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Abstract

Near-bed flow mechanisms of high Reynolds number flows around a marine
pipeline close to a flat seabed have been studied using a two-dimensional
standard high Reynolds number k-¢ model. The effects of gap to diameter ratio
and seabed roughness for a given boundary layer thickness of the inlet flow
upstream of the cylinder have been investigated. The vortex shedding
mechanisms have been investigated. Mean pressure, mean friction velocity and
the resulting mean bedload sediment transport along the bed have been
predicted. Overall it appears that for engineering design purposes the present
numerical model is suitable for predicting high Reynolds number flows, which
are present near the seabed in the real ocean.
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1 Introduction

Marine pipelines are widely used for transporting oil and gas from offshore
fields. They are often subject to high Reynolds numbers flow with typical values
of 0(10*) — O(107), covering subcritical (300 < Re < 3x10°) to trancritical (Re >
4x10°) flow regimes. Here Re = U,.D/v where D is the cylinder diameter; U, is
the free stream velocity; and v is the kinematic viscosity. The hydrodynamic
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164 Coastal Processes

characteristics of steady flow around a horizontal smooth circular cylinder near a
fixed horizontal boundary represent an idealized situation of a pipeline near the
seabed. The proximity of the pipeline to the seabed affects the flows around the
pipeline and along the seabed.

Several experimental studies have been carried out to investigate flows at
high Reynolds numbers ranging from O(10%) to O(10%) in the subcritical flow
regime (see, e.g., Bearman and Zdravkovich [1], Lei ef al. [2] and Wang and Tan
[3]). Bearman and Zdravkovich [1] investigated the influence of G/D on the
vortex shedding and its spectral behaviour with an upstream flow of /D = 0.8 at
Re ranging from 2.5x10* to 4.8x10*. Here G is the distance between the bottom
of the cylinder and the bed, and 6 is the boundary layer thickness of the inlet
flow upstream of the cylinder (see fig. 1 for definitions). They measured the
distributions of mean pressure around the cylinder and along the bed at Re =
4.8x10*. They also showed that the vortex shedding motion behind a circular
cylinder close to a flat bed is suppressed at G/D < 0.3. Here the G/D
corresponding to the onset of vortex shedding is defined as the critical ratio,
G/D.. Lei et al. [2] studied the flow around a smooth circular cylinder immersed
in different boundary layer thicknesses (6/D = 0.14 - 2.89) at Re ranging from
1.31x10* to 1.45x10*. Their experimental results showed that both drag and lift
coefficients strongly depend on G/D, and are affected by o/D. They found that
the variation of the root-mean-square fluctuating lift coefficient (Cp,s) can be
used to determine the suppression and onset of the vortex shedding. Their
observations also showed that the vortex shedding is suppressed at G/D of 0.2-
0.3, depending on different 8/D. Wang and Tan [3] studied the near-wake flow
characteristics of a circular cylinder close to a flat bed for Re = 1.2x10* and 8/D
= 0.4. Their results showed that instantaneous flow fields depend strongly on
G/D, and that the flow is characterized by a periodic vortex shedding for G/D >
0.3.

Only a few numerical studies have been performed for such high Reynolds
number flows (Re >10%) around a circular cylinder near a plane wall. Brors [4]
and Zhao et al. [5] applied a standard high Reynolds number k-¢ model at Re =
1.5x10* and a k- model at Re = 2x10%, respectively. Their results yielded a
good qualitative agreement with the published experimental data. However,
detailed comparisons with experimental results for G/D < 0.4 are not made.
Recently Ong et al. [6] applied the standard high Reynolds number k-¢ model at
Re = 1x10" - 4.8x10* with 8/D = 0.14 - 2. Comparisons of numerical results with
the published experimental data were provided for the cases of G/D < 0.4. They
found that under-predictions of the essential hydrodynamic quantities of the
cylinder (such as Cp, Cy, St, Cp.ms and C,) were observed in the subcritical flow
regime due to the well-known limited capacity of the k-¢ model (and similar
two-equation turbulence closures) to capture the vortex shedding correctly. Here
Cp is the time-averaged drag coefficient, Cy is the time-averaged lift coefficient,
St = fD/U,, is the Strouhal number (here f is the vortex-shedding frequency), and
C, is the mean pressure coefficient around the cylinder. Cp and C, are calculated
based on the definitions Fp= O.SpDCDUm2 and F. = 0.5pDC, U..2, where Fpp, and
Fy are the time-averaged integrated horizontal and vertical forces per unit length,
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respectively, acting on the cylinder; and p is the fluid density. There is also a
limitation of using two-dimensional (2D) models for three-dimensional (3D)
flow, as effects from the spanwise secondary flow are not considered in the 2D
simulation (see Mittal and Balachandar [7]). However, the mean pressure and the
friction velocity along the bed were predicted reasonably well as compared with
the published experimental and numerical results in the subcritical flow regime.

