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ABSTRACT

Based on improving thewake-oscillator model, an analytical
model for vortexinduced vibration (VIV) of flexible riser under
non-uniform current is presented, in which the variation of
added mass at lock-in and the nonlinear relationship between
amplitude of response and reduced velocity are considered. By
means of empirical formula combining iteration computation, the
improved analytical model can be conveniently programmed
into computer codewith smpler and faster computation process
than CFD so as to be suitable to application & practica
engineering. This model is validated by comparing with
experimenta result and numerical simulation. Our results show
that the improved model can predict VIV response and lock-in
region more accurately. At last, illustrative examples are given in
which the amplitude of response of flexible riser experiencing
VIV under action of non-uniform current is calculated and
effects of riser tension and flow distribution along span of riser
are explored. It is demonstrated that with the variation of
tension and flow distribution, lock-in region of modebehaves in
different way, and thus the final response is a synthesis of
response of locked modes.

1 INTRODUCTION

More and more deepwater platforms such as TLP, SPAR
and FPSO are used in offshore gas and oil exploration and
production. When the depth of sea and the length of structure
increase, the flexibility of the structure also increases. On the
other hand, because ocean current and wave action are getting
greater, interaction between fluid and structure becomes
stronger. In particular, vortexinduced vibration (VIV) of risers
and tension legs, especialy in the lock-in (synchronization)
range, has become avery challenging problem.
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Many computation models such as wake-oscillator model,
correlation model, statistic model and polynomia Galerkin model
have been developed to calculate response of acircular cylinder
undergoing VIV. Among these the weake-oscillator model
(Hartlen ™and Iwan'?) benefiting from its reasonable physical
mechanism, convenient computation process and satisfactory
accuracy has been popularly applied to the practical
engineering, in which twointeracting oscillators (Fig.1) formtwo
coupled nonlinear partial difference equations written as:
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where  y(z,t) is crossflow displacement of structure,
q(zt) is  weke-oscillator

describing a fluctuating variable of
the near wake such as the
fluctuating lift coefficient on the

structure, parameters a, - a,
can be determined by experiments;
m; =m+m, where m and
m, are structure mass and added
mass on unit length respectively;
g is damping term of system
including structure and fluid, T

and E| aretension and bending
stiffness of structure respectively;

Figure 1. Wake-oscillator model
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w,, is frequency of vortex shedding.

Recent researches focus on nonlinear characters of drag
force and lift force (Griffif" Sarpkaya'™), developing low-
order approach based on consideration of interaction between
structure and fluid (Facchinetti'®) and synthesis model
combining CFD and vake-oscillator model. In these models,
added mass is an important quantity and the ideal added mass,
i.e. the added mass for a accelerating body moving in an
infinite, inviscid and incompressible fluid, is often adopted. For
example, the ideal added mass coefficient is 0.5 for a sphere and
1.0 for a circular cylinder. However, added mass in general is
variable and not equal to theidea added massfor case of VIV.

In fact, only if the body is started from rest in a fluid
otherwise at rest, the initial value of the added mass is in
agreement with its ideal value because the vortices are still
confined to athin sheet on the boundary. Generally speaking, as
aresult of viscosity of fluid, added mass is variable in unsteady
flow problems such as VIV, Sarpkaya'® pointed this out and did
experiments to observe the fluid dynamic force (inertia
component and drag component) on the body undergoing VIV.
By definition, the inertia component relates to added massin the
overall lockin range of VIV. Vikestad's experiment™ showed
that the added mass coefficient for a circular cylinder varies
from 4.5to nearly -0.8 when the reduced velocity increases from
3.0to 13.0 in the lock-in range of VIV. The same conclusion is
also drawn based on numerical simulations (Willden and
Graham!*?). In this paper semi-empirical formulas for the added
mass coefficient of acircular cylinder at lock-inwill begiven and
applied to the calculation of the amplitude response of VIV with
the wake-oscillator model.

