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Abstract

Experimental and numerical studies were done on two models. The models were per-
forated plates with different perforation ratios. They were subjected to regular, bi-
chromatic, and irregular motions deeply submerged in water.

Regular forced oscillations were done to establish KC' (Keulegan—Carpenter number)
dependent curves for the hydrodynamic added mass and damping for both models. A
laminar 2D viscous flow solver developed by Mentzoni (2020) was used to validate the lab
results for one model. The calculations and the experiments were in close agreement. The
hydrodynamic coefficients were found to have a strong dependence on the K C' number
for both models. This agrees well with previous results by Mentzoni (2020) and Molin
(2011). The third harmonic force was also investigated. It was found that in the KC
range of 0.2 and 3, the Morison load model should be used with caution. For small KC'
numbers, a large part of the third-harmonics was in phase with the acceleration. The
semi-analytical method by Mentzoni and Kristiansen (2019) for perforated plates was
compared to the experiments, and there was found good agreement for the damping for
both models in the KC range of 0.2 and 2. The added mass was underestimated by the
semi-analytical method for both models. The tested plates have a higher thickness than
the plates the semi-analytical method is based on, which is a possible explanation of the
differences.

Bi-chromatic time series were tested in order to provide data for the irregular tests. There
was a strong dependency for the damping on the K'C number for the previous half-cycle
and the K'C' number of the present half-cycle. The damping was higher if the previous
half-cycle had a larger amplitude of motion than the half-cycle under consideration. The
damping was smaller if the previous half-cycle had a smaller amplitude than the present
half-cycle. There was no particular pattern for the added mass, but the added mass from
the bi-chromatic tests was scattered lower or close to the regular tests’ added mass curve.

The data from the bi-chromatic forced oscillations were used to calculate the forces from
time series with irregular motions generated by a Pierson-Moskowitz spectrum. There was
close agreement between the calculated and measured forces from the experiments, which
confirms that bi-chromatic tests are appropriate for providing hydrodynamic coefficients
for irregular time series. Since the damping coefficient depends on the KC' number
of the present and the previous half-cycle, a simple rule is proposed, which makes it
possible to use the coefficients provided by the semi-analytical method by Mentzoni and
Kristiansen (2019). By using the semi-analytical method, the measured and calculated
force were in close agreement when the force is dominated by damping. Based on these
results, Equation 9.43 in the book "Sea Loads on Ships and Offshore Structures" by
Faltinsen (1990), is proposed to be used in irregular seas with K'C' dependent coefficients
from the semi-analytic method when the forces are dominated by damping. However,
this equation should be tested with experiments, as the interaction effect of waves and
motions in irregular seas is not investigated in this thesis.
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Sammendrag

Eksperimentelle og numeriske studier er utfgrt pa to modeller. Modellene er perforerte
plater med ulike perforeringsgrader. De ble utsatt for tvungne svingninger, bade reguleere,
bikromatiske og irreguleere. De tvungne svingningene ble utfgrt nar modellene var dypt
neddykket.

Reguleere tvungne svingninger ble gjort for & etablere K C-avhengige (Keulegan Car-
penter tall) kurver for hydrodynamisk tilleggsmasse og demping, for begge modellene.
En numerisk lgser, utviklet av Mentzoni (2020), ble brukt til & validere labresultatene.
Numeriske og eksperimentelle resultater stemmer godt overens. De hydrodynamiske ko-
effisientene ble funnet & ha en klar avhengighet av K C-tallet for begge modellene. Dette
stemmer overens med tidligere resultater av Mentzoni (2020) og Molin (2011). De tred-
jeharmoniske kreftene ble ogsa undersgkt. Det ble funnet at for K C-tall mellom 0.2 og
3 sa ma Morisons lastmodell bli brukt med forsiktighet. For sma K (C-tall er en stor del
av de tredjeharmoniske kreftene i fase med akselerasjonen. Den semianalytiske metoden
av Mentzoni og Kristiansen (2019) for perforerte plater ble sammenlignet med resultater
fra eksperimentene. Det ble funnet god overenstemmelse for dempingskraften for begge
modellene for K'C-tall mellom 0.2 og 2. Den hydrodynamiske tilleggsmassen ble un-
derestimert for begge modellene ved bruk av den semianalytiske metoden. Platene som
ble brukt i eksperimentene har en stgrre tykkelse enn platene som den semianalytiske
metoden er basert pa, noe som kan veere en forklaring pa forskjellene i tilleggsmassen.

