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ABSTRACT
Slender offshore structures in deep water subjected to

currents may experience vortex-induced vibrations (V1V), which

can cause significant fatigue damage. Extensive experimental
researches have been conducted to study the VIV in the past
several decades. However, most of the experimental works have
small-scale models and relatively low Reynolds number (Re) —

‘subcritical’ or even lower Reynolds number regime. There is a

lack of full understanding the VIV in prototype Re flow regime.

Applying the results with low Re to a full scale riser with

prototype Re might have uncertainties due to the scaling effects.

In addition, the surface roughness of the riser is also an important

parameter, especially in prototype Re regime.

In present study, two full-scale rigid riser models with
different surface roughness ratios were tested in the towing tank
of MARINTEK in 2014. Stationary tests, pure cross-flow (CF)
free oscillation tests and forced/controlled motion tests were
carried out.

Several conclusions could be made:

e The drag coefficient is dependent on the Re number and
surface roughness ratio.

e At critical and supercritical flow regimes, the displacement
amplitude ratio is less sensitive to Re than that at lower Re.
The displacement amplitude ratio in subcritical flow regime
is significantly larger than that in critical and supercritical
flow regimes.

e Two excitation regions for the ‘smooth riser’ and one
excitation region for the ’rough riser’ are identified.

INTRODUCTION

A literature review on the effects of Reynolds number
(Re = UD/v) and surface roughness ratio on the VIV responses
were done by [1]. The drag coefficient, maximum response
amplitude, Strouhal number and excitation coefficients are
strongly depending on Re and surface roughness in the critical
and post-critical flow regime, indicating that these effects
should be accounted for in future VIV analysis. A 'scaling’
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method on the excitation coefficients was introduced to account
for various Reynolds number and surface roughness.

Several studies investigated the Reynolds number effects
on the peak CF amplitude ratio of a freely oscillating rigid
circular cylinder [2] [3]. By studying experimental results, both
studies demonstrated that the peak CF amplitude ratio depend
on the Reynolds number and damping. However, mainly due to
the limit of experimental setup, the Reynolds number ranges
are 525 —2600 in[2]and 500 — 33000 in [3] respectively,
both are in the subcritical flow regime. In addition, the surface
roughness effect on the response amplitude was not studied.

Response of flexible pipes were reviewed by [4], the
Reynolds number ranges from 10° to 2x10°, it was found that
the response amplitude increases with increased Reynolds
number. [5] studied Shell flexible pipe VIV model tests, which
was carried out at MARINTEK's Ocean Basin. The Reynolds
number range is roughly 5x10° — 2.2x10°. The Reynolds
number effect on the response found by [4] was confirmed, the
influence of surface roughness ratio is also mentioned in [5].
The influential parameters on the responses have similarities
between a flexible pipe and a freely oscillating rigid cylinder.

There are few experimental studies on VIV at prototype
Reynolds number (>10%), mainly due to the limitation of the test
facilities. ExxonMobil performed full scale Re number VIV
model tests on rigid bare riser and riser with helical strakes, the
Reynolds number ranges from 8x10* to more than 10° [6].
Various surface roughnesses were modelled by using sandpaper.
It was found that in critical Reynolds number regime, the VIV
response amplitude and the excitation coefficient of a bare riser
are sensitive to Reynolds number and surface roughness. In
Deepstar high Reynolds number experiments, combined in-line
(IL) and CF VIV experiments were carried out at a Reynolds
number range from 3.1x10° to 7.1x10° [7]. A rough cylinder
was tested, desired roughness was achieved by fit a fiberglass
sleeve outside the smooth cylinder, and covered in sand particles,
the surface roughness ratio k/D =2.3x10° [7]. 'Dual
resonance' was observed for both subcritical smooth cylinder
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tests and supercritical rough cylinder tests when IL motion is
allowed. Large 3 order harmonic lift force components were
measured at prototype Reynolds number. Stable ‘figure 8
response orbits were observed at supercritical Re tests.