Additionally, a linear relationship®® between the vibration
amplitude and the reduced velocity was often utilized that can
also introduce significant error, thus a nonlinear relationship is
established in this paper. Based on these two modifications an
improved wake-oscillator model for flexible riser under non-
uniform current is developed. By means of empirical formula
combining with iteration computation, the improved model can
be conveniently programmed into computer code and has a
smpler and faster computation process than CFD so as to be
suitable to application of practical engineering. This model is
validated by comparing it with experiment and numerical
simulation. Our results show that this model can predict the
response and lock-in range of VIV more accurately. At last,
illustrative examples are given in which the response amplitude
of flexible offshore riser experiencing lock-in vibration under
action of non-uniform current is calculated and effects of riser
tension and flow distribution along riser span are explored.

2 ANALYSIS MODEL

The variation of added mass a lock-in is investigated and
estimation formulas are presented. Then anonlinear relationship
between the vibration amplitude and the reduced velocity is

established. Consequently an improved analytical model of VIV
is developed and its computation steps are presented.

2.1 Variation of Added Mass at Lock-in

For representation and smplicity a classical spring-mass-
damping system is taken as an example, and at lock-in the
displacement and lift force are assumed to be

y(t) = Yo Sn(2pf,t) and  F,(t) = F_an(2pft+f)
respectively. So the governing equation of the system subjected
VIV g™

€  F cosf Ud?y ¢
gn+—L 2= + 2zm(2pf) -

‘ F_anf udy
é y0(2pf0)2g dt? e

Yo(20fo) dt (3)

+m(2pfy)?y=0
where fy =1/2p 1/K/m isthe natural frequency of structure
in vacuum K is stiffness of spring, z is damping ratio of
structure. Then the added mass can be expressed as:
2
m, = F cosf /yo(2pfo) 4

At lockin and with low damping 0<z <<1 |, the

natural frequency f ~ of system can be written as

£ = fo and m, = rr{foz/fnz - 1). So frequency

J1+m, /m

ratio of fluctuation frequency fOSC to natural frequency in

staticwater f,, can be written as:
f — _0sC _ fn — m+ mD 5
an an u m-+ my

Where mp is the displaced mass. By further consideration of

the function relationship describing £ varying with reduced
velocity V, =V/f oD V is flow velocity given by
Williamson™ |, the calculation formulas of added mass
coefficient can be given for two cases, mass ratio m <10.0
and m" 3108 (m =m/m ).

1 Massratio m” <10
The added mass coefficient can be written as:

C.=m 1 when 50£V, <575M @
G
C,=-054 when 9.25m >V, >5.75m 6

m - o) 0
where G=_M-10 FV /1+ L o 50%4+10
5.75m- 5.0§f0D m p

m +1.0

m= _
m - 054

N
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2 Massratio m’ 3 10
Snce J(m+ mp)/(m+m,) =M, wehave
C,=-054 7
It should be pointed out that Egs. (6) and (7) should be
used under the following conditions: m’ >-0.54

10° >Re >300 and (m'z)£ 0.02. For the verification of

estimation formulas, Eqgs. (6) and (7) are compared with
experiments and numerical simulations respectively shown in
Fig.2 and Fig.3. It can be seen that Egs. (6) and (7) agree with
the experiments results and numerical simulations well,
especially at |lower reduced velocity.

Figure2. Comparison between calculation result and
experimental result (M = 0.6366),

Figure 3. Comparison between calculation result and

numerical simulations (M~ = 1.6552),
2.2 Improved Wake-oscillator Model

A linear relationship between vibration amplitude and
reduced velocity was utilized in old model™® that can introduce a
significant difference form reality of VIV and its errors defined
as the relative errors of calculation values to experiment values

(or numerical simulation values) are shown in Tab.1. Cbserving
experimental results (Feng™ and Brikad® ) and numerical
simulation (FoulhouX'™) we can see that it is more reasonable
considering a nonlinear relationship (shown in Fig.4). Thus a
nonlinear relationship is established. And the relationship
function is described as follow:

Y e’ 2(\/r'vrc)2/wz (8)

:y+
Walp/2

Y

D 0
The regression parameters based on experiments and numerical
simulations are Y, =0.014, Y =2.040, V,° =6.172 and
w=1.723.The erors introduced by the nonlinear relationship
compared with experimental results and numerical simulation are

also listed in Tab. 1. It can be seen that errors of nonlinear
relation are significantly smaller than errors of linear relation.

