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Preface

The present report Active Vibration Control of a Monopile Offshore Structure - Part One
describes the experimental investigations with a test model of a monopile offshore structure. The
experimental research was performed in the Hydraulics and Costal Engineering Laboratory at
Aalborg University, Sohngaardsholmsvej 57, DK-9000 Aalborg, Denmark.

The aim of the experimental investigations was to investigate a proposed approach to active
vibration control of a new monopile offshore structure concept developed by the first author for
RAMB®@LL A/S, Esbjerg, Denmark.

Aalborg University S.R.K. Nielsen
January, 1996. P.H. Kirkegaard



Abstract

In the Danish part of the North Sea it has been found that marginal fields can be exploited using
monopile offshore platforms which present significant advantages with respect to the costs
involved in fabrication and installation and can therefore tip the economic balance favourably.
Monopile platforms have been developed for approximately 35 m water depth and to be remotely
operated. However, there has recently been a wish to use the monopile concept on 75 m water
depth. Using monopiles in such water depths can imply significantly dynamic problems.
Therefore, in order to reduce the vibrations, it can be necessary to use an active or a passive
vibration control system. However, for a monopile with severe space problems it can be difficult
to locate a passive control system such as e.g. a tuned mass damper. Therefore, in order to active
control wave introduced vibrations of a monopile structure an active control technique has been
proposed in corporation with the consulting company Rambgll, Esbjerg, Denmark. The proposed
control technique is based on the relationship between the position of the separation points of the
boundary layer flow and the drag term in the wave force on the cylinder. This concept has been
experimentally investigated with a test model in stationary flow tests. The idea is to have a large
drag coefficient when the cylinder moves opposite of the wave direction implying a relatively
large damping excitation. When the structure moves in the wave direction a small drag
coefficient should be obtained in order to have a relatively small excitation on the cylinder. The
drag coefficient can be controlled if the separation points of the boundary layers can be
controlled. It is proposed to control the separation points by blowing compressed air out of the
holes in the cylinder. If the natural separation points of the boundary layers are rejected by
blowing air out of the holes the drag coefficient will increase while it will decrease if it is possible
to attach the boundary layer. The results from the experimental test have shown that it is possible
to increase the drag coefficient with a factor 1.5-2 by blowing air out of the holes in a cylinder
vibrating in a stationary water flow.
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1. INTRODUCTION

Many of the oil fields discovered in the North Sea are marginal fields. Furthermore, the layers in
which the reservoirs are located may have very small permeability. Consequently, it is very
difficult to predict the production rate for these fields. To develop this type of oil fields it is
necessary to minimize the initial investments in the field in order to limit the consequences of a
production smaller than predicted. This can be accomplished by means of a smaller remotely
operated installation with provision for only one or a few wells.

In the Danish part of the North Sea it has been found that marginal fields can be exploited using
monopile offshore platforms, see figure 1, which present significant advantages with respect to
the costs involved in fabrication and installation and can therefore tip the economic balance
favourably.

Figure 1: Elevation of a monopile offshore structure used in the Danish part of the North Sea.

The monopile platform shown in figure 1 was developed for approximately 35 m water depth
and was remotely operated. This means that in 35 m water depth the free standing structure is
governed by its dynamic behaviour and thus prone to fatigue. However, since the structure is
remotely operated comfort criteria can be neglected in the design phase. The monopile design has
been found not to be governed by the extreme storm load case, but more significantly influenced
of fatigue life.

Recently, there has been a wish to use the monopile concept on 75 m water depth. Using
monopiles in such water depths can imply significantly dynamic problems. Therefore, in order
to reduce the vibrations, it can be necessary to use an active vibration control system. Active
vibration control of civil engineering structures can be done using different techniques, see e.g.
Soong et al. [1] and Thesbjerg [2]. Active control implies an external excitation in order to obtain
a vibration suppression of a structure which is dynamically loaded. Active control is an alternative
to passive control which has been seriously considered during the last 50 years. Passive control
implies an arrangement which can reduce the response of the structure. The general subject
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concerning active control of dynamic systems has been studied longer than active control of civil
engineering structures. For many decades, the basic concepts of active control have been the
staple of electrical and control engineering and they have been applied successfully in a variety
of disciplines, such as aerospace engineering and mechanical engineering.