Bikromatiske tidsserier ble benyttet i eksperimentene for & samle data som kan bli brukt
til de irreguleere tidsseriene. Det var en klar sammenheng mellom K C-tallet for den
forrige og naveerende halvsyklusen for dempingen. Dempingen var hgy om den forrige
halvsyklusen hadde en amplitude som er stgrre enn den naveerende amplituden. Demping
var lav om amplituden til den forrige halvsyklusen var lavere enn den navaerende. Det ble
ikke funnet noe spesielt mgnster for tilleggsmassen, men tilleggsmassen var fordelt lavere
eller neert kurven for reguleere tvungne svingninger.

Dataene fra de bikromatisk tvungne bevegelsene ble brukt til a regne ut kreftene i ir-
reguleere tidsserier generert fra et Pierson-Moskowitz spektrum. Det ble funnet god ov-
erensstemmelse mellom de utregnede kreftene og de malte kreftene, noe som bekrefter
at bikromatiske tidsserier egner seg godt til a gi hydrodynamiske koeffisienter for irreg-
uleere tidsserier. Siden dempingen er avhengig av bade K (C-tallet til den forrige og den
naverende halvsyklusen, er en enkel regel foreslatt slik at det er mulig a bruke de hy-
drodynamiske koeffisientene fra den semianalytiske metoden av Mentzoni og Kristiansen
(2019). Ved & benytte den semianalytiske metoden var de utregnede kreftene i god overen-
stemmelse med de malte, sa lenge kreftene er dominert av dempingskrefter. Ligning 9.43
i boken "Sea Loads on Ships and Offshore Structures" av Faltinsen (1990), er foreslatt til
a bli brukt sammen med KC' avhengige koeffisienter, til a regne ut kreftene i irreguleer
sj¢ 1 kombinasjon med tvungne svingninger. Siden interaksjonseffektene mellom tvungne
svingninger og bglger ikke er studert i denne oppgaven bgr denne ligningen bli testet ved
hjelp av fremtidige eksperimenter.
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Na
s

na,i

KC
KC;

Vertical acceleration

Vertical velocity

Horizontal water particle velocity
Vertical water particle velocity
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Vertical motion amplitude

Significant vertical motion amplitude in irregular time series
Vertical motion amplitude for half-cycle "i"
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Damping coefficient for half-cycle "i"
Damping coefficient, w%o

Plate width

Water depth

Keulegan-Carpenter number

Keulegan—-Carpenter number for half-cycle "i"
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KC; Significant Keulegan-Carpenter number in irregular time series

L
T

CFD
CFL

Plate length

Oscillation period

Time

Oscillation period for half-cycle "i"

Computational fluid dynamics

Courant—Friedrichs-Lewy condition
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1. Introduction

1 Introduction

1.1 Motivation

The installation of subsea structures is an essential part of oilfield development. These
structures are often complex and consist of cylinders, plates, perforated structures, tubes,
and cables. Calculating the hydrodynamic force acting on the structure during the instal-
lation is a complicated task, and often conservative approaches are needed to guarantee
safe operations. There are two reasons for investigating the hydrodynamic forces.

e Reduce cost for the installation

e Increase the operability of subsea fields

If a conservative approach is used to determine the hydrodynamic forces, the weather
window of operability will be narrower than needed, and the construction vessel will be
waiting for a weather window longer than needed. A construction vessel is expensive
to operate, and it has a high day rate. If the hydrodynamic forces are calculated more
accurately, the operational limit can be increased, so the waiting on weather will decrease.
This will save money, and the operations can be performed more effectively.

If the operational limit can be increased, it will also allow the service companies to
perform the operations in a larger part of the year. Today, many operations need to be
done in the summer months due to that the weather is calmer in this part of the year.
The ultimate goal is to reach all-year operability of marine operations for subsea fields,
and one part in reaching this goal is to understand the hydrodynamic loads in waves and
forces motions.

