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RESEARCH ARTICLE

Sensitive Analysis of the Static Response of
Compliant Vertical Access Risers

Fuheng Li, Haiyan Guo*, Xiaomin Li, Honglu Gu

College of Engineering, Ocean University of China, Qingdao, 266100, China

Abstract:

Compliant vertical access risers (CVARSs) are considered as efficient and robust alternative options to achieve cost
efficiency and safety. Design uncertainties emerge owing to the limited understanding of the effects of various pa-
rameters related to the structural properties and marine loads. In this paper, a reasonable three-dimensional (3D) nu-
merical model of CVAR with internal flow is presented based on the slender rod theory. Accordingly, the finite element
method combined with a Newton—Raphson scheme is employed to discretize and solve equations. A sensitivity analysis
is performed to investigate the influence of the structural and external load parameters on the static behavior of the
CVAR. The effects of the weight and length of the respective functional segments with unchanged wet weight are
analyzed and compared. The results indicate that the lengths of the buoyancy and weight segments affect not only the
bending moment extremums and effective tension of the CVAR but also the extremum locations of the bending
moment. Moreover, an increase in the weight per unit length of these segments leads to an increase in the bending
moment extremums of the CVAR. The overall deformation of the CVAR is sensitive to current velocity along the y-
direction. However, large tension and bending moment responses are easily provoked by the current velocity along the
x-direction. This is also true for the tension and bending moment in the riser induced by the vessel motion along the x-
direction.

Keywords: Compliant vertical access riser, Slender rod theory, Sensitive analysis, Structural parameters, Marine loads

1. Introduction buoyancy modules are issues encountered with
steel lazy wave risers (SLWRs) in deep waters [25].
Hence, a new form of riser is urgently required.
The concept of CVAR was first proposed by [19];
. . . as shown in Fig. 1. It is a lower-tension compliant
types: top tensioned risers (TTRs), flexible  yiger for production activities in deep and ultra-deep
risers (FRs), hybrid risers (HRs), and steel catenary  aters that characterized by its differentiated ge-
risers (SCRs). However, as energy exploration and ometry, which is attributed to a buoyancy module at
production extend to increasingly deeper waters,  he Jower parts of the riser and an additional weight
TTRs will no longer be applicable, and FRs are  gegment in its upper region [16]. A critical feature is
incapable of high temperature and pressure fields  th,¢ the transition region results in a substantial
due to their manufacturing technique [2]. HRs are  riser motion decoupling between the top and lower
vulnerable to severe fatigue damage at the connec-  pars. Moreover, the almost vertical configuration
tion joints from towing to installation [23], and SCRs  gtate of both ends under this type of arrangement
present high hang-off tension levels as the sus-  ontributes to the fatigue life. More importantly,
pended length increases [21]. Furthermore, higher — cyaR systems allow direct intervention procedures
cost and larger fluid forces induced by long 5 the well head, and the workover can be

ffshore risers are usually of the following
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Fig. 1. Schematic of a CVAR [15].

performed from the production platform without
hiring specific units, which means that these sys-
tems are economically desirable. Thus, a novel
CVAR configuration riser can be regarded as a
reliable, robust, and reasonable selection that takes
cost savings and safety risk into consideration.

[1] used Flexcom-3D to analyze the dynamic
response and fatigue life of CVAR under top-end
motion [6]. used a commercial software to investi-
gate the VIV damage and vessel-induced extreme
response of CVAR. Although accurate results of the
numerical simulation can be obtained by using
commercial software, such as OrcaFlex, Flexcom-
3D, and Riflex, it is time-consuming to establish a
numerical model and process the results using a
cumbersome graphical user interface. Generally,
these software programs are employed in the final
stage of riser design for accurate results [11,15]).
Engineers tend to wuse convenient simulation
methods for the intermediate stages of riser design
to quickly adjust the riser parameters [27]. utilized
the design of experiment (DOE) method to establish
an approximate model, and performed simple
weight optimization for CVAR [16,17]. studied the
optimal solution of the CVAR dynamic response
under top-end motion using the same method.
However, the effects of the structural parameters
require further study [13—15]. used virtual work and
variational principles to perform a relatively
comprehensive analysis of the structural optimiza-
tion, static response, and dynamic response of the
CVAR. However, only a simple static analysis of the
effect of the buoyancy module parameters in the
transition region was performed, and the influences

