CHAPTER 117

WAVE OSCTYLLATIONS IN AN OFFSHORY L STORAGE TANK

INTORDUCTION

The rapidly iucrasing domand to exploit known offshore
0il fieids thronghout the world, and the costly coaventional methdd
of pining the oil to the shore have givea support to the concept
of wffshote sterage terminals loceind in the immediate vicinity of
the field. The Khzzzan Dubal o1) storage tanks at Fateh £ield, off-
shroe from Dubail  (Chamberlin, 1970), the Parargad one willion-bbl
crude-0il storage barge at Syvis field, Iran, offshore in the Persian
Culf (Feizy und Mchonald, 1972), and the neu offshore veinforced-
concrete alilion-bbl oil storage tank at the Tkofisk field in the
Yoith Sei (Coean Industry, 1972), cshow the new attitude which the

~ftgiicre o1l-production industry has developed toward thic sysiem,

A closed floating, or pile-supported, bottomless barrier
might nrovide an effective solution for storiug oil offshore or
containing an oil zpill,

The crude oil coming from the procuction platfoim is in-
jected at the sex level inside the closed bottomless barrier, it
dispalces the water inside, and remains above the watex as a resuat

of its densivv.  The oscillaticns of the internal wave at the

interfac- of oil and water and the surface wives resulting Frem

ditfereat incident waves in such a container w.ie studiew in this work.

THEORETTCAL ANALYS(S

Suppese that a homogenous layer of finid of density o, [(oil)
of thickness I 'les over another homogoneous ‘tover of fluid of‘
density o, (water) of thickness -1, (see Fig. i). The two fluids are
umdecihic, and the surtace tensicn and viscosity of the fluids will

08 b ocdkon dinto eccount,

c Professor tnlversity of iehraa - [ran
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The boundary conditions at the interface are as follows:

a. Vertical velocity is the sane in both fluids:

S17=P2,=N2y 4t 7=+ R

LU i

b. Pressure is continucus or the interface:
Pio0o1 {(®vt+8rh -1
1=01 (2 .2))

bz= o2 (P2r+8(h - nz))

so that

=
3

2 (®op+8(hi-n,) J=02 (1t+8(hony))

Taking the pavtial derivaiive of Eq. (2) with respect to t gives

P2%opp. P1 Pupe g P2-O1y M2g=0

The free-surface Lound: ry condition is

CreeB Taz="at 750

The botton boundary condition is

From the continuity eauation for ar iacompressible fiuid,

A . - . -

VU = o, aad the definrtion of the velocity potential, Laplace's
equation is shtained:

7 ¢y T

Vg, =0

(1

(2)

(3

(6)
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Thevefore, the problem is to find the velocity potentials &y .
and ¢, , which satisfy Laplace's ecuations, Egs. (6) and (7),
subject to a number of prescribed houndary conditions. Using
the method of separation of variables, we will pet to the

following equation, (wehausen 1970).

2

2= o, ( coth khwid+{p, (cnth kh-1)+2py}
&K o I

2{ps cornr Kh + 017

——Tor{+)
=10
sk
for(-) .
T - P2- Py

AN pz coth kr+py

From Eq. (g) we have
ni= {a Coslket + b Sinkk) Sin (ot + 1)
_ ~kh ~ RN .
nz=e = (a Coskx + b Sinkx) Sin (ot + 1)
and from Eq. (1Y) e have
m= {a Coskx + b Sinkx-) Sin (ot + 1)
and

M Kh

Ny -———— o ta Coskx + b Sinkx) Sin (ot+1)
P2 = Pi
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Two-Dimensional Case (A Rectangular Pottomless Container)

For the case of two barriers extending from the surface 10 2 given
depth { D ) , assuvining that the depth of immersion of the barricrs

are bzgger than half of the surizce wavelength., In order to have a

rescnance motion within the container, we must have

(15)

where n is the mumber of hali-wavelengths,and B is the distance between

the barriers. From Eq.(15),

mn
K= ——m
B
Then Eq. (9) becomes:
2
o B
- (16}
g
and
T
m= A Cos — Sin ( ot + T)
B

kh n

ne= A e Cos £ Sin (ot + 1)
Then Eq (i0) becomes:
9y
2 Ir -
P2
'“;UT‘B' =n ... — (17)
5 inh p1
Coth — +
B o
and
ny = A Cos —Lg—— Sin ( ot + 1)
p1 kh Tn
N = - A - ¢ Cos ~—— Sin (ot + 1)
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There will be resonence with a lavge surface wave whenever

! <3
2 1. o
0B B g B, (19)
wg ™, f1 ™o
COth--—B— e cot 7

This is not the exact solution of the prohlem, becausc the
barriers were assumed to extend to a depth wiich is more than half a
surface wave length and also the water depth H was coasidered to be
infinite. For this reason the experimental wave heignt of the internal
waves and surface waves were compared wirth the numerical solution of
this problem, Based on avariticpal form of the eguation for sveady
cscillatory irrotational motion of an inviscid incoigressibie fluid
(3ai, 1572).

