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ABSTRACT

This paper describes a method of incorporating
vortex-shedding effects into a finite element model
of a steel jacket. Recent experimental evidence
.has indicated fatigue rates are greater than pre-
dicted by conventional fatigue studies only incor-
porating direct wave leoading.

The forces due to vortex shedding have been
considered with reference to a large steel struc—
ture im 300 feet of water in the North Sea. These
vortex shedding forces have been found to be impor-
tant because they are generated with frequencies
wmuch higher than the frequency of the wave produc-
ing them.: This produces effective forcing at fre-
quencies where the dynamic natural natural response
of the structure is appreciable.

INTRODUCTION

Recent experimental evidence indicates that
the conventional fatigue analysis, which takes inteo
account only the direct wave forcing {(drag and
inertia forces) is seriocusly underestimating the
fatigye rates in offshore steel stiructures. This
may be due to a number of factors.

The 5-N curves used to estimate the
number of stress cycles to failure at
certain stress amplitudes are based on
measurements conducted on samples in
air. There are indications that sea
water and the presence of cathodic
protection systems can accelerate the
rate of erack propagation by up to
three times [1].

(i

Wave slam forces onm horizomtal, or
nearly horizontal members sited near
the free surface are neglected.

(ii)

Vortex shedding by members and the con-
sequent lift forces on the structure
are neglected.

(iii)

References and illustrations at end of paper.

Both the effects menticned in (ii) and (iii) give
rise to forcing and consequent structural vibra-
tions at freguencies well above the frequency asso-
ciated with the waves producing them. As a result,
dynamic magnification within the structure will be
important.

There are a number of references dealing with
the subject of wave slam Té— j ; in this paper we
shall concentrate on voriex-shedding effects and
their contribution to the fatigue damage of off-
shore steel jacketis.

In the estimation of lift forces the basic
experimental results and theory presented in [5]
and [BJ is used, The authors' contribution con-
sists in extending the theory to the coansideration
of complex steel latiice structures suchk as the one
in Figure 1, BSuch structures consist of many mem-—
bers with differing orientaticons each of which may
exist in a different flow regime as a result of the
attenuation of water-particle velocities with depth.

In addition the random phase associated with
the vortex-shedding process, necessitates a statis-
tical approach when considering meighbouring mem—
bers and their interaction this is the approach
set out in this paper.

As well as vortex-shedding forces direct wave,
current and wind forces are included in the analy-
sis [5] and 'Euang’ stress concentratioa factors
[63 used for estimation of 'Hot Spots' stress
levels. Miner’'s rule is used to calculate cumula-
tive damapge and hence estimate the fatigue life of
these structures.

VORTEX SHEDDING

There are two main mechanisms of generation of
vortex shedding relevant to this study

a. Generation by steady flow
k. Generation by oscillatory Ilow

WVhen we have steady flow of a fluid past a member,
vortex shedding will occur as the Reynold®s number
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increases to the value at which the flow becomes
critical, in the sense that vortices will be shed.

Such vortex shedding occurs when the boundary
layer on the obstruction separates from the surface
giving rise to reversed flow downstread of the
separation point. As a result, a vortex, »r pair
of vortices, is formed. At low Reynolds number the
vortices so formed remain behind the obstruction.
As the flow velocity increases the vortices may
detach themselves from the member, usually from
alternate sides at a definite frequency. As a
vortex detaches itself it leaves behind an equal
and opposite circulation of fluid around the
obstacle, similar to the starting vortex around am
aircraft wing. As a result the obstacle experi-
ences a kift force in a direction perpendicular to
the flow. Usually such vortices are shed from
alternate sides of the member at a frequency deter-
mined, in steady flow, by the Strouhal number,
defined by:

5 =

Where D is a typical dimension of the member,
Vc is the current flow velocity,

fv is the frequency of vortex shedding.

As the Reynold's number increases through 3 x 10°
the Strouhal number rises sharply from 0.2 to 0.4
until at a Reynold’s number of about 2 x 10% the
Strouhal number drops again to ¢.3. It is sug-
gested by Lloyds that for the roughened cylinders
vortex shedding will occuxr throughout the range of
Reynold's numbers from 4 x 10* upwards.

If we suspect that vortex shedding may occur,
as a first approximation we may postulate that the
force per length component due teo lift, F would
he of the following form: L

2

FL(t) = CLVC exp(lwvt) ................. (2)
Where:
Vc is the fluid velocity due to the current
wv is tke vortex shedding frequency, given by

is an empirical coefficient dependent on the

sﬁape, and can be written:

€, = 3ODC) e (3
Where €, is a dimensionless numbexr, and B is the
menber diameter.

¥ is perpendicular to the direction of flow

and the member axis. The coefficient {, may be
taken to be 0,7 for most calculations al low
Reymold’s numbers [ 5], but it drops sharply around
Re = 5 x 10° to about 0.1. For a rough ¢ylinder,
however, it may start to increase with Re as
vortex shedding is triggered by the oscillation.