Mentzoni (2020) divides the lifting operation into five stages when installing a subsea
structure on the seabed.

1. The structure is lifted from the deck and positioned over the side of the vessel.

2. The structure is lifted through the sea surface. It experiences water-entry and
water-exit loads as it goes in and out of waves.

3. The structure is fully submerged, but close to the free surface. The free surface
affects the loads on the structure.

4. The structure is far away from the free surface. The free surface does not affect the
loads on the structure, but it experiences loads from the waves and hydrodynamic
loads caused by the crane’s motion.

5. The structure is close to the seabed, and the proximity from the seabed becomes
important for the hydrodynamic loads.
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1.2 Previous Work

This thesis focuses on stage 4 when the free surface is far away and can be neglected.
The focus has been on forced oscillations of perforated plates. Mentzoni, Abrahamsen-
Prsic and Kristiansen (2018) found that for a simplified structure consisting of two
parallel latedperforated plates with cylinders in between, the hydrodynamic forces were
dominated by the perforated plates. Thus, understanding the hydrodynamic loads on
perforated structures is an important step towards understanding more complex subsea
structures and also subsea structures like hatch covers and mud mats that are perforated
structures.

This thesis is a part of one of the projects of MOVE (Marine Operations in Virtual
Environments) that focuses on loads of subsea structures during lifting operations. Fel-
low students Karoline Vottestad and Marius Robsahm also contributed to the project.
Vottestad did experimental studies of perforated plates near the free surface in regular
waves and forced regular oscillations without waves. Robsahm did experimental studies
on cylinders and perforated plates in the water entry phase in waves. Together, this thesis
and the theses of Vottestad and Robsahm deal with stages 2-4 of the lifting operation.

1.2 Previous Work

There is done much work on hydrodynamic loads on perforated plates. Molin (2011)
summarizes the work he has done regarding hydrodynamic loads on perforated structures.
He uses potential flow theory and applies a quadratic pressure drop boundary condition
instead of the impermeable boundary condition as for a solid plate. He finds that the
added mass and damping are amplitude-dependent and dependent on the porous KC)po,
number which is

(1 — T)na
KC,y = ————, 1.1
P ,LLT2D ( )
where p is the discharge coefficient.
The equation for the pressure drop is
(1 — 7')77@
Ap: W@r‘vr’. (1.2)
The discharge coefficient is given by
1—17
- 1.3
W= e (1.3)
K is the resistance coefficient oA o0k
K =220 _ 2Pt (1.4)
pv? v?

were hy, is the head loss through the orifice. Said with other words, Molin’s results say
how much of the flow that flows around the plate compared to what flows through the
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1.2 Previous Work

perforations. Consequently, the added mass goes to the solid plate added mass, and
the damping goes towards zero as KC' goes to infinity. As Molin pointed out himself
in this paper, the physical validity of these results is questionable when flow separation
at the plate edges becomes important. However, these formulas serve as an important
contribution in understanding the perforations’ effects on the added mass and damping.

Sandvik et al. (2006) proposed a drag correction term to correct the damping in Molin’s
method inspired by the results for the drag coefficient by Graham (1980). For solid flat
plates, Graham found by analytical work that the drag coefficient was proportional to
KC~'/3 for low KC numbers. The drag term is expressed as

1
Fsand’uik = §paK071/3Dwr’wr‘- (15)

Here, w, is the mean relative velocity through the plate, and « is an unknown constant
but depends on the degree to which the flow is separated.