‘Three-Dimensional Case (Civculsr Dottomless (Containes)

The amplitude vaviation in poler coordinates in the casc of
oscillation in a circular basin of constant depth is desciibed by the
follcwing expression {Lamb, 1937):

= CJ (X2 Cosmi (os ot (203
L e ' L

For oscillatinon ins’ds a cylinder, the following boundery
condition should be satisfied:

9 . N - 2
s =0 at r=a (21}

(peripbery of basin)
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This is identical to stating that the normal velocity at the

beundary is zevo, from Eq.
T (Ka) = 0 (22)

This means a maximum or a minimum (a crest or a trough)
should exist at the outer edge of the cylinder,

The lowest symmetricai wode of oscillation is the first root
ot JO(Ka; Ka = 3,832

This gives one ncdal circle located at v/a = 0,683 .

The period of the wave which causes this mode of osciilation
at the interface of oil ana water can be obtained by substituting Eq.
(?22) into Eq. (10). 7This gives:

01
2 1 e
oR 5 P2
= 3.832
& coth(3.632 ah ) +% (23)
2

The condition for the same mode of oscillation to occur at
the surface of the oil can be obtained by substituting Eq. (22) into
fa. (D), giving

2

Mgé_ = 5.832 (24)

The same calculation is being carried for other modes of

osciliation,
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EXPERIMENTAL EQUIPMENT AN ARRANGEMENTS

Two-Dinensional Model

The two-dimensional model studies were performed in a wave
channel thet is 1 ft, wide by 3 {t. deep by 100 £t. long (Fig 9.

A: one end of the channel there is a flapper-type gencrator;
at the other end a beach was installed to absorb ware energy and
minimizc wave reflection, Alse shown in the figure is a wave filter
located in frout of the wave machine, A rectangular bottomless
container 1 £t. wide by 1.5 fit. deep by 2.33 ft. long was constructed
of 1/4 inch lucite, siimlating a perfectly reflecting rigid bdarvier.

Two types of wave gages were used to measure the wave
amplitude, one for the intermel waves 3L intorface of oil and water,

and the other for measuring the surface oil waves inside the container,

For the first type, parallel-wire resistance wave gages were
ased (Wiegel, 1953)., Since oil is a very poor electric conductor
canpared with tap water only the depth of the immersion of wires in

water is proportional to the probe conductivity,

For measuring the surface oil waves inside the container,

a cepacitance type wave recorder was used | pe capacitor has

Y

derinite initial capacitance which depends on the probe length,
distance beiween the probes, and the dielectric of the material
berwecen the capacitor ''plates'.

In addition, motion pictures were taken through the glass
walls of the channel (while the centainer had oill inside) of several
experimental runs. ' The caimer: was mounted so that its line of sight
was pevpendicular to the side of the Thime and level with the
undicturbed oil and water interface. & gvid on the glass wall of the wave cha-
nsnel, pernitted the measurement of the surface and internal waves inside

the containes,
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Three-Dimensicnal Modle

This experiment was conducted in an ripple-tank.
The tank is 20 feet long, 49% inchcs wide, and 4 inches decp. Pevicdic
waves were generated by a mechanical wave flap driven by an electric

motor (Fig. 6).

A wave filter was located in front of the wave generalor,
and circualr Lucite cv:inder was used as a model of a circualr oil

container.

A section of the bottom ot the ripple tank was made of
plate glass, underneath the glass bottom was a plane mirror aountel -t
45 degress to the horizontal., A strong light source was retrlected by
the mirror tirough the giass bottom, The light beams were conveigod
by viave zrests and diverzed by wave troughs. This permitt:d visual
observations of the wave patterns on a horizontally mounied tiacing-
papcr screen abuve the tack. Pictures were taken of the wave pattarns
inside the cylinder at different incident-wave conditiors by a cumera

located above the tracing-paper screen (Fig.l).
PRESENTATION AND DISCUSSTON OF TESULTS

Two-Dimensional Medel Study

Fxperimental studies were conducted to measurc the periods
of waves causing oscillotims at the interface of oii and water, and

also at the surface of the water.