In order to reduce the vibrations of a monopile structure passive control techniques can be used,
e.g. a tuned mass damper, see Soong et al. [1]. However, for a monopile with severe space
limitation it can be difficult to locate a tuned mass damper.

In order to active control wave introduced vibration of a monopile structure a control technique
has been proposed in corporation with the consulting company Rambgll, Esbjerg, Denmark.
The proposed control technique is based on the relationship between the boundary layer flow and
the drag term in the wave force on the structure. It is well known that the wave force consists of
a drag term and an inertia term. Normally, the drag term can be estimated using a so-called drag
coefficient approximately equal to 0.6 for a cylinder. However, this drag coefficient is a function
of the geometry of the structure, but the drag coefficient also depends on the separation points
of the boundary layers. This means that the drag coefficient can be controlled if the separation
points of the boundary layers can be controlled. One way to control these points could be to
perforate the structure and blow air out of the holes. How this concept can be used to reduce the
vibrations is explained in the following section.

2. THEORY

This section outlines how the vibrations of a monopile offshore structure can be reduced by
controlling the boundary layer separation points. Further, the mathematical model which has been
used to experimentally investigate the idea is given.

2.1 Relationship between Vibrations and Wave Force

It is well known that the force on a vertically placed cylinder subjected to wave action consists
of a drag f}, as well as an inertia f; component, see e.g. Sarpkaya et al.[3]. It is generally assumed
that the total wave force per unit length of a fixed vertical cylinder of the diameter D is

f=f+f= ECDleu - vl(u - v) + %CMpDzu = (CM—I)%()D?‘(V) (1)

where # and i and v and ¥ are the velocity and the acceleration of the fluid and the structure,
respectively. Cpand C,, are the drag and inertia coefficients, respectively. p is the density of
water.

The idea of the active vibration control system proposed in this research relies on changes in the
drag term. Normally, the drag term can be estimated using a drag coefficient approximately equal
to 0.6 for a cylinder. However, this drag coefficient is a function of the geometry of the structure,
but the drag coefficient also depends on the position of the separation points of the boundary
layers. This means that the drag coefficient can be controlled if the position of the separation
points of the boundary layers can be controlled. One way to control these points could be to
perforate the structure and blow air out of the holes. If the boundary layers are forced to separate
by blowing air out of the holes the drag coefficient will increase. This is the opposite of the well-
known principle that the drag force can be reduced by suction.The idea is now to have a large
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drag coefficient when the cylinder moves opposite of the wave direction, see figure 2a, implying
a relatively large damping excitation. When the structure moves in the wave direction a small
drag coefficient should be obtained in order to have a relatively small excitation on the cylinder,
see figure 2b.

| — | B
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1 "
|1 ¢
.

Z ST IS

Figure 2a:Wave velocity u and cylinder velocity 2b: Wave velocity and cylinder velocity
in opposite direction in same direction

2.2 Mathematical Model
The following model was proposed to be used in an experimental investigation of the change in
drag coefficient as a function of air blown out of the holes in a cylinder vibrating in a stationary

flow.

Figure 3: Definition of parameters in mathematical model of a monopile offshore structure

a5,

s —— D,

A test model consisting of a steel cylinder has been made as explained in section 3. This model
is tested in a stationary flow with the velocity U . L and a are the distances from the bottom of
the cylinder to the beam where the model is attached and water level, respectively. The cylinder
is perforated from water level and to aq,under water level. It is assumed that the force on the
structure now can be estimated using two drag coefficients. C,, is the drag coefficient or the area
where the cylinder is perforated and CD is the drag coeff1c1ent or the area where the cylinder is
not perforated.The model is assumed to be described using one degree-of-freedom which is
selected as the displacement x of the cylinder bottom. The eigenmode is a linearly variating
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function, so v(z,f) = x(f)z/L where z is a vertical coordinate.This means that the governing
differential equation for the model in figure 3 can be written in the following way using (1) with #(z,) =U(t)
and ii(z,H)=U(1), i.e the flow is independent of z

m (X + 20 wx + ng) =

1 b Py o 1 Ly, o 25 o . . (2)
CDl'EpDLfU(l_E’l_f’U’x) ## CDZEPDLfO(l_I’l’U’x) -mi + mU

where w, and {, are the frequency and damping ratio of the system, respectively. The structural
mass m, the modal hydrodynamic mass m, and the induced mass m,,respectively are given by

