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Abstract 
 

In order to model the turbulent flow around cylindrical structures in various 
configurations, Large Eddy Simulations (LES) are used in the present work. LES 
utilize a highly accurate model at reasonable time-consumption, offering an insight into 
the details of a complex flow. Standard Smagorinsky subgrid scale model is used to 
include the effects of the subgrid scale motions. 

Three configurations of cylindrical structures are chosen in this study, inspired 
by the arrangements of the subsea pipelines in the marine environment. The simplest 
and most extensive studied arrangement is the flow around a single, smooth circular 
cylinder in a uniform current. Hence, this configuration is used for the assessment of 
the numerical tools’ performance.  

The second configuration, a circular cylinder in the vicinity of a plane wall is 
chosen to represent the flow around free-spanning subsea pipelines. Performed for 
various gap to diameter ratios (G/D), the simulations successfully capture the details of 
the flow in the cylinder wake and the interaction with the seabed boundary layer. The 
influence of the less explored parameters, the thickness and the shape of the inflow 
profile, is explored. The three-dimensional (3D) LES results show clear improvements 
over the previously published two-dimensional (2D) simulations. 

Two circular cylinders, placed one behind the other, relative to the incoming 
current, are called the tandem arrangement. The third configuration, tandem cylinders 
in the vicinity of a plane wall correspond to double pipelines or flowlines in the subsea 
systems. This configuration has received little research attention. The flow around 
tandem cylinders close to the wall is therefore compared to the simpler and more 
thoroughly understood configurations. It is concluded that the existing classification of 
the flow around one cylinder close to the wall describes well the flow around the 
upstream cylinder at large horizontal span ratios (L/D). Behaviour of the flow around 
tandem cylinders at large G/D can be described through the flow classification for the 
tandem cylinders in the infinite fluid. At intermediate G/D (and various L/D), the 
presence of the wall causes stronger influence than recorded for the flow around one 
cylinder at the same G/D. 
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Nomenclature 
 

Abbreviations 
2D  Two-dimensional 
3D  Three-dimensional 
CFD  Computational Fluid Dynamics 
CPU  Central processing unit 
DDES  Delayed Detached Eddy Simulations 
DES  Detached Eddy Simulations 
DNS  Direct Numerical Simulations 
LES  Large Eddy Simulations 
PIV  Particle Image Velocimetry 
RANS  Reynolds – Averaged Navier-Stokes Equations 
RMS or rms Root mean square 
TRSL  Transition in shear layers flow regime 
TRSL1 Transition in shear layers – development of transition waves flow 

regime 
TRSL2 Transition in shear layers – formation of transition eddies flow regime 
URANS Unsteady Reynolds – Averaged Navier-Stokes Equations 
 

Greek letters 
α Angle between cylinders’ centres and the incoming current for two 

cylinders in staggered configuration 
Δt Dimensionless time-step 
Δt (s) Dimensional time-step 
δ  Thickness of the bottom boundary layer 
δ/D  Bottom boundary layer thickness to diameter ratio 
δ+ or η+  Dimensionless wall distance 
θs  Separation angle  
ν  Kinematic viscosity of the fluid 
ρ  Fluid density 
ω  Vorticity 
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Roman letters 
A  Projected area of the cylinder exposed to the current 
Cd  Instantaneous drag coefficient 

dC   Time-averaged (mean) drag coefficient 
Cl  Instantaneous lift coefficient 

lC   Time-averaged (mean) lift coefficient 

lC   Absolute value of the lift coefficient 
Clrms  Root mean square of the lift coefficient 
Cp  Pressure coefficient 

pC   Time-averaged (mean) pressure coefficient 

C  Courant number 
Cs  Smagorinsky constant 
D  Diameter of the cylinder 
f  Vortex shedding frequency 
fSt  Strouhal number normalized frequency 
Fd  Drag force 
Fl  Lift force 
G  Gap between the cylinder and the bottom wall 
G/D  Gap to diameter ratio 
(G/D)C  Critical gap to diameter ratio 
L  Longitudinal spacing between the cylinders in tandem configuration 
L/D  Longitudinal spacing to diameter ratio 
(L/D)C  Critical longitudinal spacing to diameter ratio 
Lr  Mean dimensionless recirculation length 
p∞  Pressure in the undisturbed fluid 
Re  Reynolds number 
St  Strouhal number 
T  Vortex shedding period 
T’  Transverse spacing between cylinders in the side-by-side arangement 
Uc or U∞ Undisturbed, inflow velocity 
umean or U Time- and spanwise averaged streamwise velocity component 
vmean  Time- and spanwise averaged crossflow velocity component 
zw  Bed roughness 
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Subscripts 
1  Upstream cylinder in tandem configuration 
2  Downstream cylinder in tandem configuration 
x  Streamwise direction 
y  Crossflow direction 
z  Spanwise direction 
 