To fill the knowledge gap of VIV at prototype Re and
overcome shortage of applying results at lower Re to prototype
Re, a new innovative VIV test rig was designed and built at
MARINTEK to test a full-scale rigid riser model. This test rig
was first used to study possible VIV suppression to improve
operability of retrievable riser systems with auxiliary lines by
adding riser fins, the model tests were carried out during
2011/2012 [8]. In MARINTEK's very first prototype Re VIV
tests on a full scale riser section [8], distinct difference of
response amplitude ratios were observed between ‘critical’ and
'sub-critical' Re flow regimes, the largest amplitude ratio in
‘critical' Re is around 60% of that in 'sub-critical' Re.

NOMENCLATURE
Anom/D Nominal amplitude ratio
A Peak/maximum amplitude ratio
Cp Drag coefficient
C, Excitation coefficient
D Outer diameter of the riser model
CF Cross-flow
Fy, Hydrodynamic force
Fo Amplitude of harmonic hydrodynamic force
E, Measured force in forced motion test
fose Oscillation frequency
fy Vortex shedding frequency
f= f"STcD Non-dimensional oscillation frequency
IL In-line
k/D Roughness ratio
L Length of the riser model
m* Mass ratio
NDP Norwgian Deepwater Programme
OQUS Optical tracking system
Re Reynolds number
St Strouhal number
Ty Natural period
U Current velocity
U, = % Reduced velocity
VIV \ortex-induced vibrations
Al Distance between measurement stations
AM Bending moment difference
Ocr Standard deviation of CF motion
v Kinematic viscosity
p Density of the fluid
Q@ Phase angle between CF motion and

hydrodynamic force
14 Damping ratio

THEORETICAL BACKGROUND
A brief introduction of the governing equation of motion of
a freely oscillating circular cylinder in y-direction (CF) is:

my+cy+ky=F, 1)

where m is total oscillating structural mass, ¢ is structural
damping, k is stiffness, F, is hydrodynamic force in CF
direction.

Some of the dimensionless parameters of equation (1):
Mass ratio

* _ m
m " Impp2L &)
Damping ratio
_ C
Z - 2,/k(m+mj,) (3)

where m, is the added mass.
Reduced velocity
U, =UT,/D 4

where T, is the natural period.
If the CF displacement is harmonic, it can be described by

y(t) = yosin(wosct) ®)
where w,s. = 2mfysc; fosc 1S 0Scillation frequency.
The hydrodynamic force is reasonably represented by
Fp(t) = Frosin(wosct + ¢) (6)

where ¢ is the phase angle between the CF motion and
hydrodynamic force.
For a circular cylinder undergoing forced motion, equation
(1) becomes
my — Fy, = Ey (M

where F,, is measured force.

The following non-dimensional coefficients are discussed in
this paper:

The drag coefficient is defined by

FIL

Cp = TpDLUZ ®)

where Fj, is the mean force in IL direction.
The dynamic excitation coefficient at oscillation frequency
W, 15 defined as [9]:

4 I Py @ar

T PDLUWogscYo koo kT

©9)

e

where y(t) is the oscillation velocity in CF direction.

This force coefficient defines the energy transfer between
fluid and cylinder for each harmonic component present in the
time series. Positive value means that energy is transferred from
the fluid to the cylinder, while a negative coefficient indicates
energy dissipation through hydrodynamic damping.
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TEST SET-UP

The model tests were performed in Towing Tanks I+l at
MARINTEK. The water depth of Tank I is 5.6 m and 10 m for
Tank I11. The total length is 260 m, and it is 10.5 m wide. The
towing tank is equipped with an overhead towing carriage, which
can run along the tank in both directions.

During tests, a full scale VIV test rig was hinged to the
carriage. The test rig was manufactured by MARINTEK to test
prototype riser models, and first used by [8]. A principle sketch
of the test rig is shown in Figure 1. A photo with the test rig and
the smooth riser model is shown in Figure 2. The test rig
comprises three vertical steel truss works, hinged together in a
U-shape. The full scale riser model with an outer diameter of
0.533 m was mounted onto the test rig vertically and submerged
in water. Two end-plates with a diameter of 2 m were fitted at
both ends of the riser model, so that the boundary effects from
water surface and bottom of the tank could be mitigated, and the
flow over the test riser section was close to two dimensional.

f \ ()1 | |Free vibration

Risel’ 0.533 m|
model End-plates

3.270m

’ Forced

vibration

: Hydraulic system '

v

« s
20m

Figure 1 Principle sketch of MARINTEK's full scale VIV test rig.
Left: Side view. Upper right: Top view of free vibration set-up.
Lower right: Top view of forced vibration set-up.