of other parameters, such as the buoyancy module
in the lower region and the weight segment in the
upper region, were neglected. Therefore, it can be
concluded from the above literature review that
there is a lack of systematic study of CVAR, partic-
ularly for its static analysis, which seriously restricts
the progress of design and application. Thus,
sensitivity analyses should be performed to examine
the influence of structural parameters, and the dif-
ferences in the effects of the buoyancy factor (weight
factor) and length of functional segments need to be
clarified. An understanding of the CVAR response
should also be facilitated when subjected to ocean
current and vessel offsets.

This study investigates the effects of structural
and load parameters on the static behavior of a
CVAR. Critical innovation emphasizes the compar-
ison between the length and the factor of the func-
tional segments, which is different from other
literature with respect to parameter sensitivity
analysis. The numerical scheme of CVAR is pro-
posed by the slender rod theory, which describes
the behavior of risers in terms of the centerline
position [9,18]. The key benefit is that the geomet-
rical nonlinearity of CVAR can be solved effectively,
and the calculation efficiency is improved by
avoiding the tedious process of the traditional finite
element method. Evidently, the static and dynamic
behaviors of marine risers can be simulated
considerably well using this theory [4,22]. Morison's
equation was used to calculate the hydrostatic and
hydrodynamic loads acting on the riser. The finite
element method was employed to discretize the
governing equations. The static responses were
evaluated using numerical integration based on the
Newton—Raphson method with iteration. The
sensitivity of the riser configuration, effective ten-
sion and bending moment to the structural param-
eters (i.e,, buoyancy modules and weight segment)
and external loading (i.e, external current and
vessel offset) are discussed to broaden the under-
standing of CVARs.

2. Mathematical model and numerical method

2.1. Slender rod theory

The riser configuration is described by the posi-
tion of the rod centerline r(s, t), as shown in Fig. 2.
Accordingly, the buoyancy modules of the func-
tional segments are approximated as a single riser
with equivalent axial and flexural stiffness for a
convenient simulation. Based on the conservation of
linear momentum, the equation of motion rod can
be expressed as follows.
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Fig. 2. Diagram of slender rod coordinate [9].
—(EIY') + () +q= (p, +my)§ (1)

where, EI denotes the bending stiffness; A = T — EIx?,
T represents the wall tension of rod; p, indicates the
mass per unit length; m; corresponds to the inflow
mass per unit length; q signifies the applied force on
the riser's per unit length, which can be given as
follows:

q=w+F +F (2)

where, w denotes the gravitational force, F* denotes
the hydrostatic force, and F indicates the hydro-
dynamic force. Accordingly, F° can be expressed as
follows:

FS =B + (PresIJ)/ <3)

where, B denotes the buoyancy force per unit length
of the riser, and Py.; denotes the pressure difference
between the inside and outside of the tube. More-
over, the effect of the internal flow is identified and
quantified by the plug flow term [3], and the force
induced by the internal flow on the riser can be
written as follows:
0%r o’r 0%r

f(s,t)= —my (at2+20@+02@) (4)

where the first, second, and third terms are the in-
ertial force, Coriolis, and centrifugal forces, respec-
tively, whereas v signifies the inflow velocity.
Finally, by substituting Eqs. (2)—(4) into Eq. (1),
the riser's governing equation can be obtained as:

)Y=w (5

where Cy = C,p, ™2~ 4 A= T+ Pps— EIx? = T,—
EI?3, T, = T+ PoAo — piAi, and W = w + B denote

(p, + mf)f+ Caty, + 2myvr + (EIr”) —

effective gravity. 1, indicates the normal accelera-
tion of a rod. The corresponding elongation formula
can be expressed by considering that the rod is
extensible with linear and small stretches as follows:

X — pvo + piAi + i’l’lf'U2

(¥-r-1)— EA

=0 6)

N[ =

where p; and py denote the pressures inside and
outside the riser, respectively, and A; and Ay
represent the area inside and outside the riser,
respectively.