Ong et al. [8] and Catalano et al. [9] presented numerical results on flow
around an isolated smooth circular cylinder subject to a steady current at Re
ranging from 0.5x10° to 4x10° by using the standard high Reynolds number k-¢
model. Overall, their results are in satisfactory agreement with published
experimental data. To our knowledge, neither numerical nor experimental studies
are available in the open literature for flows around a circular cylinder close to a
flat seabed beyond the supercritical flow regime (Re > 1x10°).

In the present study, the flows at Re = 3.6x10° and /D = 0.48 with two
different seabed roughnesses (z, = 1x10°m and 2x10°m) are investigated
numerically by using 2D Unsteady Reynolds-Averaged Navier-Stokes (URANS)
equations with a standard high Reynolds number k-¢ model. Here z,, = dso/12
where ds is the median grain size diameter. Effects of gap to diameter ratio and
seabed roughness are investigated. Mechanisms of vortex shedding are
investigated. Near-bed hydrodynamic quantities and the resulting bedload
sediment transport are also predicted.

2 Mathematical formulation

2.1 Flow model and numerical solution procedure

The 2D URANS equations are solved using a standard high Reynolds number -
¢ model (see Launder and Spalding [10]) and a Galerkin finite element method
with a Segregated Implicit Projection (SIP) solution algorithm proposed by
Utnes [11]. This numerical method is 2™ order both in time and space.

2.2 Computational domain, boundary conditions and convergence studies

The computational domain and the boundary conditions imposed for the present
simulations are shown in fig. 1. The size of the whole computational domain is
30D by 10D. The upper boundary is located at a distance varying from 8.5D to
9.4D from the centre of the cylinder depending on the corresponding gap ratio;
this ensures that the boundary has no effect on the flow around the cylinder. The
flow inlet is located 10D upstream from the centre of the cylinder and the flow
outlet is located 20D downstream from the centre of the cylinder. These
distances are sufficient to eliminate the far field effects from the flow upstream
and downstream of the cylinder.
The boundary conditions used for the numerical simulations are as follows:
1. A boundary layer flow is specified at the inlet (see fig. 1)
uy(Y) = min {uxIn(¥/z,)/x, Us}; u2(¥Y) =0 (1)
k(Y) = max{C,”"* (1-¥/8)}'us’, 0.0001U,°}; &Y) = C,. ) k(V)** 1 (2)
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¢(Y)=min {xY(1+3.5Y/5)", C, &} 3)

Here Y denotes the wall normal direction starting from the seabed (see
fig. 1). k is the turbulent kinetic energy. & is the rate of viscous
dissipation. u; and u, are the horizontal and vertical velocities,
respectively. C,=0.09 is one of the standard coefficients in the k-&
model. The friction velocity is evaluated as u«= kU,/In(d/zy), where z,, is
the roughness of the flat bed, and k=0.41 is the von Karman
constant. / is an estimate of the turbulent length scale (see e.g. Brors [4]).
2. Along the outflow boundary, u;, u,, k and € are specified as free boundary
conditions in a finite element context. This means that a traction-free
velocity-pressure boundary condition is applied for u;, u, and P (see
Gresho and Sani [12] for details), while the flux is set equal to zero for k
and &. Along the upper boundary, u,, k and ¢ are free, while u; is set equal

to zero.

3. No-slip condition is applied on the cylinder surface and the seabed with u,
=Uy= 0.

4. Standard near-wall conditions are applied for k and € near the cylinder
wall and the bed (see e.g. Rodi [13]) as

ke=ull(Cy)'"%; 6= C1 P/ (xhy) )

where h, is the normal distance between the first node and the wall, and
u~ s the wall friction velocity obtained from the logarithmic (log) law.

U/ u=(1/K) In(h,/z+) where z+=(zy,z,) (5)

Here uy,, is tangential velocity to the wall, z, is the roughness parameter of

the cylinder surface and z- is a switch parameter for the wall roughness. A

small roughness with zy= 1x10°m (i.e. dso= 12z, = 0.012mm) is used for

the cylinder for all the present simulations. This small roughness leads to

almost the same results as a smooth logarithmic wall function, but is
preferred because of enhanced numerical stability of the simulations.