The hinged test rig enables the tested riser model to move in
a semi-arc path. Since the radius of this 'semi-arc' path is 5 m,
which is much larger than the expected CF oscillation amplitude,
the resulted IL motion can be neglected. So we assume present
VIV tests have pure CF motions.

For free oscillation VIV tests, the test rig was elastically
mounted by use of tension coil springs to obtain a desired natural
period T,.

In [8], one spring setup was used for all the free oscillation
tests, so the system has the same natural oscillation frequency in
water. To achieve different reduced velocities, the towing speed
was varied, and so the Re. In present tests, the Re was kept the
same, we tuned the natural oscillation period to achieve desired
reduced velocity. Three sets of tension coil springs were
deployed and mounted in certain ways in order to get wanted
natural periods.

Forced motion test was also conducted in a later phase. In
these tests, the spring system was replaced by a hydraulic system,
desired oscillation amplitude and frequency were input to the
control system and achieved by the hydraulic cylinders.

The entire system was towed by the carriage through calm
water to simulate uniform current past on the riser section.

Hinge points

Truss work

Hydraulic system

Spiral sping

Upper end-plate

Riser model

Lower end-plate

Figure 2 Photo of the test rig with smooth riser model.

RISER MODELS

Two steel pipes were manufactured to model full scale riser
sections. One was painted to have a smooth outer surface, and
the other was wrapped with P36 sandpaper to model rough outer
surface due to marine growth (see Figure 3). The key properties
of the riser models are shown in Table 1.

Figure 3 ough surfae modelled by sandpaper, k/D = 1.0 x
1073,
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Table 1 Key properties of the riser model.

Property Unit Value
Length of the riser model, L m 3.270
Outer diameter, D m 0.533
Thickness m 0.002
k/D of smooth riser model - 5.3e-5
k/D of rough riser model - 1.0e-3

INSTRUMENTATION
The following instrumentations/measurements are included:

e The standard measuring equipment on the towing carriage
measured towing speed.

e In [8], the forces acting on the test riser model were
measured by use of an assembled set of one-component
force transducers, which were mounted on the riser model
end.

In present model tests, a central core beam was
manufactured and equipped with strain gauge force
transducers, which measured the bending moments at four
stations of the inner core beam.

The tested riser model was fastened to the inner core beam
at two connection points in the middle of the riser section.
Except for that, there was no other contact between the riser
model and inner core beam. There were also gaps between
the riser model and two end-plates.

The basic principle is to use difference of bending moments
to derive force: F =AM/Al. By using the measured
bending moments at Station 3 and Station 4, the force acting
on the lower end-plate was calculated. In the same way, the
force acting on the riser model was found and further
processed.

e The riser oscillation displacement was measured by an
optical tracking system (OQUS); in addition, a
potentiometer measured the rig oscillations.

e Athree-component accelerometer was located at topside of
the rig on the ‘cone-shape' support structure. Measured
accelerations were used to document vibrations in the test
rig.

All the transducer signals were sampled at 1200 Hz except
the OQUS, which has a sampling frequency of 25 Hz. The low-
pass analogue filtering cutoff frequency was 250 Hz. Calm water

condition for each test run was assured by waiting at least 10
minutes between tests.

TEST PROGRAM

The following tests were carried out:

e Instrumentation verification and calibration tests
Decay tests and pluck tests in air and still water
Stationary tests
Pure CF free oscillation tests
Pure CF forced oscillation tests

Decay tests were performed in air on the test rig without
riser model, in order to investigate the structural damping of the

test rig. The damping ratio was found to be between 1-2%.
Figure 4 shows the time history of displacement at the riser
location of one decay test in air.

Decay tests were also performed in still water for each
spring set, before free oscillation test. The natural frequencies in
water and the damping ratio were measured for each decay test
in water. Figure 5 shows the time history of displacement at the
riser location of one decay test in water, the damping ratio was
3.6%.
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Figure 4 Decay test in air, without riser model, Tn=2.62 s, damping

ratio is 1.3%.
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Figure 5 Decay test in water, with smooth riser model, Th=5.82's,

damping ratio is 3.6%.

