for
the forward and inverse dynamics. Equations (6)—(11) are used to calculate the acceleration
of the multibody when an external force is applied. Numerical integration was performed
to calculate position and velocity by integrating acceleration, and the RK4 (Runge-Kutta
fourth order) method was used for it.
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4.2. Verification of the Dynamics Kernel

We used a test model to verify the developed dynamics kernel with the dynamic
codes developed in the 1980s. As shown in Figure 7, the test model was a multibody
system comprising eight bodies and ten revolute joints. Additionally, the system had three
closed loops.

o
\/

Figure 7. Generalized coordinates  and v of the multibody system.

The position, velocity, and acceleration of the generalized coordinates § and v illus-
trated in Figure 8 were compared with those obtained from [2]. As shown in Figure 8§,
our simulation results matched highly with the reference data, and it shows the same level
of calculation performance as the module developed in other papers.

B B 14 y

[rad] [rad/s] [rad] frad/s]
Reference .
T T [S] [S] T T T T T [S] [S]
[rad] [rad/s]
| 1 1
D AWA
eveloped [\ 1
Kernel \ ch :czs\:cz[ c:z\\ c}z
1 \Vl \[ ]
TR i \IIS]

Figure 8. Simulation results of the position and velocity of the generalized coordinates f and 7y compared with those

obtained from reference.
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5. Construction of Mathematical Model
5.1. Mechanical Configuration of the Hoisting and Compensation System

The mechanical configuration of the hoisting and heave compensation system com-
prises bodies and joints. The bodies are considered rigid bodies that are interconnected
with several types of joints. The types of joints that are used to construct the hoisting and
heave compensation system are as follows.

- Fixed joint: A joint that can fix one body to another; this joint has a zero degree
of freedom;

- Revolute joint: A joint that can rotate around one axis; this joint has one degree
of freedom;

- Slide joint: A joint that can translate along one axis; this joint has one degree
of freedom.

Figure 9 shows the @ DSC, () top drive, and (7) AHC in detail. The DSC comprises
eight bodies, and the top drive and AHC comprise two bodies each.

The DSC contains two cylinders (@-(1)~(4)) and two rocker arms (@-(5)~(8)). In the
side view shown in Figure 9, the cylindrical tubes 2)-(1) and 2)-(3) are connected to the 2
drilling structure (derrick) with revolute joints and the cylindrical rods (@-(2) and @-(4))
with slide joints. The ends of the cylindrical rods are connected to the () crown block
with revolute joints. The front view shows that the two rocker arms contain two links
each. The bottom ends of the links (2)-(5) and (2)-(7)) are connected to the (1) derrick with
revolute joints, and the other ends are connected to links 2)-(6) and (2-(8) with revolute
joints. Links @-(6) and (2)-(8) are also connected to the 3 crown block with revolute joints.

Side View Front View

: Fixed joint

@ O Revolute joint

<« : Slide joint
m——: \\ire rope

Figure 9. Mechanical configuration of the heave compensation system.

The tube of the AHC (?)-(1) is connected to the derrick with a fixed joint and to the
rod )-(2) with a slide joint. The other end of the rod (?)-(2) is connected to the crown block
with a fixed joint.

5.2. Pneumatic and Hydraulic Control of the Heave Compensator

The heave compensation system uses pneumatic and hydraulic systems, which are
suitable for transmitting a large amount of power over great distances.
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The DSC is a combined pneumatic and hydraulic system that acts as a low-rate spring
using air pressure, which is controlled to vary the load that can be supported. Therefore, it is
called a passive heave compensator. The DSC mainly comprises the cylinder, accumulator,
and APV. The AHC is the hydraulic system that is used to compensate for the seal friction
of the DSC to maintain the stationary position of the crown block. In this study, we focused
on the effect of the volume of the APV, which is one of the DSC components [13].

For the pneumatic and hydraulic control model design, the research of McNary [14]
was referred to. This research shows that the normal schematic of the pneumatic and
hydraulic control model consists of APVs, accumulators, cylinders, drain, isolation valves,
ventilation valves, etc.

However, we simplified the schematic diagram as shown in Figure 10, because the
essential components are the APVs, accumulators, and cylinders in the pneumatic and
hydraulic control model.

Ye
mc 0

Crown Block:

Accumulator
(medium separator)

L

| Piston of the pG

IC__]|| cvtinaer Ll |7,

Piston of the >}

— P, accumulator  [XA Z;I\ )
a il L

<— Cylinder 4

—P
—P
—P
—P
—>P

\ J

[

Air Pressure Vessel

Figure 10. Simplified pneumatic and hydraulic control model.

In Figure 10, pg and p|, are the pressure values of the gas and oil, respectively, V;; is
the volume of the gas, A is the area of the piston, y¢ is the position of the crown block,
and y, is the piston’s position. As the crown block pushes the cylinder piston downwards,
the air volume reduces, and pressure increases until the increase in the pressure balances
the load. Conversely, as the piston moves upwards, the total volume increases, effectively
reducing the pressure until the decrease in the pressure balances the load. In any continuous
compression process, the relationship between the absolute gas pressure p; and the gas
volume V; is expressed by the following equation using the polytropic coefficient 7.