Stretching of the mesh is performed to achieve a fine resolution of the region

close to the cylinder surface and the seabed. When the grid is refined, the

symmetrical grid elements nearest to the cylinder surface are kept constant. The

U. u; = free, u, = 0, k = free, ¢ = free
A
uq (Y)
u =0 us = Free
k (Y up = free
€ ((Y)) A U 10D k =free
c = free
— ONEE b
(SRR NS L
10p 1 e 20D .
—> X
Figure 1: Definition sketch for flow around a circular cylinder close to a flat
seabed.
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seabeds with small roughness z, = 1x10°m and higher roughness z, = 2x10”°m
(i.e. dso= 12z,,= 0.24mm) are used.

Both grid and time-step convergence studies have been performed for flows
at Re = 3.6x10° for cases of 8/D = 0.48, z,,= (1x10°m, 2x10°m) and G/D = (0.1,
0.2,0.3,0.4, 0.6, 0.8, 1). The variations of Cp and C are considered in both grid
and time-step convergence studies with a converged deviation of less than 5%.
The meshes with approximately 40000 elements are considered to give a
sufficient grid resolution, see fig. 2 for Re = 3.6x10° with 8/D = 0.48 and z,, =
1x10°m. The radial distance to the first node from the cylinder surface is
0.0005D. A non-dimensional time step (At) of 0.001D/U, is found to be
sufficient, and the simulations are run for 200 non-dimensional time units
(D/U,).
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o G/D=0.2 O G/D=0.2
——¥-- GD=03 -—-v-- GID=03
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[ > v
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Figure 2: Grid convergence study for Cp and C with respect to the number

of elements in the computational domain for Re = 3.6x10° with
/D =0.48 and z,, = 1x10°m.

3 Results and discussion

3.1 Validation study

High Reynolds number flows at Re = 3.6x10° with 8/D = 048 and z, =
(1x 10°m, 2x10°m) are investigated numerically in the present study. In this
flow regime, there are neither experimental nor numerical results available in the
open literature. However, the present results are validated by comparing the
present numerical results for G/D = 1 with both published experimental data and
numerical results for an isolated cylinder subject to a steady current in the same
flow regime, since the effect of the seabed on the flow around the cylinder is
insignificant for G/D = 1. The values of Cp, Cpns and St for G/D = 1 and z,, =
1x10°m are within the range of the published experimental data and numerical
results for steady flow around an isolated circular cylinder, see table 1.
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3.2 Vortex shedding and suppression

Fig. 3 shows Cp s versus G/D for 8/D = 0.48 and the seabeds with z,, = 1% 10°m
and 2x107°m. Tt appears that Cp s versus G/D has the same qualitative behaviour
for both cases, but Cy s is generally lower for z,, = 2x 10°m (rougher bed) than
for z, = 1x10®°m for 0.15 < G/D < 0.8. The critical value for onset of vortex
shedding, G/D. (i.e. where the curve will intersect the horizontal axis), is
between 0.1 and 0.15 in both cases, but it has not been calculated exactly here. It
is observed that G/D. decreases when Re increases by comparing the present
results with the lower Re (Re~O(10%) results (i.e. G/D, ~ 0.3) reported by Lei et
al. 2], Ong et al. [6] and Wang and Tan [3]. Lei ef al. [14] found a similar
relation between G/D, and Re for their simulations at Re = 80 - 1000. In fig. 3,
CLms = 0 at G/D = 0.1, suggesting no vortex shedding. For G/D > G/D., the
magnitude of Cp s exhibits a rapid initial increase as G/D increases. Fig. 3 also
shows that there is a transitional trough of Cy s for 0.2 < G/D < 0.4. This might
be caused by the transition of vortex shedding development which cannot be
captured correctly by the present turbulence model. For G/D > 0.4, Cpys
decreases smoothly as G/D increases, suggesting that the behaviour of the vortex
shedding is rather stable.

Fig. 4 shows the instantaneous non-dimensional vorticity (owD/U,,) contour
plots for flows at Re = 3.6x10° with 8/D = 0.48 and G/D = (0.1, 0.15, 0.3, 0.8)
near a bed with z,, = 1x10°m at the non-dimensional time of 200D/U,,. Here ® is

Table 1: Numerical results and experimental data at Re = 3.6x10°.
Re Description Co Crrms St
G/D=1 Present simulation with z,= 1x10°m | 0.4608 0.0857 | 0.3052
3.6x10°
(Upper- Flow Ong et al. [8] 0.4573 0.0766 | 0.3052
transition around an Catalano et al. [9] URANS Re =
. . 5 0.46 - -
regime) isolated 4x10
cylinder Published experimental data 0.36- 0.06- 0.17-
(summarized by Zdravkovich [15]) 0.75 0.14 0.29
0.25
Re=3.6x10°, §/D=0.48 e a7 X100,
0.20 4 —%— 2,=2x10°m
122}
E
-
O
Figure 3: RMS value of the fluctuating lift coefficient versus gap to diameter

ratio for the given values of Re, &/D and z,,.
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(a) G/D=0.1
Vortex-shedding suppressed