2.2. Finite element discretization

A finite element method (FEM) was used to dis-
cretize the entire slender structure into a set of
collocation nodes. The physical variables were
interpolated according on the nodal values and the
shape function with the elements [5].

The governing equation and deformation condi-
tion can be written in the tensor form as follows:

— (,0 + mf)rl — CAT.".in — mevrlf — (Elrl- ) ” + (Ir/)/ —‘rwl =0
(7)

1 , }—p()A() +piAi + mv?

5 =1) - A =0 ®)

The variables 7;(s,t) and A(s,t) inside each
element can be approximately expressed as follows:

4

ri(s,t) = ZA, (s)Uy(t) 9)

=1

3

;(S,t) = me(s)im(t) (10)

m

where, Aj(s) and Py(s) represent the cubic and
quadratic Hermite functions respectively, [ =
1,2,3,4, m = 1,23, 0<s<L; Uy(t) denote the
vectors of position and tangent, ,(f) represent
the vectors of effective tension. Accordingly, the
expressions for A;(s) and P,(s) are as follows:

A(s)=1-3x (s/L)*+2x (s/L)’

Ax(s) =L|(5/L) 2 (5/L)" + (5/1)') 1
As(s) =3 x (s/L)* =2 x (s/L)’ (11)
Ay(s) =L] = (/1) + (/L))

Py(s) =13 x (s/L)+2 x (s/L)*

Py(s) =4 x (s/L)[1 — (s/L)] (12)
P3(s) = (s/L)[2(s/L) — 1]
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The final equations can be given as follows:

(M M ) U+ Cy U (Kb Ry U — Fa =0

(13)

Gm :Amilukiukl - Bm + Cmn (hn _En) =0 (14)
L

where, M= [y (p+ mpAAdds,  Kiy =

noan

fo EIA A yds, K3 m]lk = foL P,AjAbyds,
Méy = Calfy AAwyds —  (fy AALALAds) Uy U],
1,i=j
hn = AoPoy — AiPy — mfnvzr 0= {0 i:;’

Con = 14 fo P,,P,ds, Iﬂk = fo 2msvAjAidiids. The
variables i and j are 1, 2, and 3 for the 3-D scenario,
the subscripts of [, k, s, and t are 1, 2, 3, and 4,
respectively, and m and n are 1, 2, and 3,
respectively.

2.3. Static solutions

For the static case, the inertial force was excluded.
Hence, the governing equation can be modified as
follows:

Ril == (Kl]lk + A Kn]llk) u Fil - 0 (15)

Gm =AUy — B, + Cmn(hn - In) =0 (16)

To perform the static response analysis, the
Newton—Raphson method was used to solve the
FEM equations in the following manner:

OR; OR;
R(n+l):R('n) il A il A 17
il il +6LI] ( ll]k) ax ( ) 0 ( )
0G,, 0G,
(1) — GIm 1 (A "(Ad,) = 1
G, =G, +6U]k( u; ) o, —(AX,)=0 (18)

Subsequently, the matrix forms of Egs. (16) and
(17) can be obtained as follows:

t0(n) t1(n n

K Kih(\ ) Al —REZ )
—{ (19)

pi | | A, _Gm

t0(n) 0
ijk + Dmiln)

Table 1. Physical properties of the steep wave riser.

tl(n) _
Kilnn - m]lku

0(
%fOPP dst]k =

Kzt]%n) = KlszF A )Klzjlk’
(JEPALA, 61]ds) - -

fO PnAkApdS = AoPon —

f0(n) _ aG
Dy’ = a'ﬁjk" *aukcmn(AoPon

R< = = (K + A"Klzjlk)u;l:l) — Fu,

Gﬁrr:) = milul((?)ul(:;) — B+ Cmn(hn - A("))_

n
The static responses of the CVAR were calculated

using MATLAB (R2019b).

AiPin — TYIfU ,
- AiPin

— mfvz),

3. Model validation

The static response of a steep wave riser was
predicted based on the slender rod theory and then
compared with Orcaflex to check the applicability of
the proposed model. The detailed parameters of this
riser were described by [12] and are listed in Table 1.
Fig. 3 presents comparisons of the static configura-
tion, bending moment, and effective tension be-
tween both methods. It can be observed that the
curves given by the model and Orcaflex conform
with each other, which demonstrates the feasibility
and accuracy of the present theory in resolving the
static behavior of marine risers.