Stationary tests were performed on both fixed smooth and

rough riser models, at the Re range from subcritical to critical
regimes.
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Free oscillation tests were performed on both smooth and
rough riser models, at selected critical Re and a range of reduced
velocities. In addition, some tests in [8] were repeated with
varying Re. The test program of stationary and free oscillation
tests is shown in Table 2.

Forced motion tests were carried out at Re = 4x10°, on
both smooth and rough riser models. The test matrix with
varying amplitude ratios (A/D) and non-dimensional oscillation
frequencies (f = f,,.D/U) is presented in Figure 6. The purpose
of these tests was to establish prototype Re hydrodynamic force
coefficient database which can be further used by VIV analysis
programs such as VIVANA [10].

Table 2 Test program of stationary and free oscillation tests.

k/D Re U,
Stationary | 5.3e-5 9e4 - 8e5 -
tests 1.0e-3 9e4 - 6e5 -
le5 - 2.6e5 5-12
3e5 4-10
Free 5.3¢-5 45 5-13
oscillation 6e5 5-11
tests 2.5e5 - 3.5e5 7-11
1.0e-3 2e5 4-8
4e5 8-12
o0 e
. % o Ie) o X k/D=1.0e-3, Re=485
08 o @ @ o [e] o [e] o

03 . 5 © & @& & 2 5 ©
<
02
x ® ] @ & & o] & Q

e x X ® x * X

. |

0.05 01 0.15 0.2 0.25 0.3 035

Non-dimensional frequancy (-}
Figure 6 Test matrix of forced motion tests.
RESULTS

Drag coefficient

Drag coefficient of both smooth and rough circular cylinders
are presented in Figure 7 as results from the stationary tests. The
effects of the surface roughness ratio on the drag coefficient is
clearly seen. 'Drag crisis' is a phenomenon that drag coefficient
decreases abruptly as Reynolds number increases.
Simultaneously, the boundary layer flow around the bluff body
transits from laminar to turbulent [11]. The rough cylinder has
'drag crisis' at Re = 1.26x10°, while the smooth cylinder has
the 'drag crisis' at Re = 2.98x10°. And the lowest drag
coefficient of the rough cylinder (0.44) is larger than that of

smooth cylinder (0.36). This is consistent with existing
literatures [1]. Due to roughness at the cylinder surface, the
transition of the boundary layer from laminar to turbulent occurs
at lower Reynolds numbers. Consequently, the critical and
supercritical flow regimes shift to lower Reynolds numbers [12].
When the surface roughness ratio is larger than a critical value,
the 'drag crisis' disappears accordingly [13][14].
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Figure 7 Drag coefficients from stationary tests.

Strouhal number

Spectral analysis has been performed on the CF force of
stationary tests, the peak frequencies correspond to the vortex
shedding frequency f,. It is well known that the Strouhal
number is defined as St = f,,D /U, calculated Strouhal number
is shown in Figure 8.
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Figure 8 Strouhal number from stationary tests.

It shows that when Re is in the range 9 x 10* - 8 x 105,
the St of both cylinders is between 0.15 and 0.25. The St at Re
from 3 x 105 to 8 x 10° is slightly lower than the St at Re
from 1 x 10% to 3 x 105. The rough cylinder (k/D = 1.0 X
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1073) has relative higher St than the smooth cylinder. These
observations agree well with existing data and findings [1].

Response amplitude ratio

The Reynolds effect on the maximum VIV response
amplitude ratio was discussed in [1], distinct Re effects between
subcritical critical and super-critical Re flow regimes were
observed.

Nominal CF VIV amplitude ratios (A,om/D =V20¢r/D)
of present tests are present in Figure 9, plotting against the
reduced velocity at different Re.
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Figure 9 A,,./D vs. U, atprototype Re.

Free oscillation tests on the smooth riser (k/D = 5.3 X
1075) were performed at three Reynolds numbers: 3 x 105,
4 x 105 and 6 x 10%. Among these three sets of free oscillation
tests, Re was kept the same for each set by towing the carriage at
the same speed. Different reduced velocities were achieved by
changing the spring setup. These three Reynolds numbers are
within the “critical” and ’supercritical’ flow regimes. It shows the
maximum A,,,.,/D is around 0.5 for all three Re numbers. It
implies that for a smooth riser, at critical and supercritical flow
regime, the maximum response amplitude is not sensitive to Re.