(b) G/D=0.15
Vortex shedding formed and starts the interaction with the flat seabed

(c) G/D=0.3
Vortex shedding formed and interacting with the flat seabed

(d) G/D=1
Vortex shedding developed and interacting less with the flat seabed

The development of vortex shedding shown by instantaneous non-
dimensional vorticity contour plots for Re = 3.6x10° &/D = 0.48
and z, =1x10°m at the non-dimensional time of 200D/U... 46
contour levels of ®D/U.,, from -540 to 540 are plotted.

the vorticity. The solid contour lines indicate the positive vorticity (counter-
clockwise) and the dashed lines indicate the negative vorticity (clockwise). There
are three shear layers; two in the vicinity of the cylinder and one at the bed. The
suppression and formation of the vortex shedding are also influenced by the
interaction between these three shear layers.

It appears that there is no mutual interaction between the two shear layers
from the cylinder to form any Karman-like vortex shedding for G/D = 0.1 (fig.
4a). Both shear layers continue to grow and advect downstream without forming
any vortices in the near wake of the cylinder. The flow pattern remains steady.
For G/D = 0.15 (fig. 4b), the two shear layers have begun to interact with each
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other and form Karman-like vortices in the near wake of the cylinder. The
bottom shear layer with positive vorticity interacts with the shear layer (negative
vorticity) from the flat seabed. A counter-clockwise vortex shed from the lower
side of the cylinder clearly destabilizes the wall boundary layer, and it is
accompanied by a clockwise vortex in the near-flat-bed region. For G/D = 0.3
(fig. 4c), the vortex shedding behind the cylinder continues to develop. The
vortex with negative vorticity (clockwise) shed from the upper shear layer,
interacts with the clockwise vortex formed by the shear layer from the seabed.
These two groups of vortices interact and form a larger vortex. For G/D = 1.0
(fig. 4d), the vortices shed from the cylinder are not influenced by the shear layer
at the bed. The vortex shedding is similar to the case for flow around an isolated
circular cylinder (see Ong et al. [8], fig. 6). Wang and Tan [3] and Lei et al. [14]
have observed a similar development of vortex shedding in both their
experimental and numerical results at lower Reynolds numbers (i.e. Re < 10°),
except that the dependency of G/D. is different.

3.3 Mean pressure coefficient and friction force along the flat seabed

Fig. 5 shows the mean pressure coefficient along the seabed (C,, = [pw-
PJ/[0.5pU.%)) for Re = 3.6x10°, 8/D = 0.48, z, = 1x10°m and G/D = (0.1, 0.4,
0.8). Here p,, is the pressure along the seabed. C,,, is substantially influenced by
the existence of the cylinder. For a small gap, i.e. G/D = 0.1, it appears that the
pressure suction at the gap (X = 0) is large compared with those for G/D = 0.4
and 0.8. Here X is the horizontal coordinate along the flat seabed where X = 0 is
located at the centre of the gap, see fig. 1. This is mainly due to the higher
magnitude of the velocity at the gap when G/D is small as shown in fig. 6 (which
shows the velocity profile at the centre of the gap for G/D = 0.1, 0.4 and 0.8).
This feature is similar to the lower Re results (Re = 4.8x10%) reported by
Bearman and Zdravkovich [1] and Ong et al. [6]. Fig. 7 shows that the effect of
the seabed roughness (with z, = 2x10°m) on C,w is insignificant as compared
with the results for z, = 1x10°m.

6 —— G/D=0.1
2 Re=3.6x10°,58/D=0.48, z,=1x10"m | G/D=0.4
—== G/D=0.8
14
& o1
O
-1
-2 1
3 .
] 2 1 0 1 2 3
X/D
Figure 5: Mean pressure coefficient along the flat seabed for the given

values of Re, 6/D and G/D.
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Figure 6: Instantaneous horizontal velocity profile in the gap for Re =

3.6x10°%, 8/D = 0.48, z, = 1x10°m and G/D = (0.1, 0.4, 0.8) at the
non-dimensional time of 200D/U.,.