¢ V& = Const. (12)
Jelde

Fpsc = Ac'pg (13)

By using these two equations, the equation for calculating pneumatic force can be
derived as follows.

Ve, !
Fpse = Acvco . 14
psc = Actpen (VG,O +Ac-(yc —vp) > ()

For the initial values of the gas volume and pressure pg o and Vg, the data of the
DSC from Daewoo Shipbuilding & Marine Engineering is referred to [15].



J. Mar. Sci. Eng. 2021, 9, 965 11 of 18

5.3. Construction of Equations of Motion for the Heave Compensation System

As explained in the previous section, the heave compensation system comprises many
mechanical parts such as inclined cylinders and rocker arms, interconnected by various
types of joints, as shown in Figure 11.

A

of i I\ 1

J N 11
(1 i

i 10 |

1 s

J8 de )10

Figure 11. Joints and coordinate systems of heave compensation system.

In this study, the heave compensation system was modeled as 11 rigid bodies and
15 joints. Therefore, after including the semi-submersible and the hoisting tower, the so-
called “derrick” the whole system was modeled as 13 rigid bodies and 17 joints. The drill
string was modeled assuming a 12,000-m drill pipe, 200-m heavily walled drill pipe,
and 100-m drill collar [16].

For simulating the external forces, the hydrostatic force, hydrodynamic force, and con-
trol force were considered. In contrast with the commercially available dynamics kernels,
the kernel developed in this study can handle both hydrostatic and hydrodynamic forces.
The hydrostatic force of the semi-submersible was calculated by considering an instanta-
neous position and orientation. The linearized hydrodynamic force was converted from
the frequency domain to the time domain with convolution integral. The “added mass”
and “damping coefficient” of semi-submersible in the frequency domain were calculated
using WADAM, a commercial software [17].

6. Dynamic Analysis of the Heave Compensation System

For the numerical simulation, the horizontal motions were assumed to be controlled
by the mooring and dynamic positioning system. In addition, a set of waves with an
amplitude of 4 m, a period of 10 s, and a wavelength of 156 m was applied. Figure 12
shows the results of the geometrical modeling.
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Figure 12. Visualization of the dynamic response of the heave compensation system.

Figures 13-16 show the dynamic responses of the semi-submersible and crown block.
The simulation results show that the amplitude of the heave motion of the crown block
is between 0.0049 and 0.0389 m, and that of the semi-submersible is between 0.1491 and
1.1931 m. Thus, the efficiency of the heave compensation system was approximately

96.7%, which is similar to the 95% performance efficiency generally observed for these
compensation systems.
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Figure 13. Dynamic response analyses of the semi-submersible and crown block with the heave
compensation system for a 1-m wave amplitude.
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Figure 15. Dynamic response analyses of the semi-submersible and crown block with the heave

compensation system for a 4-m wave amplitude.

After developing the simulation system, a parametric study was also performed,

and the results can be utilized to design the pneumatic

system of the heave compensation

system. For the parametric study, waves with a period of 10 s, a wavelength of 156 m,
and an amplitude of 3 m were applied for varying volumes of the APV. The results of the
simulation are as follows. In Figure 21, since the force exerted by the heave compensation
system and gravity are almost in equilibrium, irregular motion independent of the semi-sub

periodic motion was observed.
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compensation system for an 8-m wave amplitude.

The efficiency of the DSC is the ratio of the maximum amplitude of the semi-sub to
the maximum amplitude of the crown block measured in Figures 17-21. As shown in

Figure 22, 1.0 of APV volume was provided initially from the shipyard itself.
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Figure 17. Heave motions of the semi-submersible and crown block for a 16.550 x 1.0-m?® APV.
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Figure 21. Heave motions of the semi-submersible and crown block for a 16.550 x 1.8-m> APV.

The larger the APV volume, the higher is the efficiency of the DSC. When the volume
reaches Vo X 1.8 L, the state of the crown block becomes neutral and its restoring force
disappears, so it can be considered dangerous. From the above results, we can confirm that
the results of the simulation based on multibody dynamics can be utilized for determining
the limit and optimum value of the APV volume.
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Figure 22. Configuration of the DSC simulation model.

7. Conclusions

In this study, dynamic response analysis and control of a simulated hoisting and
heave compensation system used on an offshore drilling rig during drilling operations
was performed under various wave loads. For modeling the heave compensation system,
a multibody dynamics kernel was developed, and pneumatic force was implemented for
the DSC. According to the simulation results, the amplitude of the heave motion of the
crown block was between 0.0049 and 0.0389 m, and that of the semi-submersible was
between 0.1491 and 1.1931 m, which means that the efficiency of the heave compensation
system was approximately 96.7%. A parametric study was also conducted using the
developed simulation techniques, and the results of the simulation can be utilized for
determining the limit and optimum value of the volume of the APV.
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