General rules for naming of the numerical simulations 
Cylinder in a uniform current 
1st term   13100 or 3900 - Reynolds number 
2nd term  m, t, sm, sl – key parameters for the convergence study: mesh, 

time-step, spanwise mesh refinement, spanwise cylinder length 
3rd term   1-4 – grade of the mesh/time-step refinement 

Cylinder in the vicinity of the plane wall 
1st term   gap to diameter ratio 
2nd term  key parameters for the convergence study: 
 1 – the converged case chosen for further analysis 
 i – boundary layer thickness to diameter ratio 
 m – mesh 
 t – time-step 
 L0/4/8 – cylinder spanwise length 
3rd term   Reynolds number 

Tandem cylinders in the vicinity of the plane wall 
1st term   gap to diameter ratio 
2nd term   longitudinal spacing to diameter ratio 
3rd term  key parameters for the convergence study 
 m – mesh 
 t – time-step 
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Chapter 1 

Introduction 
 

1.1. Background and motivation 
 

Deep sea, once an untouched vastness, became one of the key focuses of the 
marine industry. The rapidly developing offshore industry is spreading the fields of 
operation to progressively deeper water, placing larger and more complex structures in 
harsher marine environment. An overview of the offshore development was presented 
by Veldman and Lagers (1997). To assure safety of the structures, accurate predictions 
of the hydrodynamic forces exerted on these structures became an imperative in marine 
research.  

 Circular cylinders are common components of many structures, either of 
interest to the oil and gas industry, the aquaculture or the renewable energy 
development. Legs of offshore platforms, spar buoys or mooring systems of the 
offshore wind turbines, bundles of marine risers, flowlines and umbilicals, frames of 
fish cages and feeding systems and the subsea pipelines present some common 
utilisations of the cylindrical structures.  

A subsea pipeline, used as motivation for the present work, meets a variety of 
challenges the industry is facing during installation and maintenance of offshore 
structures. Commonly placed in deep water, the pipelines are exposed to current, while 
the wave excitation is negligible. The pipelines may be placed far from all obstacles, 
acting as isolated, slender circular cylinders, either straight or curved. More often, they 
rest on the seabed or in its immediate vicinity (on the free-spanning sections, usually in 
the range between 0.1 and 1 diameter (D) away from the seabed). They also appear as 
two or several parallel circular cylinders at various spacing and configurations 
regarding physical constraints (Zdravkovich, 2009). The flow fields around such 
multiple-cylinder configurations with constraints involve complex interaction between 
the shear layers, vortices and wakes. 
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 Even though the diameter of subsea pipelines can be large (1420 mm in case of 
Nord Stream (Nord Stream, 2015) and 1067 mm for the Langeled (Langeled Project, 
2004), the two longest and largest subsea pipelines), it is significantly smaller than the 
pipeline’s length. Due to the large length to diameter ratios, the slender structures are 
susceptible to movements and vortex-induced vibrations, exposing it to large 
hydrodynamic loads. To prevent the damage and potentially fatal failures, it is 
important to predict the loads correctly and therefore understand the flow around the 
cylindrical structures and the vortex shedding mechanisms. 

 The importance of understanding the complex interaction between the flow 
around the subsea pipeline and the seabed reveals itself through the issue of scour. 
Placing a subsea pipeline, exposed to a current, near the erodible seabed usually causes 
an increase in the sediment transport below and behind the pipeline. It further leads to 
scour and additional loads on the structure as well as to significant modifications of the 
wake flow behaviour (Sumer and Fredsøe, 2002). It is thus important to understand the 
details of the complex interaction between the seabed boundary layer and the flow 
around the pipeline, as well as the wake flow behaviour. 