G/D=0.1, z,=1x10°m
........... GID=0.8,z,=1x10°m

N ———— G/D=0.1,2,=2x10°m
W

e G/D=0.8, z,=2x10"°m

Re=3.6x10°,5/D=0.48

Cow
o

X/D
Figure 7: Mean pressure coefficient along the flat seabed for the given

values of Re, 6/D, z,,and G/D.

Fig. 8 shows the mean friction velocity (Usm) for Re = 3.6x10°, §/D = 0.48,
G/D = (0.1, 0.8) and z, = (1x10°m, 2x10°m). It is observed that u«yy, is higher
for the rougher seabed (z, =2x10m) than that for the less rough seabed (z, =
1x10°m), as expected. Fig. 8 also shows that s, at the gap is much higher for
G/D = 0.1 than that for G/D = 0.8. This is due to the higher velocity at the gap
when G/D is small as shown in fig. 6.

3.4 An example of bedload sediment transport calculation

The calculation of the bedload sediment transport along the flat seabed is
demonstrated in this section. The instantaneous non-dimension bedload sediment
transport @ is a function of the instantaneous non-dimensional seabed shear
stress (Shields parameter) 6, and is given by (Nielsen [16])
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. 0 (6)
@=1200]"%(0.-0.) 1y
where
(7
> = 9
(g(s—l)dj()] )1/2
p ®

*w

b= g(s—1ydy,

Here q, is the instantaneous dimensional bedload sediment transport, g =
9.81m/s> is the gravitational acceleration and s = 2.65 is the density ratio
between the bottom sediments and the water (taken as for quartz sand). The
critical Shields parameter 6, = 0.05 must be exceeded for bedload transport to
occur.

0.12
010 G/D=0.1, z,=1x10™m
.10 4 4
'!'. --------- G/D=0.8, z,=1x10"°m
l
1 . o
0.08 4 ', |. —=== G/D=0.1, z,=2x10"°m
! A ==+ G/D=0.8, z,=2x10"°m
|
[
)

Uswm (M/s)

Figure 8: Mean friction velocity along the flat seabed for Re = 3.6x10°, 8/D
=0.48, z,= (1x10°m, 2x10°m) and G/D = (0.1, 0.8).
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Figure 9: Instantaneous Shields parameter along the seabed for Re =
3.6x10° /D = 0.48, z,, = 2x10°m and G/D = 0.1.
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X/D

Figure 10:  Mean non-dimensional bedload sediment transport along the bed
for Re = 3.6x10° 8/D = 0.48, z,,= 2x10”°m and G/D = (0.1, 0.4,
0.8).

Fig. 9 shows 0 along the flat seabed for Re = 3.6x10°% &/D = 0.48, z, =
2x10”°m (i.e. dso = 12z, = 0.24mm, fine sand) and G/D = 0.1. The locations
where the sediment transport takes place for 6,> 6. can be determined from the
figure. Fig. 10 shows ®,, (the mean non-dimensional bedload transport) along
the bed for Re = 3.6x10°, /D = 0.48, z,,= 2x10°m and G/D = (0.1, 0.4, 0.8). It
is observed that the bedload sediment transport is significantly amplified at the
location of the gap (X/D = 0) for G/D = 0.1 compared with those for G/D = 0.4
and 0.8. If the flat seabed is movable, scouring around the cylinder will take
place. The scouring process will not be investigated here. Detailed explanations
of the flow mechanisms and the development of the scour can be found in Sumer
and Fredsge [17].

4 Conclusions

Near-bed flow mechanisms of high Reynolds number flows around a marine
pipeline close to a flat seabed have been studied using a 2D standard high
Reynolds number k-¢ model. The main results are summarized as follows:

1. Suppression and formation of the vortex shedding are influenced by the
interaction between three shear layers; two from the top and the bottom
of the cylinder and one at the seabed. The vortex shedding is suppressed
when the gap is smaller than the critical gap (i.e. corresponding to the
onset of vortex shedding). Beyond the critical gap, vortex shedding
develops as the gap increases, and becomes fully developed as the
influence of the bed diminishes.

2. For the same Reynolds number, inlet boundary layer thickness, seabed
roughness and cylinder, the magnitude of negative pressure coefficient
at the seabed at the location of the gap increases as the gap becomes
smaller.
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3. The mean friction velocity at the gap (at the seabed) is much larger for
small gaps than for large gaps. This is due to the higher velocities
within the gap when the gap is small. As a consequence, the bedload
sediment transport is much larger for small gaps than for large gaps.

Overall it appears that the present approach is suitable for design purposes at
high Reynolds numbers which are present near the seabed in the real ocean.
However, experimental data are required in order to perform a more detailed
validation study of the model.
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