4. Results and discussion

Numerous analyses were performed to investigate
the static response of the CVAR. The main objective
is to investigate the influence of the buoyancy
modules and weight segment. Accordingly, the ef-
fect of the weight per unit length and length for the
functional segments are studied comparatively, with
the wet weight remaining unchanged. Additionally,
the effects of ocean current and vessel offset on the
static behavior of the CVAR are also considered.
The CVAR parameters are listed in Table 2

4.1. The effect of structural parameters

The effect of the initial positions of the buoyancy
module were demonstrated by [13]; therefore, that
discussion is excluded in this subsection. A first-
order factor involving the ratio of wet weight per
unit length of the functional segment and bare riser

Properties Value Properties Value
Horizontal distance (m) 1200 Outer diameter of the bare riser (m) 0.35
Water depth (m) 1200 Outer diameter of the buoyancy (m) 0.85
Upper region length (m) 1300 Inner diameter of the riser (m) 0.30
Buoyancy region length (m) 600 Axial stiffness (N) 5.0e9
Lower region length (m) 300 Bending stiffness (N-m?) 6.3e7
Internal fluid density (kg/m3) 900 Riser material density (kg/m3) 7850
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Fig. 3. Comparisons of static response. (a) Configuration; (b) effective tension; (c) bending moment.

Table 2. Physical properties of the CVAR for the basic case.

Properties Symbol Value Properties Symbol Value
Horizontal distance (m) XL 585 Current velocity (m/s) V. 0
Water depth (m) Yu 2435 Lower region length (m) L; 310
Outer diameter of the riser (m) D 0.35 Buoyancy length in lower part (m) Ly, 190
Axial stiffness (N) EA 5.36e9 Buoyancy factor in lower part Cp 5
Bending stiffness (N-m? EI 7.12e7 Transition region length (m) Ly 420
Riser material density (kg/m®) pr 7850 Transition buoyancy factor Cu 1.6
Internal fluid density (kg/m3) pi 900 Gravity length (m) Lig 100
Internal fluid velocity (m/s) v 0 Gravity factor Cp -15
Offset distances along the y-direction (m) YL 0 Upper region length (m) L, 1780

was introduced to evaluate the additional force
effect:

Cr= —W;/W (20)

where, W; signifies the wet weight per unit length of
the functional modules and W denotes the wet
weight per unit length of the bare riser.

4.1.1. Sensitive to buoyancy module in lower region
The objective of the buoyancy module in the
lower region is to maintain the vertical state of the
bottom parts, which determines the operational
advantage. The effects of the length and factors of
this buoyancy module are investigated in detail.
Fig. 4 presents the configuration, bending
moment, and effective tension along the CVAR for

four different lengths of the buoyancy module.
Evidently, it can be observed that the overall static
configuration almost coincides in four cases, and the
bending moment distribution exhibits little varia-
tion. Only the bending moment extremum near the
bottom end changes position, and there is a phe-
nomenon where its variation value is the same as
that of the buoyancy segment's length. Accordingly,
the effective tension in the bottom end grows
significantly following the increase of the buoyancy
force. The above results indicate that the length of
the buoyancy module primarily has an effect on the
static response of the lower region, particularly for
the bottom tension, whereas it hardly influences the
transition and upper regions. Fig. 5 presents the
effect of buoyancy factor on the mechanical prop-
erties of the CVAR. Accordingly, the lower and

0 (@) 800 ® 4000 ©
——17,,=190m 765m ——1,=190m| ——17,,=190m
—— L, =225m 2 — L, =225m _ ——L,,=225m
2 Ly, =265m i 2”» = igzm zZ L, =265m
= ——°L, =305m = k| =1 ——L, =305m
g -1200 - - S 400 80 5m 45m 85m 120m 2 2000 = :
15} Q 172} 1733
A g 5 1256
= STV
""""" 0 50 100 150
2435 0 0
2500 0 500 1000 0 1000 2000 3000 0 1000 2000 3000

Horizontal distance(m)