In oscillatory flow around slender members we
may expect vortex sheddimg to occur during the
twave motion. The situation, however, is more com-—
plex than the one considered above for currents,
because the flow is accelerating and reverses
direction regularly. In many cases the flow does

not persist long enough in one direction for a
'vortex street’ or wake to develop before flow
reversal. The disturbance of the fluid developed in
one half-cycle, of the wave will be swept back on to
the member in the following half-cycle, superimposed
on the approach flow. For vortex shedding to occur
we would expect (frcm consideration of the accele-
ration from rest of circular cylinder) that the
orbital velocity of the water particles should stay
sensibly constant for three to four times the vortex
shedding period. Hence dynamic lift forces are only
1likely to occur for long waves and small cylinders.

In the present context we are considering an
accelerating flow, and a more appropriate measure
af the flow regime is the Keulagan-Carpenter number

Where Vm is the maximum water particle velocity and
T is the time period of the wave.

Keulagan and Carpenter [10] proposed that when
N > 15 1ift forces occur; Lloyds, however, recom-—
mend that 1lift forces be considered for NKC > 3.
In such e¢scillatory flow we write
_ 2 . .
FL(t) = cLVm exp(1wvt + i)

Where ¢ is a3 random phase angle, uniformly distri-
buted in the range [0, 2w].

The simple fatigue analysis described above
cannct be used when lift forces are considered for
two reasons:

(i) the phase angle of the lift forces rela-
tive to the incident wave is indeter-—
minate .,

{ii) the frequency of the 1lift force is not

the same as that of the incident wave.

These difficulties are illustrated in Figure 4
which shows the one-many mapping im the transfer
from wave elevation to 1ift forces amd the conse-
guent problems associated with evaluation nedal
forces.

In order to demonstrate how these difficulties
are resolved, it is necessary to consider the
equations of motion involved:

M' w +C u +Eu =F  .cciairannererann
= - =5 -

Where:

gs is the structural damping matrix
K is the stiffness matrix
FL is the lift-force wvector

is the displacement due to 1lift forces.

2
FL ig given by:
F

= o LI i
Fo=¢ -8y - e

is a vector with magnitude varying as v
is the maximum water particle

Here v'

i where v
is wvt, ) m
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velocity, and direction perpendicular fto both the
instantancous flow and member axis. C  is a
matriz' constructed element by element analagous
to the bydrodynamic damping mairix used in direct
wave loading analysis.

Since |g‘|>>|é£| and ddir(v’' - LL) T dir{y*)
(7) may be linearis®d to give:~ B

EL = EL

v -
vm(_ EL)
Considering the 1ift force 6ﬁ a horizontal member
for simplicity, its direction rotates with fre-
quency & _, the frequency of the incident wave.

vortex shedding frequency &_, which is assumed to
be an integer multiple of w .
represented in complex numbeéer notation by

EL = EL cos (wvt) exp(iwot)

%EL [QXP{i(mo—wv)t}+exp{mv+ mo)tll___(g)

The 1ift displacement vector may be decomposed
into two compenents corresponding to the two fre-—
quencies (wo-—wv) and (mv-kmo). Thus:

[~ ro)?i + 1w de 4] w* = 3 ..o

2ary . - _ =
I--_({”‘c:u_mv) E + 1(mo_t$)gs+g] EL - %EL"'(II)
Where

'++u_=u
~ L -L

{10) can therefore be written:

2000 . + _
[f(mv&wo) M+ 1(mv+m°)(gs+vmgL) + E ] u o=

¢ V¥ e A L(13)

For brevity, we write:
W= w R R tesccssanannas (14)
F=¢ Vv ¥V ei¢ ....................... {15)
u = EL+ e hiastaarerre vt e veaaa(18)

In component form, (13) may be writtenm:

R T Y L

w ) = %A Fow)

J

e {17

-1
= T2y .
¥here {Aij} {-w?M gy * 0 (csji+vmchi)+Kij}(1s)

Denoting the complex conjugate of a quantity by *
and the expected value by E(.), then:

2 _ 2y *
o® (u, @) = E(fu @ [*) IE A, A E ()
*
E (Fj(w)Fk W)
Consider now the nature of the product

F‘(m)l?k (w). Figure 5 represents part of a struc-
thre, each element of whick is acted onm by a 1ift

'‘1ift

The
magoitude of this vector, however, varies with the

Such a vector may be

force determined by the method described above.
The frequencies at which these forces act is indi-
cated by the argument. If the force on the member
ij is written 2F, {(w) and the force at mode i (of
fregency W) is widtten Fi(m), for the situation in
the figure

Fk(m) = F_k(w) + Fkn(m) .................. (20)
* * *

F_ oW =F,, (W +F_ W)o..ceiiannnnnns (21)
J ij Jk

Hence for each component:—
* * *
Fj(w)Fk(m) = ij(m)Fij(w)+Fkn(m)Fij(w) +
* *
ij(m)ij(w)+Fkn(w)ij(w)...(22)