Free oscillation tests on the rough riser (k/D = 1.0 x 1073)
were performed at two Reynolds numbers: 2 x 105 and 4 X
105. At Re = 2 x 105 (subcritical flow regime), maximum
Anom/D is around 1.1, the corresponding U, is around 6. At

Re = 4 x 10° (critical flow regime), maximum A4,,,/D is
around 0.56, the corresponding reduced velocity is around 7.5.
The effect of Re on the maximum response amplitude ratio is
significant and the trend is very similar for both smooth and
rough risers. Further discussion will confirm this.

If we compare the results at the same Re 4 x 10° for both
smooth and rough risers, the maximum A,,,,,/D values are 0.5
and 0.56 respectively, which implies the effect from the surface
roughness is not significant at this Reynolds number. Earlier
studies also showed that the roughness has limited influence on
the VIV response in sub-critical Re range [12]. However, no tests
with the rough cylinder were carried out at sub-critical Re range
in present test.

One set of free oscillation tests on smooth riser was carried
out by using the same spring setup, but towing the carriage with
different speeds, in such way, both the Re and reduced velocity
will be different from test to test. The results are shown in Figure
10. Note that the Re varies from 1 x 10> to 2.6 x 10°, which
is mainly in the subcritical flow regime. We can see that the
maximum A,,,.,/D is around 1.76, which is significant higher
than the prototype Re number results. Similar high maximum
amplitude ratio was also observed in the previous prototype Re
VIV tests [1]. The results from both previous and present tests
shows that the rigid smooth riser has much higher amplitude in
subcritical flow regime than critical and supercritical flow
regime.

1.8 & o
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= o]
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0.4
s}
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o | . . ‘
5 6 7 8 9 10 11 12

Ur
Figure 10 A,,m/D vs. U, at subcritical Re, for smooth cylinder
k/D =5.3e —5.

The maximum amplitude ratios in CF direction are
summarized in Table 3, for both smooth and rough riser models.

Govardhan & Williamson [3] proposed an empirical
formula for peak CF response amplitude ratio:

A" = (1 - 112 + 0.30a2)log (0.41Re®3) (10)

where « is a mass-damping parameter, & = (m* + C,){. C,
is the potential added mass coefficient, taken as 1.0 for a circular
cylinder.

Even this formula is only valid for a range of Re=500-33000
[3], an attempt has been done to show the differences of Re effect
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on the peak response amplitude ratio in subcritical and prototype
Re. Here we take ¢ = 0.036 from Figure 5, which gives a =
0.0506.

Table 3 Maximum amplitude ratio.

Anom,max/D
Re K —53x1075 | £=10x10?
D~ 7 D~

1x10° - 2.6 x 10° 1.76 -

2 x 10° - 1.1

3 x 10° 0.49 -

4% 105 0.48 0.56

6 x 10° 0.49 -

The maximum response amplitude ratios in Table 3 are
plotted together with the 'Modified Griffin Plot' (defined by
formula (10), see Figure 11. It is expected that the results from
present experiments do not agree with the '‘Modified Griffin plot,
due to the Re is out of the valid range of formula (10). But if we
take a closer look, at Re around 2 x 10°, the smooth pipe has
A" = 1.76, while the rough pipe has A* = 1.1, it is reasonable
to believe that the difference is caused by the surface roughness.
This Reynolds number is in the TrSO regime, where the shear
layer is fully turbulent, and there is onset of transition from
laminar to turbulent at separation point [15]. Larger surface
roughness makes this transition occur at a lower Re.

107 10°

Figure 11 Calculated peak response amplitude ratio by ‘Modified
Griffin Plot' [3]. *, Re=2.16 x10%, k/D=5.3x1075; o,
Re=3x105, k/D=53%x105; X, Re=4x105, k/D =
5.3x1075; +, Re=6x10% k/D=5.3x10"%; A, Re=2x
105, k/D=1.0x1073;0, Re=4x10° k/D=1.0x 1073,

Fluctuating lift and drag coefficients were reviewed and
presented in Figure 12 by [16]. In TrSO regime, the lift

coefficient decreases dramatically, and this has a direct effect on
the A*. The relationship between A* and lift coefficient is
described in [17]:

CL

sm{mn2St?
pD?