Arc length(m)

Arc length(m)

Fig. 4. Static responses of the CVAR with different lengths of the buoyancy module. (a) configuration. (b) bending moment. (c) effective tension.
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Fig. 5. Static responses of the CVAR with different factors of the buoyancy module. (a) configuration. (b) bending moment. (c) effective tension.

transition regions move along the -x direction
slightly with increasing buoyancy factors. The
bending point between both regions is more
obvious, which leads to an increment in the bending
moment at 300 m. However, the opposite is true for
the bending moment at the arch and sag bend. It is
primarily because the radius of curvature decreases
at both bend points due to variation of configura-
tion. As expected, the bottom tension increases
remarkably. Moreover, the slope in effective tension
of the buoyancy module also varies. Evidently, Fig. 4
and Fig. 5 show that the bottom tension is more
sensitive to the length of the buoyancy module due
to the shortening in the length of the bare riser.
Hence, the bottom end sustains a relatively low-
level tension by adjusting the buoyancy factor,
although the extremum of bending moment in-
creases slightly.

4.1.2. Sensitive to buoyancy module in transition
region

The buoyancy segment in the transition region is
one of the determining factors for the CVAR
configuration and plays a critical role in isolating
movement from the top end. The influence of the
buoyancy module length and factor on the static
response is analyzed.

Fig. 6 depicts the influence of the buoyancy
module's length on the configuration, bending

moment and effective tension along the CVAR. The
configuration appears as the approximate horizontal
segment uplifts with increasing buoyancy force.
Consequently, the bending moment of arch and sag
bend increases, moving their locations in the dis-
tance same as the variation of length. However, the
trend of the bending moment at 300 m is opposite,
and the reason is that the riser part close to this
point becomes more compliant. Meanwhile, the
bottom tension increases with increasing the buoy-
ancy lengths, whereas a decreasing trend occurs in
the top tension. It is primarily because the reduced
gravity of the upper region (108 kN, 98 kN, 98 kN)
results in the decline of the top tension (98 kN,
84 kN, and 84 kN). Therefore, it can be concluded
that the length of the buoyancy module has a rela-
tively significant influence on the lower and transi-
tion regions. The effects of buoyancy factors on the
mechanical behaviors of the CVAR are illustrated in
Fig. 7. Accordingly, most regions vary slightly as the
buoyancy force per unit length increases. The
bending moment at the arch bend increases signif-
icantly; however, it grows slightly at the sag bend.
The result can be explained that the arch bend
section is primarily composed of a buoyancy mod-
ule, and it is easily affected by the variation of
buoyancy force. Additionally, the bending moment
at 300 m decreases, and the reason is the same as the
mentioned above from Fig. 6. An increment in the

0 @) 800 ©) 4000 ©
—— L, =315m 7200 Som ——L,=315m
——L,,=370m | aoso| =5\ —— L,,=370m
g £y = 420m E T — ) é L= 420m
g -1200——L;, = 470m E 400 ‘ § 2000{——2L,=470m .
A g a0 s 2 Y
ssmpe 5] 3268kN
§ 360 £ 3174kN
30200 650 800 3006kN
-2435 0 ' 0
2500 0 500 1000 0 1000 2000 3000 0 1000 2000 3000

Horizontal distance(m)

Arc length(m)

Arc length(m)

Fig. 6. Static responses of the CVAR with different lengths of the buoyancy module. (a) Configuration; (b) bending moment; (c) effective tension.
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Fig. 7. Static responses of the CVAR with different factors of the buoyancy module. (a) Configuration. (b) bending moment. (c) effective tension.

buoyancy factor only increases the effective tension
of the lower region, while the top tension remains
almost constant. Therefore, the increment of the
buoyancy force per unit length hardly influences the
top tension. The conclusion can be obtained from
the comparison that an appropriate increase in the
buoyancy module's length can reduce the top ten-
sion, and the situation that the bending moment
extremums grows significantly can also be avoided
as much as possible.

4.1.3. Sensitive to the weight segment

The weight segment is a critical component in the
realization of a special CVAR configuration, which
primarily contributes to the vertical state of the top
end. A static analysis of the effect of this segment is
carried out in this subsection.