Molin (2011) used o = 6 with good agreement to experimental data on a circular perfo-
rated disk. Mentzoni and Kristiansen (2019) points on the difficulties of choosing o. The
« that is best for the added mass coefficient is not necessarily the best fit for the damping
coefficient. They propose a new semi-analytic method were both the added mass, and the
damping coefficient are based on the analytical calculations for solid plates by Graham
(1980). They found constants for thin perforated plated by a 2D laminar viscous flow
solver. This method represents the state of the art method to determine the forces in
planar oscillatory flow for perforated plates. It is described briefly in [Section 2.2.3|

Ikeda et al. (1988) did experimental studies of a cylinder and a normal flat plate subjected
to regular and bi-chromatic forced oscillations. In regular oscillations, they identified an
increase in the added mass in the second half-cycle when the oscillations started from
rest. This increase becomes significant for KC' > 11. For KC = 18, the added mass
increased by a factor of almost two compared to the steady-state added mass for the
same time series. They identified this as a start-up phenomenon. The conclusions that
can be drawn from their results for the normal flat plate for the bi-chromatic tests are

e The damping was larger than the damping in the regular steady-state forced oscil-
lations when the amplitude of the previous half-cycle was larger than the present.

e The damping was smaller than the damping in the regular steady-state forced oscil-
lations when the amplitude of the previous half-cycle was smaller than the present.

e The damping was smaller in a start-up situation compared to the damping in regular
steady-state forced oscillations.

e The added mass was larger in a start-up situation than the added mass in regular
steady-state forced oscillations.

e The effect of the start-up on the added mass was largest for KC = 18, that is when
the forces are dominated by damping.
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1.2 Previous Work

e The added mass was close to or lower than the added mass in regular steady-state
forced oscillations if the previous amplitude was either larger or smaller than the
present. The exception was for half-cycles close to a start-up situation, where
the added mass was larger than the added mass in regular steady-state forced
oscillations.

If we use the coefficients from this paper for the steady-state case for KC = 18, the
total force amplitude is 0.93 for a start-up situation, even if the added mass is almost
twice the steady-state added mass. This is because the drag term is only is 0.8 of the
steady-state value. In other words, the start-up effect can be neglected for plates based
on these experiments.

Graham (1980) argues that the forces on sharp-edged cylinders for small KC' numbers
should be written as

F = Aoii + Foorte- (1.6)

The vortex force F,oqer can then be decomposed into components that are in phase
with the acceleration and the velocity, as Mentzoni and Kristiansen (2019) did in their
semi-analytical method.

Graham (1980) presents the drag force and one component of the added mass as a vortex
force. The vortex force can be decomposed into two parts, where one is in phase with the
acceleration and the other is in phase with the velocity. The start-up effect represent a
phase-shift in the vortex force toward the acceleration in the start-up situation. However,
the total force amplitude is smaller than the steady-state case for the KC' numbers
investigated by Ikeda et al. (1988) for a solid plate. Strictly speaking, is not
valid for KC' numbers higher than approximately 3-5 (Mentzoni, 2020) as the plate end
vortices start to interact with each other for larger K'C' numbers. However, Graham’s
plate model is valuable in getting insight into how the plate end vortices affect the added
mass and damping terms, even for higher K'C' numbers.

In our experiments, a KC' range between 0.2 and 3 is investigated. However, there was
seen a start-up effect in our experiments as well, and an increase of 25 % in the added
mass was seen. Experiments performed through this thesis indicated that the start-
up effect appears for smaller KC' numbers than for solid plates, and CFD calculations
also confirmed this. However, it was shown in with a time series, and in
by plotting the non-dimensional force amplitude, that if a phase-shift in the
calculated force is accepted, the start-up effect could be neglected as the force amplitude
does not increase because the damping decreases. This was also valid when the added
mass force and the damping force are of similar magnitudes because the damping is
smaller in a start-up situation.

The simplified analysis in the recommended practice of DNV-GL (DNV-GL, 2017), rec-
ommends calculating the added mass as
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1.3 Scope and Thesis Structure

A 7—0.05

for perforation ratios 0.05 < 7 < 0.34.