A* = (11)
where we can see that under lock-in condition (vortex shedding
frequency synchronizes with the cylinder natural frequency), A*
is independent of the flow velocity (Re), but directly influenced
by the lift coefficient. What happens if we have a larger surface
roughness? As we discussed earlier, it makes this transition occur
at lower Re. In other words, at the same Re, the lift coefficient
for a rougher cylinder is smaller than that of a smooth cylinder,
especially at TrSO regime. That explains the difference of A*
between a smooth and a rough cylinder.

TrSLA TrSL2 TrSL3

TrS 0
TS 3
TrBL 4

5

10
Reynolds Number

Figure 12 Fluctuating lift (C}) and drag (C}p) coefficients, and
mean lift (C;) coefficient the TrSL and TrBL regimes [15][16].

For the three data points with A* in the range of 0.4 to 0.6,
it seems they are neither Re dependent nor sensitive to surface
roughness. They have a Re range from 3 x 10° to 6 x 105,
corresponding to TrS1 to TrS3 regime approximately. In these
regimes, the boundary layer transits from laminar to turbulent,
and the shear layer is fully turbulent, the surface roughness plays
a less important role. The lift coefficient is significantly low and
varies little with further increasing Re, so that the A isalso less
sensitive to Re.

Oscillation frequency

Figure 13 plots the dominant oscillation frequency against
the natural frequency in still water (measured from decay tests in
water). It illustrates the difference of added mass in still water
and in constant current, The scattering is seen. For a mass-
damper-spring system, assuming the damping is small enough to

be neglected, f = ./k/(m + m,), the frequency ratio is

&z\/m'kma,n — Jl +ma,n_ma,osc (12)

fn m+Mgqosc m+Mgosc
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where m,, is the added mass in still water, mg s is the
added mass when the riser model is freely oscillating.

For the smooth riser model, f,s./f, > 1 at Re = 3 x 10°,
which indicates the oscillating added mass is smaller than the
still water added mass; while f,../f, <1 at Re =4 x 10°
for most of the cases, this is true also for the rough riser model,
this indicate the oscillating added mass is larger than the still
water added mass.

10 0
9 k/D=5.3¢-5, Re=3¢5
g | ®k/D=53¢5 Re=4e5

@k/D-5.3¢.5, Re=625

Ak/D=1.0e-3, Re=4e5 g
£ . '@ A
= L. A
g > . e
S
4
o
3 -
1
0o’
0 2 4 6 g 10
f, (Hz)

Figure 13 Oscillation frequency vs. still water natural frequency.

Transition

Transition' could happen for elastically supported riser
model in constant flow [18]. The transition of the wake induced
force will result in different responses, as shown in Figure 14.

(mm)

disp
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. acasesl | | A
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Figure 14 Free oscillation test on smooth riser, k/D = 5.3 x 1075,
Re = 3 x 10%, U, = 7. Upper: time histories of lift force and CF
response displacement; Lower: time history of towing speed.

Distinct different response amplitudes are observed in two time-
windows, the oscillation periods are slight different. The
'transition' occurred at t = 250 s, the lift force is in phase with
the oscillation displacement all the time.

Excitation coefficient

The excitation coefficients obtained from the forced motion
tests are presented as contour plots in Figure 15 and Figure 16.
All the forced motion tests were carried out at the same Reynolds
number 4 x 105. Note that in the contour plots, the values of the
area without data point are interpolated.

0.7 -

08

0.5
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0.3-
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0.05 01 0.15 02 0.25 03
Nondimensional frequency

Figure 15 Plot of contour curves for CF excitation coefficient in an
amplitude ratio-nondimensional frequency map, k/D = 5.3 X
1073, Re = 4 x 105, Data points are marked with blue dots.
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Figure 16 Plot of contour curves for CF excitation coefficient in an
amplitude ratio-nondimensional frequency map, k/D = 1.0 X
1073, Re = 4 x 105, Data points are marked with blue dots.

In the contour plots, the zero contour lines defines the CF
response amplitude for a cylinder without mechanical damping.
The areas with positive excitation coefficients are defined as
excitation regions, and the zero contour line is the boundary of
these regions [19].

From the contour plot of the smooth riser, two excitation
regions are clearly seen, one is with f from 0.1 to 0.15, the
8 Copyright © 2017 by ASME



other is with f from 0.275 to 0.3. It also indicates that the
excitation region may extend to the non-dimensional frequency
lower than 0.1 and higher than 0.3. The maximum amplitude
ratio corresponding to zero excitation coefficient is slightly
higher than 0.6. This value may change if additional data points
are available.