Fig. 8 illustrates the effect of the weight segment
length on the static response of the CVAR. It can be
observed that there is little variation in the config-
uration as the length increases, and the bending
moment at arch and sag bend points increase
slightly. Meanwhile, the effective tension increases
only in the upper region. Besides, the increments of
top tension are 34 kN, 37 kN, and 34 kN respectively,
which almost coincide with the wet weight incre-
ment of the weight segment (32 kN, 34 kN, and
32 kN). It indicates that the wet weight of the weight
segment acts entirely on the top tension. Fig. 9

(a)

illustrates the effect of the weight segment factor on
the static response of the CVAR. As the weight
factor increases, the configuration near the weight
segment descends, which leads to a sharp reduction
of curvature radius at the sag bend. Consequently,
its bending moment increases remarkably, and an
obvious inflection point was also found. However,
the bending moment of arch bend varies little. In
other words, the weight segment primarily in-
fluences the sag bend. The effective tension distri-
bution demonstrates that the weight factor also has
a significant effect on the effective tension of the
upper region. Additionally, the same phenomenon
also appears that the increment of wet weight
(101 kN, 100 kN, and 100 kN) is almost equal to that
of top tension (97 kN, 100 kN, and 101 kN). It can be
obtained from the comparison between both figures
that the factor of weight segment has a more sig-
nificant impact on the static response of CVAR.
Thus, it is important to pay attention to the factor of
weight segment in the design process, which, in
turn, prevents an excessive bending moment
extremum value.

4.2. The effect of external loads

Four load cases with different ocean current ve-
locities (—0.5 m/s, —0.25 m/s, 0.25 m/s, and 0.5 m/s)
and vessel offset distances (=120 m, —60 m, 60 m,
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Fig. 8. Static responses of the CVAR with different lengths of the weight segment. (a) Configuration. (b) bending moment. (c) effective tension.



JOURNAL OF MARINE SCIENCE AND TECHNOLOGY 2022;30:130—140

137

() ©

1200 4000
——Cp=-15 3500 3380KN
g Cfg=-2.5 3100 ’3I’S7kh( """
E ' = z 3090kN
: Z G2 £ 2700 .
g i = —C,=-45 =1 2300 2500 2700
7. 1200 Z 600 f2 £ 2000 ,
o £ g p
a g 2
=
=
=243 0 AN .
-fOOO =500 0 500 1000 1600 0 1000 2000 3000 0 1000 2000 3000

Horizontal distance(m)

Arc length(m)

Arc length(m)

Fig. 9. Static responses of the CVAR with different factors of the weight segment. (a) Configuration; (b) bending moment; (c) effective tension.

and 120 m) were arranged to investigate the effects
of ocean current and vessel offset on the mechanical
behavior of the CVAR. A negative value indicates an
opposite direction.

4.2.1. The effect of current

Fig. 10 depicts the static response under current
along the x-direction. Accordingly, when the current
velocity varies from -x to + x direction, the riser
configuration moves along the x-axis appreciably,
and the maximum displacements are 28.27 m,
6.89 m, 6.77 m and 26.33 m, respectively. The hori-
zontal segment moves down, which can be
explained as the current in the negative direction,
the drag force on the riser has an upward compo-
nent, whereas it is opposite to the positive current.
There is a significant change of bending moment in
the sections of arch bend and sag bend. The effec-
tive tension distribution changes slightly with the
varying current due to the relatively small drag
force. Moreover, the results were also obtained by
the static behavior is not symmetric around V, = 0.
The coupled effect of the hydrodynamic loads with
the axial tension is the primary reason for this
phenomenon [24].

Fig. 11 illustrates the effects of the current along
the y-direction on the static response of the CVAR.

It can be observed that the configuration is sym-
metric under the flow velocity in different directions
with equal value and the maximum displacements
are 11.72 m and 46.52 m. Moreover, it was found that
the current in the y direction has no effect on the
displacement along the x-direction, primarily
because the projection of the CVAR onto the xz
plane varies slightly. The bending moment
extremum decreases slightly as the current velocity
increases, and the effective tension is almost un-
changed. Therefore, the results mean that the cur-
rent y-direction has a weak influence on the
mechanical performance of the CVAR.