This yields A/Aq as 0.78 and 0.54 for model S19 and S28, respectively. From the results
in [Section 6.1 this is conservative for the smallest K'C' that is tested. For KC = 3, the
values from the experiment are close to the added mass from DNV-GL for both plates.
Mentzoni (2020) found that for a large range of perforation ratios and K C numbers, the
hydrodynamic forces are completely dominated by damping. DNV-GL recommends using
Cp > 2.5 as a general rule for the simplified analysis for typical offshore structures. If we
use the data from from the semi-analytic method by Mentzoni and Kristiansen
(2019) we can find the drag coefficient as

Cp = b KO3, (1.8)

For a plate with perforation ratio 7 = 0.2, we have from the semi-analytical method that
Cp = 6.1 for KC=2. In the recommended practice, DNV-GL specifies that the drag
coefficient is dependent on KC', but they have no recommendation on how to choose
this based on the K'C' number for porous structures in the simplified analysis. Therefore
the results on perforated plates by Mentzoni and Kristiansen (2019) closes the gap and
provides a simple method for estimating the drag coefficient for perforated plates. In
the recommended practice by DNV-GL, they specify that if snap loads in the hoisting
wire are likely to occur from the simplified analysis, model tests or CFD calculations
should be performed in order to get a better estimation of the hydrodynamic loads.
The results from Mentzoni (2020) and Mentzoni and Kristiansen (2019) provides more
accurate coefficients for simple calculations, and thus model tests and CFD calculation
can, in many situations, be avoided.

1.3 Scope and Thesis Structure

The current thesis aims to investigate the hydrodynamic loads on perforated plates in
regular and irregular forced oscillations. The hope before the lab experiments was to find
a method to calculate the time series more accurately. Today’s methods of calculating
time series in irregular seas use constant coefficients, but as mentioned in [Section 1.2] the
coefficients are strongly dependent on the K'C' number. The aim was to study irregular
time series for perforated plates and to find a method of choosing the added mass and
damping coefficient in order to be able to calculate a force time series that agrees with
experimental results.

In order to study irregular time series, bi-chromatic motions were used to study the effects
the previous half-cycles have on the present half-cycle for the hydrodynamic coefficients.
Bi-chromatic motions can be expressed as

N = 21 sinwyt + 2o sinwst, (1.9)
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1.3 Scope and Thesis Structure

were z; and 2, are constants. This family of motions is well suited to study the hydro-
dynamic coefficients, as the pattern will repeat after one beating period. Thus, averages
for the hydrodynamic coefficients for each unique half-cycle can be found.

Also, numerical investigations were done for one of the models by the use of CFD. This
was done mainly in order to strengthen the validity of the lab-results. Mentzoni (2020)
found that 2D laminar CFD codes were well suited to simulate the flow of perforated
plates for the K C' range of the present experiments. By the use of CFD, some effects in
the lab, such as the free-surface effects or the assumption that the forces from the empty
rig can be subtracted, can be isolated out. This is because the CFD calculations are done
in infinite fluid, and there is no rig that may interfere with the model. Thus, some of the
lab’s biased error sources can be removed, and the simplifications of the flow that is done
in the CFD calculations are likely to be valid if the results agree. CFD calculations and
lab results complement each other.

In this thesis, first some important hydrodynamic coefficients and parameters are pre-
sented together with different load models. Then, the experimental setup and method
are presented. The numerical solver is explained briefly in Also, thin vortex
sheet theory is explained, which is needed to understand the main characteristics of the
flow. The results for the regular oscillations is presented together with the CFD cal-
culations in Subsequently, results for the bi-chromatic tests are presented
and discussed in Ultimately in the knowledge gained from the
bi-chromatic time series is applied on two irregular time series. The recently developed
semi-analytic method by Mentzoni and Kristiansen (2019) is used to calculate the hy-
drodynamic forces, and the calculated forces are compared to the experiment. It was
found close agreement between these two when the forces are dominated by damping.
Because of this close agreement, an equation from Faltinsen (1990) is adapted to take in
KC dependent coefficients from the semi-analytic method for damping dominated forces.

The model with the lowest perforation ratio (S19) was made in conjunction with this
thesis. Thus, a new model is compared to the semi-analytic method. This model showed
close agreement for the damping for KC' <2, while the added mass was somewhat un-
derpredicted due to the thickness of the present model.
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2. Theory

2 Theory

2.1 Parameters and Coefficients

There are several parameters which are of importance for perforated plates in oscillatory
flow. The perforation ratio 7 is defined as the plate’s ventilated area divided by the total
area of the plate. That is

Avent
DL

T =

(2.1)

D is the plate width, and L is the plate length, and A,.,; is the ventilated area of the
plate.