Table 1. Errors oftwo relationships compared with
experiments and numerical simulations
Error Griff Feng Brika Foulhoux
Nonlinear  .1125 1029 1001 .0898
Linear 1539 2396 2183 1977

Figure 4. Relationship between amplitude and reduced

velocity

By now thealgorithm of theimproved wake-oscillator model
is summarized asfollows:

1) Carry out the added mass under given flow velocity
according to formula @) (or (7)) and consequently natural
frequencies and mode shape. Then obtain lockin region
distributions along theriser span of thelock-in modes.

2) Carry out modeeffect mass m, and shape coefficient

|, ofthe nthlock-in mode. Here themode effect massis

| |
m, = ()X, (Yax / CPOX (¥l 9
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coefficient
| |

| = (‘)'n(x)x:(x)dx/c‘jn(x)xf(x)dx,where X, is the
0 0

Nthmodeshape, s(X) is alockin parameter which has value

of 1.0 in lock-in region and 0.0 in non-lock-in region along the
riser span.

3 Cary out system damping ratio 2z

and mode shape

S

nand

amplification factor F,, by iteration asfollow:

a) Assumetheinitial valueof structure damping Zr|,

b) Calculate the amplification factor
F,=1/[1+9.6(m'z3)*®], where nf' =m,/m, is the mass
ratio of the nthmode.

c) Cdculate the system damping ratio
z> =z! +Ff wherethe effective damping

nn’

|
2D (Fp ()1 D(R[1- s(x)]xn(x)|3dx
0

fo=— (10

|
P LANOIXT () DY 2[ GNOIXZ ()2
0 0
where Cp is drag coefficient and generally has a constant
valueof 1.2,

d) Check if the system damping ratio zr? and

amplification factor F,, satisfy the demand of convergence. If

no, set z,i =z ,? and go back to step b); if yes, stop iteration.
4) Cdculate the amplitude of response using following
formula:

Y,(X) =DF,l Y%, (x) (11)

5 Modify the amplitude according to the reduced
velocity employing the non-linear relationship given by Eq.(8) ,
and carry out mode stress.

Repeat calculation from steps 1) to 5) for every lock-in
mode.

Amplitudes of VIV response of a cylindef*® are predicted
using the presented model and is plotted against flow velocity
(shown in Fig. 5), and they are compared with the
corresponding experimental results (Khalak!*®}) so as to verify
the presented model. Figure 5 shows that the predicted
responses agree with the experimental results well. As a
comparison, the responses calculated using the original model
(without improvements presented in this paper) are also plotted
in Fig. 5. It shows that the improved model presented in this
paper is more accurate than the original model.

@ m =24 z =0.0045

() m" =10.1, z =0.00134
Figure 5. Comparison of amplitude response between
calculation and experiment.

3 APPLICATIONS AND DISCUSSIONS

3.1 Effect of Tension on Response of VIV

The presented model is goplied to predict VIV response of
flexible tension cable of Conoco’'s Huttonn TLP (Tension Leg
Platform) with structure property characters as : 300m length,
1.1176m diameter, 0.038mwall thickness; 1000Kg/m mass per
unit length, 3854x10° KN nibending stiffness; and a shear
current is assumed as a function of 2z having form of
V(2) =0.4+0.008z (m/s), positive direction of ~ coordinate

Z axisverticaly directsfrom sea bed to sea surface and at sea
bed z=0m. Effect of cable tension on the responseof VIV is
explored. Here the maximum tension Tyygy = 2.1 107 N and

tension force along cable is assumed to be constant.

Fgure 6 presents the amplitude of response with tension
ratio T/T,.x ranging from 0.1 to 1.0. It is interesting that the
total response firstly decreases and approaches to a minimum
vaue y/D=106a T/T,, =055 and then the total
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response increases as tension ratio increases, though the
stiffness increases monotonically with increase of tension ratio.
M ode responses of four lock-in modes are also plotted in Fig.6.
It shows that mode response behaves in different way, some
increase monotonically (e.g. the 1st mode), some decrease
monotonically (e.g. the 4th mode) and some vary not
monotonically (e.g. the 2nd mode) as tension ratio increases.