L L
m, = (W@ e, m, = Z(Cu-DpD? (e, my = ZC,pD? [()de @)
g L-a L-a
The functionf(-,",*,) is given by
p
fy(@.B,U%) = fEIUdEI(UﬂéE)d&
which can be analytically calculated as (where n = i )
U
6(B2-a)-8(B e +3(B e’ = < 7 < %
. 3 | 2 1 1
U> 0 fapUa) = L A=-6(B2+ad)+8(B*+adn-3@* e’ — <n < —
12 |n p o
~6(B2-0)+8(B PN 3B oy L < <
. 44
o v _ L
U =0 f(ap0%) Z(B o)l 7
~6(B-02)-8(B* ~aPm 3Bt -’ < < %
: 2 | 2 1 1
U <0 flapUs = L {——+6(B2+a)-8( +a’ ) +3B*+a >, — < <— (4
12 | -1 p o
6(B>-02)-8(p* - M +3(B -’ = < < o
o

\



3. DESCRIPTION OF TEST MODEL AND INSTRUMENTATION
The model presented in figure 3 was produced and instrumentated as described in this section.
3.1 Model used in Experimental Investigations

Figures 4 and 5, respectively, show pictures of the produced test model. The model consists of
a 0.5 m high steel cylinder with a diameter at 0.16 m which is closed in the bottom with a steel
plate. The cylinder is mounted to a steel beam across the flow channel with a 0.16 m long, 0.03
m width and 0.003 m thick steel plate. The cylinder is 0.2 and 0.24 m from the top of the cylinder
perforated with 12 holes with equidistant distance, i.e the cylinder is perforated with 24 holes.
Compressed air can be blown out of these holes since each hole is connected with a rubber tubing.
It is possible to open and close each rubber tubing with a valve. All the 24 valves are placed on
a connection box which is connected to one high-pressure rubber tubing having a manometer and
a valve. This implies that it is possible to regulate the pressure of the air submitted to the
connection box and to the 24 rubber tubings.

3.2 Instrumentation

The test programme was divided into two parts. The first part without water in the flow channel
consisted of static tests to calibrate a strain gauge mounted on the steel plate which connects the
steel cylinder to the beam across the flow channel. Further, some free decay tests without water
in the flow channel were performed in order to estimate the structural parameters in equation
(4).The second part of the test consisted of free decay tests with stationary water flow in the flow
channel and different air pressure out of the holes in the cylinder. These tests were used to
estimate CD] and CD2 in (2).The flow was measured using an ultra sonic flow meter.The strain
gauge signal and flow signal were both recorded using a data acquisition system based on a
personal computer 386-40 MHz with an add-on A/D 16 bit simultaneous DT-2829 data
acquisition board.The signal was samples at 135 Hz with a time series length at 30 sec.

3.3 Measurements Conditions

The tests were performed on December 22 and 23, 1995, in a 2-dimensional flow channel in the
Hydraulics and Costal Engineering Laboratory at Aalborg University, Sohngaardsholmsvej 57,
DK-9000 Aalborg, Denmark. During the tests the water level was changing approximately + 0.01
m. The water level a was 0.355 m and the distance a, from the bottom of cylinder to the lowest
holes in the cylinder was 0.238 m. The free decay tests were performed by giving the cylinder,
using the hand, a deflection corresponding to approximately the same number of strains each
time.



Figure 4. Picture of the monopile test model.

Figure 5. Picture of the monopile test model.



11

4. RESULTS

In the following section the results will be presented and discussed. Section 4.1 describes the
results performed to calibrate the strain gauge and the test model while section 4.2 presents the
results from the test used to estimate C‘D1 and CD2 in (2).