By contrasting Fig. 10 and Fig. 11, the results
reveal that the deformation induced along y-di-
rection is larger, which is due to the orthogonal
relationship between the current direction and
riser. However, the effect of the current along the
x-direction current on the mechanical perfor-
mance was more significant than that in the y-
direction. Likewise, it can be observed that the
static behavior changes moderately when the
current velocity is relatively low; however, it
changes dramatically with an increase in the
current velocity. Therefore, the high current ve-
locity should be considered during the design
stage.
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Fig. 10. Static responses of the CVAR under different current velocities along the x-direction. (a) Configuration; (b) bending moment; (c) effective

tension.
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4.2.2. The effect of vessel offset

The static responses of the CVAR for different
offset distances along the y-direction are presented
in Fig. 12. It can be observed that as the offset dis-
tance varies from the -x to + x direction, the
configuration changes significantly, particularly for
arch and sag bends. The bending moment at both
bend points decreases dramatically. The effective
tension clearly increases, and it also demonstrates
that the farther the vessel is located, the more the
top tension will grow. Accordingly, Fig. 13 reveals
that only the offset distance has a certain effect on
the static response of the CVAR owing to the sym-
metry. The bending moment at both bend points
decreases slightly with increasing offset distance,
and the effective tension distribution remains nearly
constant. Therefore, the results indicate that the
drift in the y-direction has a weak influence on
CVAR, although there is a difference in the bending
moments curves. We can conclude from Fig. 12 and
Fig. 13 that under the same offset distance, the effect

of the drift in the x-direction is more notable,
particularly the variation in bending moment. It is
essential to note that both ends of the CVAR may
lose their vertical state as the offset increases
markedly along the +x or y direction. Thus, main-
taining a suitable offset distance is key to the safe
operation of CVAR.

5. Conclusion

The static response of the CVAR was conducted in
this study with the effects of structural parameters
and external loads using the slender rod theory. The
internal flow was incorporated into all segments of
the CVAR. The key conclusions are drawn in the
following paragraphs by analyzing the numerical
simulation results.

(1) The buoyancy parameters of the lower region
primarily influence the effective tension distri-
butions in the bottom parts, and the effect of the
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Fig. 12. Static responses of the CVAR under different offset distances along the x-direction. (a) Configuration; (b) bending moment; (c) effective

tension.
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length is more significant owing to the decrease
in the length of the bare riser. In addition, the
variation rate of the lower region's tension is the
primary difference between the two parameters
in the static response of the CVAR.

(2) With increasing buoyancy force in the transition
region, the horizontal segment uplifts, the
bending moments in the arch and sag bend in-
crease, and the bottom tension also increases.
However, the opposite is true for the bending
moment at the position of 300 m because the
increased buoyancy leads to a more compliant
riser segment near the point. Compared with the
buoyancy factor, an increase in the length
changes the position of the bending moment
extremum and also leads to a decrease in the
effective tension at the top because of the
decrease in the upper region.

(3) The effect of the weight segment length within a
certain range on the overall mechanical prop-
erties of CVAR is weak. The factor of this mod-
ule had a relatively significant influence on the
bending moment extremum and top tension.
Thus, it is important to avoid a high factor for the
weight segment. Additionally, an increase in the
wet weight of the weight segment occurs almost
entirely on the top tension.

(4) The static responses of the CVAR are susceptible
to the current along the x-direction, particularly
for the bending moment at the arch and sag
bend segments. The current velocity along the
y-direction had a significant influence only on
the displacement in the same direction. The

static behavior changes moderately when the
current velocity is relatively low; however, it
increases dramatically with the increasing x- and
y-current velocities.

(5) The vessel offset in the x-direction has a more
prominent influence on the static response of the
CVAR than that in the y-direction, particularly
for the bending moment at the archand sag bend
parts. The most significant issue induced by the
floating body drift is that the CVAR loses its
vertical state at the bottom under a larger offset.

In summary, this study is intended to enhance the
understanding of structural parameters and marine
loadings. It is crucial to pay attention to these factors
during the design process. In the future, we intend to
further investigate the dynamic response [7,8,10,20,26].
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