Fgure7 shows the variation of lock-n region distributions,
as form of region width (lock-in region is determined according
to the reduced velocity ranging from 4 to 10) and location along
cable span, of lock-in modes versus cable tension force. In fact
it virtually influences mode response. Generally speaking, when
lock4n region is wider and nearer to the anti-node of mode
shape, displacement of response is larger, because the effective
mass (Eq.s (9)) and effective damping (Eq. (10)) of lock-in mode
become smaller, and vice versa. Another thing should be noted
isthat there exists a minimum value of response that is favorable
for structure safety and fatigue life, or it is a desired status to
platform designer.

Figure 6. Effect of tension force on amplitude of response

Figure 7. Effect of tension force on lock-in region distribution

3.2 Effect of Flow Distribution on Response of VIV

A segmented and varying along span of riser flow
distribution shown in Fig.8 is considered
to examine effect of flow distribution on
response of VIV. The ratio of the
maximum amplitude of response for
segmented flow to the amplitude of
response for uniform flow over the entire
riser isgiven in Fig.9 for the lowest three
modes as a function of the extent of the
flow and internal structure damping
(0.008 0.02 0.10). And aso the mode
stress results are shown in Fig.10. The
riser property parameters are the same as
in section 3.1

Fgure 9 shows that
amplitude of response of three
modes increases monotonically as flow distribution becomes
wider, though slope of curve behaves differently. Since the
effective mass and damping of system become smaller as flow
segment becomes wider and consequently lockin region
becomes wider, amplitude of response becomes larger. And
similarly, for case of lockin region is nearer to the anti-node of
mode shape the slope of curveislarger because of the decrease
of effective mass and damping and the consequent lower
efficiency of energy absorbing, and vice versa.

Fgure 9 aso shows that curve with smaller damping is
smoother, or variation of curve slope is smaller, than that with
larger damping. It means that the sensitivity of VIV response to
the location of lock-in region is reduced with increase of
damping because the effective damping becomes larger.

Mode stress of response has similar behavior with
amplitude of response except one point that for most cases in
this example stress of higher mode has a larger value than lower
mode and should be paid attention for analysis of structure
fatiguelife.

Figure 8. Scheme of flow
distribution

(@) Response of 1stmode
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(c) Damping ratiois 0.10
Figure 10. Mode stress of response

4 CONCLUSIONS

Based on improving the wake oscillator model, an
analytical model for response of VIV of flexible riser under non-
uniform current is presented, in which the variation of added
mass and the nonlinear relationship between amplitude of
response and reduced velocity are considered. And the
improved analytical model is validated by comparing it with
experiments and numerical simulations. Our results show that
the improved model can predict response of VIV and lock-in
region more accurately. lllustrative examples in which response
of flexible riser experiencing lock-in vibration under action of
non-uniform current is caculated and we draw following
conclusions:

1 Riser tension influences he total amplitude of VIV
response by variation of lock-in region distribution. When lock-
in region is wider and nearer the anti-node mode shape,
displacement response is larger because of decrease of the
effective mass and damping of system, and viceversa. It should
be noted that there exists a minimum value of response that is
favorable for structure safety and fatigue life.

2 Amplitude of response of lock-in mode increases
monotonically as flow distribution becomes wider. But slope of
curve behaves differently. Since the effective mass and damping
of system become smaller as flow segment becomes wider and
consequently lock-in region becomes wider. When lock-in
region is near anti-node of mode shape, the slope of curve
(a) Damping ratio is 0.008 becomes larger because of decrease of effective mass and

damping, and vice versa.

3 Thesensitivity of VIV response to the location of lock-
in region is reduced with increase of damping because the
effective damping becomes larger. For most cases in the example
stress of higher mode has a larger value than lower mode and
should be paid attention for analysis of fatigue life.

(b) Responseof 2nd mode

(c) Response of 3rd mode
Figure 9. Amplitude ratio of response
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