4.1 Estimation of Structural Parameters

In order to find the calibration factor between measured strains S and deflection x of the bottom
of the test model and to find the stiffness of the system some static tests were performed. A string
combined to a pulley and a plumb bob were connected to the bottom of the cylinder in the
longitudinal direction of the flow channel. The results from a test where the weight of the plum
bob was P/ were repeated five times and are shown in table 1

PI(g) % (mm) S (ue)
0 0.00 -5
294.5 7.05 254
294.5 +294.7 14.28 502
0 0.11 0
294.5 7.01 247
294.5 +294.7 11.31 496
0 0.31 2
294.5 6.99 248
204.5 +294.7 14.24 496
0 0.22 -3
294.5 6.98 250
294.5 +294.7 14.33 501
0 0.01 -3
294.5 7.11 248
294.5 +294.7 14.35 495

Table 1: Static tests to calibration of strain gauge and estimation of stiffness.
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From table 1 estimates of the calibration factor between strain and displacement are found.
Further, the stiffness of the system is estimated. Next, 10 free decay tests without water in the
flow channel and 8 tests with water in the flow channel were performed. These tests were
performed in order to estimate the natural frequencies f, and f, of the system, respectively. The
detrended time series were analysed using an Auto-Regressive model of order 6, see e.g. Pandit
[4]. From the natural frequencies results from tests without water in the flow in the channel, see
table 2, the generalised mass was estimated as

_ Kk
T(2nf)?

m

= 7.46 kg

The modal hydrodynamic mass m, can now be estimated from the following relation as

mh=k{ . ) - 7.96 kg
Qrfy?  @xrf)?

Test no. f, (Hz) ¢, (%)
01 1.1883 0.275
02 1.1891 0.223
03 1.1894 0.181
04 11892 0.207
05 1.1889 0.229
06 1.1894 0.183
07 1.1893 0.212
08 1.1897 0.188
09 1.1895 0.216
10 1.1896 0.193

Table2: Natural frequencies and damping ratios estimated without water in the flow channel.



13

Test no. FA(Hz) ¢, (%)
11 0.8266 0.275
12 0.8313 0.256
13 0.8196 0.253
14 0.8254 0.270
15 0.8260 0.254
16 0.8386 227
17 0.8254 0.263
18 0.8284 0.243

Table3: Natural frequencies and damping ratios estimated with water in the flow channel.

4.2 Estimation of CD, and CD,

With the parameters estimated in section 4.2 the only unknowns in equation (2) are the drag
coefficients C;, and Cj, . Since the tests are performed in stationary flow the last term in
equation (2) Is lequal to zero. In order to estimate the drag coefficients C, and C, the
Extendend Kalman Filtering technique was used, see e.g. Ljung [5] and Soderstrom [6].it was
decided to test the model blowing air with pressure p = {0, 0.5, 1.0, 1.5, 2.5, 5.0} bar out of the
holes in the cylinder. Further, the tests were performed with some of the valves closed. Four
different layout valve positions were selected. One layout with all valves opened, another with
only 5 valves opened in each side of the cylinder and at last two layouts where the valves were
open upstream and downstream,respectively. The results from the tests are shown in tables 4, 5
,6 and 7, respectively. The modal parameters are estimated using an AR model, as described in
section 4.1. The relative changes of the drag coefficient estimates CfDl are shown in figures 3 and
4, respectively, for the two different water flows. It is seen from these figures that a significant
change of the drag coefficient can be obtained when air is blown out of the holes in the cylinder.
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Testno. | U (cm/s) | p (bar) |f, (Hz) |, (%) @
045 10.60 0.0 0.8230 | 2.642 1.04
046 10.69 0.5 0.8219 |[2.798 1.56
047 10.21 1.0 0.8206 | 2.784 1.10
048 10.57 1.5 0.8214 | 2.842 1.14
049 10.70 2.5 0.8196 | 3.405 1.52
050 10.35 5.0 0.8174 |[3.890 2.02
069 20.28 0.0 0.8199 | 3.670 0.52
070 19.06 0.5 0.8184 | 3.976 0.50
071 19.80 1.0 0.8187 |3.779 0.68
072 19.40 1.5 0.8164 |4.552 0.69
073 19.57 2.5 0.8168 | 5.082 0.63
074 19.66 5.0 0.8128 |5.343 0.67

Table 4: Description of performed measurements with all valves opened.