Taking the expectation of both sides and remember-
ing that the expected value of two uncorrelated
variables is zero then:

* *

E(Fj(m)Fﬁ(m)) = E(ij(m)ij(w)) ......... (23)
and
L _ *
E(Fk(m)rk(w)) = E(ij(w)ij(m)) +
*

M hasanmmannn 24
E(Fkn(m)Fkn(w)). (24)

Therefore the only non-zero terms of (19) will
involve standard deviations of member forces
between two nodes and diagonal terms composed of
the sum of forces on the members leading into the
pode under consideration at the fregquency con-—
sidered, or

2 _ 2y _ *
ou *(w) = E([uim)} y = §£Aij(m)aik(w>) x

+ {(terms due to hoth ends

([F, @ | zsjk
of a particular member) .. (25)

As we are working on linear assumptions we may
write:

{:

1] =1

u:u= ;G (26)

Where f are the internal element forces due to the
(prescribed) displacements u.

{H_ .} is a matrix linking the internal force in
eléﬂent i due to a displacement at node j. The
matrix is defined within the finite element systiem
for each frequency .

Hence
02,2 = B(|g, @ |%) = IZj2 B A H. A
i i Ejfm ij jk id
*
EGF (@) F (W) oeerenronrannn @
k m

Hence standard deviations of the stress
variation in each element for each frequency can
be obtained, and assuming a Rayleigh distribution
for these stresses. We can determine the distri-
pution of stress amplitudes at each node and fre—
quency.
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In order to calculate the cumulative damage
we need to know the number of cycles to failure N
at each stress range $. This is obtained from the
5-H, 'Q' curve in [il] as

Log10 5 = 2.571 - 0.242 (loglo N-D..... (28)

Hence:

K = N(S) = 5—4-132

where 8 is the stress amplitude (half stress range).
If we are considering a sea state 4 with pro-
bability of occurrence P(A) the stress distribution

at frequency W is

prob (S<8<S + §8) == exp(-S%/20%)88 =

QJW

¥We also need the number of seconds per year at sea
state A = T(A).

Therefore number of cycles in stress range

[s, s + 88] =

w 8

or t TR - exp(-§2%/20% 388 = n(8)
m o

Therefore proportion of life consumed per year in

sea state A at frequency is

wT(A)S exp(~8°/20%)68
2TGEN(S)

.{32)

Therefore proportion of life consumed per year

o«
1
=g IT® I s exps?/0) o (33)
sea fre- N{3) s
states quencies

hence the expected fatigue life has been obtaimed.

RESULTS AND CONCLUSIONS

The above anslysis was performed on level 3
of the structure shown inr Figure 1. The section
analysed is shown in Figure 8. This level was
chosen as it is the one mearest to the free surface
and is hence in the region of greatest wave forc-—
ing., Imn order to look at this level in isolation
the elements comnecting to other levels were fixzed
at the far end to represent the presence of the
rest of the structure. The Ikift forcing was
applied in iwo ways.

(i) Using a static analysis and assuming
coherence of the 1lift forcing across
the incident wave crest.

(ii} TUsing the method of analysis outlined

above which includes dynamic amplifi-
cation effects apd makes allowance for
the random phase of the lift force
between adjoining members.

Table 1 shows the results of this analysis for the
section in Figure 8, The concentrated stresses are
in the horizontal plane, and correspornd to the
seventh harmonic of the foreing wave with amplitude
of 7.3 metres and of frequency .0557 Hz. The wave
direction is North-Soéuth, which is along the length-
wise direction of the frame. The stresses at the
four corner nodes are shown, together with the two
mid-point podes on the longer sides. The Stresses
ocbtained using the method described above are up
to 27 times those obtained assuming ccherent deter-
ministic loadings throughout the frame. It is
likely that dynamic magnification effects alcmne
would account for this discrepancy between the two
sets of ecalculated stresses, which irndicates that
they are due mainly to the differing phases between
the forces on adjoining members.

Hence the effects of yortex—shedding, as
described by the above theory, should be taken
into account in the assessment of the fatigue-life
of off-shore structures.
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TAELE 1

CONCENTRATED STRESSEZ AT SELECTED

JOINTS N/u®
atress Amplitudes Standard Deviations
Static Analysis Dynamic/Statistical
Approach
2.6 x 105 7.0 x 106
6.2 x 105 1.6 x 10°
1.5 x 107 2.6 = 10°
3.8 x 10° 7.8 x 10°
2.9 x 10° 6.7 x 10°
6.5 x 10° 1.7 x 10°
4.0 x 10° 1.3 x 10°
2.8 x 10° 1.1 x 108
1, = foocaeney of vortes shudding
Fp = lift loree
V= maximur water particle velocity
= ¥_ = current velocity
g - lift coeffickent
- L
D
w =wave frequency
\ D = diameter of member
FIGURE 1

JACKET STRUCTURE

Calculation of Lift Forces
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