For the riser section with rough surface, calculated
excitation coefficients from forced oscillation tests are presented
in Figure 16. Positive excitation coefficients for the rough riser
section are seen at non-dimensional frequencies 0.125, 0.15 and
0.175. The maximum excitation coefficients is around 0.3 at
f = 0.175. The non-dimensional frequency ranges from 0.11 to
0.19 in the excitation region. The maximum amplitude ratio with
zero excitation coefficient is around 0.65. For the f larger than
0.25, it is unknown whether there exist another excitation region.
For the f lower than 0.09, there exists are tiny excitation
region, with very large uncertain due to lack of data points.

In present model tests, the rough riser model has a surface
roughness ratio k/D = 1.0 x 10~3, which is half of one model
of [6], so the results should be comparable. The comparison is
summarized in Table 4. In general, results from present study
have similar trend and the excitation coefficients have same level
of magnitude.

Table 4 Comparison of excitation coefficients for rough riser.

Property. Present rough riser | ExxonMobil [3]
k/D 1.0 x 1073 2.0x 1073
Excitation region | £:0.11-0.195 U,: 2595
Acrmaxlc,=0/D 0.65 0.85

Ce,crmax >0.3 >0.5

The differences between present tests and [6] may be
attributed to several aspects:

1.Present test has a fixed Re, while ExxonMobile has a
varying Re.

2. The surface roughness ratio is not exactly the same
between present and ExxonMobil tests.

3. Present full scale riser model was located vertically on the
test rig, while ExxonMobil had a horizontal cylinder model.

4. The excitation forces were extracted in different ways.

5. The L/D is around 6 in present tests, ExxonMobil has
L/D of18.

The drag coefficients of all the forced motion VIV tests are
plotted against the amplitude ratio, which is shown in Figure 17.
Note that the amplitude ratio is the actual measured value instead
of defined value. For the smooth riser, the drag coefficient varies
from 0.4 to 1.1. While for the rough riser, the drag coefficient
ranges between 0.85 and 1.3, which is significantly larger than
the smooth riser. At this Reynolds number the fixed smooth riser
model has a drag coefficient around 0.4, and the fixed rough riser
model has a drag coefficient about 0.95, see Figure 7. The drag
amplification due to CF motion is seen, as the amplitude
increases, this amplification becomes stronger.
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Figure 17 Drag coefficients of all forced motion VIV tests.

CONCLUSIONS

This paper presents some key results of the prototype Re
VIV model tests that carried out at MARINTEK. Stationary
towing tests, free oscillation VIV tests and forced motion VIV
tests on the two full scale rigid riser sections were conducted.

Drag coefficients of 'fixed' riser sections are extracted from
stationary tests. Surface roughness effect on the drag coefficient
is clearly seen, and the drag crisis is captured for both riser
sections. It might be of interest to do more stationary test with
even higher Reynolds number, and different surface roughness
ratios in order to get more complete data base.

Pure CF free oscillation VIV tests in present study were
carried out at fixed Reynolds numbers, different reduced
velocities were achieved by adjust the location and arm length of
three sets of springs. The key results are the response amplitude
ratio. For either smooth or rough riser model in present study, at
critical and supercritical flow regimes, the displacement
amplitude ratio is not sensitive to Re. However, in subcritical
flow regime, the response amplitude ratio is significantly larger
than that in at critical and supercritical flow regimes. At a
supercritical Reynolds number 4 x 10°, the surface roughness
effect on the maximum displacement amplitude ratio is not
distinct.

Forced oscillation VIV tests were carried out on both riser
section models at a Reynolds number 4 x 10°. The most
important results are the excitation coefficients at prototype
Reynolds number. Two excitation regions for the 'smooth riser'
and one excitation region for the 'rough riser' are identified.

The excitation coefficient at supercritical Re in present
study is significantly lower than the excitation coefficients in
subcritical flow. Partly due to insufficient data. The excitation
region is also different, especially for the riser with rough
surface. Amplified drag coefficients are also extracted from
forced oscillation VIV tests. Generally, results from present
study show similar trends as the literatures.
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