Testno. | U (cm/s) | p(bar) |f, (Hz) |, (%) Cp,
039 10.60 0.0 0.8217 | 2.693 1.06
040 10.69 0.5 0.8202 | 2.959 1.25
041 10.21 1.0 0.8200 | 3.365 1.48
042 10.57 1.5 0.8196 | 3.532 1.85
043 10.70 2.5 0.8204 |[3.722 2.25
044 10.35 5.0 0.8239 | 4.276 3.22
081 19.30 0.0 0.8191 |[3.630 0.47
082 19.34 0.5 0.8240 | 4.289 0.64
083 19.31 1.0 0.8294 | 4.923 0.55
084 19.07 1.5 0.8245 |5.171 0.74
085 18.96 2.5 0.8277 | 4.477 0.76
086 20.17 5.0 0.8291 | 4.628 0.76

Table 5: Description of performed measurements with all 2 x 5 valves opened.




Testno. | U (cm/s) | p (ar) |f, (Hz) |, (%) 5,
057 10.75 0.0 0.8246 | 2.830 1.02
058 10.25 0.5 0.8251 |2.857 1.08
059 1033 1.0 0.8282 |[3.532 1.19
060 10.09 1.3 0.8268 | 3.892 1.75
061 10.55 2.5 0.8295 |3.698 1.85
062 10.67 5.0 0.8368 | 6.038 4.50
063 20.11 0.0 0.8243 | 3.257 0.54
064 19.66 0.5 0.8186 |3.952 0.84
065 19.33 1.0 0.8281 |6.725 0.92
066 19.57 1.5 0.8220 | 4.847 1.00
067 18.85 2.5 0.8310 |4.989 1.12
068 19.74 5.0 0.8301 |5.650 1.23

Table 6: Description of performed measurements with all valves downstream opened.

Testno. | U (cm/s) | p (bar) |f, (Hz.) |, (%) &
051 10.68 0.0 0.8244 | 2.555 0.96
052 10.29 0.5 0.8223 |2.725 1.25
053 10.27 1.0 0.8197 |[2.912 1.32
054 10.42 1.5 0.8186 |2.991 1.58
055 10.65 2.5 0.8262 | 2.967 2.01
036 10.54 5.0 0.8120 | 4.429 321
075 19.42 0.0 08232 |[3.517 0.55
076 19.27 0.5 0.8186 | 3.904 0.64
077 19.74 1.0 0.8196 | 4.164 0.67
078 19.90 1.5 0.8194 | 3.881 0.68
079 19.39 2.5 0.8128 | 4.997 0.86
080 19.41 5.0 0.8166 | 4.480 1.8

Table 7: Description of performed measurements with all valves upstream opened.
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Figure 3: Relative changes in drag coefficients as a function of air pressure. a) All valves opened.
b) 2 x 5 valves opened. ¢) Downstream valves opened. d) Upstream valves opened. (U=0.1 m/s)
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Figure 4: Relative changes in drag coefficients as a function of air pressure. a) All valves opened.
b) 2 x 5 valves opened. ¢) Downstream valves opened. d) Upstream valves opened. (U=0.2 m/s)
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5. CONCLUSIONS

The results presented in the present report Active Vibration Control of a Monopile Offshore
Structure - Part One show that it is possible to increase the drag coefficient with a factor 1.5-2
by blowing air out of the holes in a cylinder vibrating in a stationary water flow. This means that
the proposed control technique based on the relationship between the position of the separation
points of the boundary layer flow and the drag term in the wave force on the cylinder should be
expected to work. However, before a final conclusion can be done, the test model should be tested
in nonstationary water flow, i.e. in a test facility where it is possible to excite the model using
waves. This will be the subject for research in the future.
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