Keulegan and Carpenter (1958) defined a parameter which is later called the K'C number.
This number is important in oscillatory flow, as it contains information on the formed
vortices in the wake relative to the size of the body. The K'C' number can be expressed

as
2w,

KC
D Y

(2.2)

were 1), is the amplitude of motion.

Relative surface roughness (Sarpkaya, 1976b) and Reynolds number can influence the
hydrodynamic coefficients in oscillatory flow, especially for circular cylinders where the
separation points are not fixed. The Reynolds number is

Re = ul (2.3)

14

Were u and [ are characteristic velocity and length, respectively, and v is the kinematic
viscosity. The Reynolds number contains information of the inertia in the fluid relative
to the viscous forces.

Sarpkaya (1976) uses a parameter he calls f and is defined as § = Re/KC. However, the
KC number must be specified in addition to the g parameter. Thus, the § parameter
could easily be replaced by the Reynolds number (Faltinsen, 1990)). In this thesis, the
surfaces on the model are considered smooth, and the separation points are fixed due to
sharp corners, such that the influence of Reynolds number and relative surface roughness
is not waited to play a major role.

However, there is still necessary to do large scale tests on perforated structures in oscil-
latory flow to investigate the influence of massive changes in the Reynolds number for
perforated plates.
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2.2 Load Models

2.2 Load Models

The force can be decomposed into an inertia term proportional to the acceleratiion, and
a damping term that is proportional to the velocity as

F = —Ajj — By (2.4)

If the plate oscillates harmonically as

N = 1q cos(wt), (2.5)
the force can be written as
F A B .
A A—Ocos(wt) + oA sin(wt). (2.6)

Ay is the reference added mass for a solid flat plate and is

Ap = ngQL, (2.7)

where the length is L, width is D, and p is the water density. The amplitude of the force
can be written as

AN B\’ e
Fa = A0w277a\/<A—0> + (A_Ouj) = A0w277a C% + C%, (28)

for a harmonically oscillating plate in an otherwise still fluid. The normalized added mass
coefficient is

A
= — 2.
Ca 1 (2.9)
and the normalized damping coefficient is
B
Cp=—. 2.10
B A(]w ( )

For bi-chromatic motions, the force amplitude for half-cycle "i" is approximated by a

harmonic equivalent motion, with period and amplitude as defined in [Section 4.2l By
doing this, we can write the force amplitude for a half-cycle as

A2 B; \*
Fa,z Aowz na,z\/(Ao) + <A0w> . (211)
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2.2 Load Models

Since the vortex formation is a quadratic process in the velocity, as shown in[Section 5.2.2]
it is not possible to decompose the force contribution from each term in the bi-chromatic
motion by the superposition principle. Thus, this approximation of the half cycles must
be made in order to normalize the force coefficients and force amplitude from the bi-
chromatic motions.

2.2.1 Morrison’s Equation

Morison et al. (1950) came up with a load model for surface piercing vertical piles in
waves. They found that for high K'C numbers, the fraction of third harmonic forces was
approximately -0.2 of the first harmonic force in phase with the velocity. This means that
the third harmonics can be included in a simple equation with a quadratic drag term.
The equation they came up with for a surface piecing pile is

dF,
dz

1
= Cp Aot + §C’DpDu|u|, (2.12)
where Ap is the potential flow added mass, D the characteristic length, C,,, = (1 + Ca),
and u the water particle velocity in the x-direction.

For a plate subjected to forced oscillations in an otherwise still fluid, the force becomes

A "
F = C4Api + §C'DpDL77]17| (2.13)

for a quadratic damping load model. Singh (1979) discusses the load model of
tion 2.13] and argues that it becomes questionable for K'C' numbers lower than 20. This
is because a major contribution to the third harmonics for low KC' numbers may come
from the vortices that are swept back over the body when the flow is returned. Conse-
quently, the third harmonic does not have to be in phase with the velocity.

2.2.2 Graham’s Load Model for Solid Plates at Low KC Numbers

Graham (1980) suggests that the forces on sharp-edged bodies for small KC' numbers
should be written as

F = Agii + F,, (