Measurenents were also made ol the distribution of max.mm
internal and surface-wave amplitudes, inside the tic-aimensionel ¢!
contziner, Three differcat liquids with specific gravitics of & = (.685,
and 9.830 and 0,910 were used to sulstitute {or o3l inside the medel.
the experiments were run for only one depth, H = 1.5 £t., and one immersion
depth of the barriers, D = 0.5 ft. An ¢il layer of thickness k = 0.3

was used inside the o0il container (vig. 1) for all the experinmonts.
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The theoretical solution described in Theoretical Scctien
Egs. (18 and 19) was used to predici the frequencies asscciusted

with surfoce and internal wave oscillations, Figures 2 to 4 illastvate
. . . -2
the iheoretical and experimental valuse of o°B/ng for any mode cf

surface - and internal-wave oscillation,

Although the mathcmatical treatmen? was carried out wmder
the assumption that the depths of the lmmersion of the barvic:s zte
larger thanl/2 the surlace wavelength (D > 1/2 L), the experimental
results “':orrespond very well with the theory fox all rangss of wave
periods (T = 3.8 to 0.065 sec.).

A small differeace could be detected between the theoretical
values of circular wave frequency and the experimental ones for the
surface-wave oscitlations. The experimental values were higher than
the theoretical ones, especially for the first wode of oszillation
which is associated with longer waves. This difference is due 1o the
change in wave rumber associated with surface wave oscillaticn caused
by insufficient immersion depth of barriers, which iiakes the theoretical
soluticn oriy approximate.

However, this effect is nct important for nigher modes of
surface oscillations and internal-wave oscillations owing to the

short wzve longths causing them. In this case the theoretical assump+ion

D 21/2 L 1s valid.

Comparison of Figs. 2 s 2 and 4 show that the chunge

in 0il density does not have any signilicant effect on the period of

waves causing the oil-surface oscillations, but that it has 2 significant

effect on the wave periods causing ihc iniernal-wave oscillations. 7The
greater ihe density of the oil, the laigor the wave peciod correIpnuding

to any node of oscillatiouw.
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The computer numericayr technigue (bui. 1972), was used to
caiculate Amnlification Factors fou comparizon with the experimentai
measurements, (Figs 7 and 8).. The wnplification-factor (A) for the
surface waves is the ratio of the maximum wave. height to the incident-wave
heclight, and for the internal waves it is-the rutiv of the maximum inievnai-
wave height to ihe incident-wave height.  The exverimental results for the
internal waves agree weli with the theory. However, the experiment results
show a highcr amplificacien factor for the surface wave than is predicted
by theory. This might be due to an insufficient number of internal boiuwdary
segments being used along the interface of oil and water for the numerical
calculations. An effect of the vil density on the internal - and surfa-c-wave
heights during the osciilations could be seen by comparing Iigs. 7 ard 2.

Both show the internal - and surface-wave heights for the first smcde of inter-
nal-wave oscillation. Tho internal-wave heights for oil with a density of
0.83 gr/cm3 are higher than the ones for oil with a densiuy of J.685 gr/cms.

It should be noted that the incident waves that cause oscillations
of the highev-density oil are the longer waves, and that the higher inte.nal-
wave oscilliations are partially due to the higher wave cnergy which can penetrate
inside the bottomless storage tank. Figure 7 also chows a lower -urface-wave
height for cil with higher density for the first mode of inteinal-wave oscilla-
tion. Tris might be due vo the fact that the wave period causing the tirst mode
of internsl-i:ave oscillation for oil with lower density, is ncarer to the zerv

mode of oscillation of the surfa.e wave.
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Three-Dimensional Study

This experiment was congucted for & water depth of U =2.§ in.
The pmmersion depth of the cac-foot diazicr circualr oil containsr was
D= 21in. An oll Jayer thickness of h = 1lin. was used inside the o1l
container, Figure 11 shows photneraphes +taken of the diffcren. modes
of oscillation at the interface of tne water and oil with an il
density of 0.80 gr/cm3 . The thecretical soluticn ¥gs.(23 and 24}
predicts the frequencies associated with any mode cof surface - and
internal-wave oscillation,

TFigures 9 and 10 shew the theoretical and experimental

)
valvues of o° D/g fer any mode of internal - and surface-wave oscillarion.

CONCLUSTONS

From the study the follewing major conclusions are drawn:

1. The prediction from the theory of resonant frequencies for
internal and suriace waves corresponds very well with the
expevimental results,

2. A change in oil density does not have any significant etfect
on the period of the waves ueed Lo cause surface-wave oscillation,
Tt does have a significanl effect on the period of the wavas
needed to cause internal-wave oscillation; the higher the
donsity of oil, the higher the wuve period needed to generate 8
varticualr rwode of osciliatior.

3. The experimental results for the internal-wsve amplification
factors correspond closcly to the numerical results, However,
the experimental results give higher amplification factors than
the theory for the surface waves within the tank.

4, The internal-wave heights are higher for oils with higher density,

all other conditions being cqual,
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