  The experimental measurements of the flow around circular cylinders have 
received large interest over the past 50 years. Covering a large span of Reynolds 
numbers (Re) and many various configurations of circular cylinders and constraints 
(such as walls, channels, trenches), experiments often offer a good insight into the 
average forces exerted on the cylinders as well as a general overview of the flow 
features. However, the details of the complex flow interactions can be difficult to 
capture by both classical measurements (such as Bearman and Zdravkovich, 1978) and 
novel measurement technologies, such as Particle Image Velocimetry (Parnaudeau et 
al., 2008, Wang et al., 2015). 

 Large Eddy Simulations (LES), a branch of the Computational Fluid Dynamics 
(CFD), provide highly resolved modelling of the complex boundary layers, wakes and 
their interaction. The LES results offer an insight in the fine details of the time-
dependent behaviour of the flow, wakes and the hydrodynamic loads, thus 
complementing the experimental results. The rapidly developing computational 
processing power is beginning to meet the high demands of LES, making them a 
feasible tool for marine applications. As presented in this study, LES allow for a 
gradual development of knowledge. The well explored configurations, such as a single 
circular cylinder in uniform flow, make it possible to compare the results and verify the 
numerical tool’s capabilities. Gradual increase in the complexity of the geometrical 
configurations can extend the present knowledge with confidence in the quality of the 
results.  

http://nord/�
http://www.staoil.com/�
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1.2. Outline of the present study 
 

The physical models explored in the present study are single and tandem 
subsea pipelines in deep sea, placed in the vicinity of the seabed; and modelled as the 
infinite, fixed circular cylinders. The cylinders are exposed to a steady flow in the 
subcritical flow regime, with developed boundary layer in cases where the plane wall is 
present. The hydrodynamic focus of the present study is to numerically investigate the 
forces and the flow around circular cylinders in three configurations: 

1) Single circular cylinder immersed in an infinite fluid with a steady 
incoming flow; 

2) Single circular cylinder in the vicinity of a plane wall; 

3) Two circular cylinders in tandem configuration close to a plane wall. 

The chosen numerical tool is LES and OpenFOAM computational package is 
utilised. LES, allowing 3D modelling with detailed refinement of numerical grid, are 
applied to the engineering problem of flow around subsea pipelines (in the 
abovementioned configurations). An objective of this study is to assess the 
applicability of LES on the abovementioned flows. The other aim is to utilize the LES 
capabilities for precise modelling of the forces exerted on the cylinders and improving 
of the understanding about the details of the complex flows around the cylinders in the 
vicinity of the plane wall.  

The thesis consists of two conceptual parts. An overview over the established 
theories and knowledge supporting the present research is presented in Chapters 2 – 5. 
The second part consists of a collection of original papers by the author, focusing on 
the above three specific topics, is presented in Chapters 6 – 10. 

 Chapter 2 focuses on the fundamental knowledge about the most general 
configuration – the flow around a single circular cylinder. The main characteristics of 
the viscous flows are described alongside an overview over various flow regimes of 
flow around a smooth, circular cylinder immersed in a steady current at various Re. 
The focus is put on the subcritical flow regimes. 

 The general behaviour of the flow around a circular cylinder in the vicinity of a 
plane wall is described in Chapter 3. Influences of the key parameters – the distance 
from the wall and the thickness of the incoming boundary layer are distinguished, and 
paired with the classification of the investigated flow types. 

 Chapter 4 discusses the flow around two circular cylinders, classifying it 
regarding the relative position of the two cylinders. The focus is put on the tandem 
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configuration of the two cylinders, where a classification according to the behaviour of 
cylinders’ wakes is presented. An overview of the present knowledge and the 
challenges of understanding the flow around tandem cylinders in the vicinity of a wall 
are also given. 

 An overview over numerical models commonly used for simulating the 
turbulent flows around cylindrical structures is given in Chapter 5. LES and the 
Smagorinsky subgrid scale model, chosen in the present study, are introduced. The 
OpenFOAM computational package is presented through its general features and 
specifications of the numerical tools used in the present simulations. 

 Chapter 6 presents the numerical simulations of the flow around a smooth 
circular cylinder in a uniform current at Re = 3900 and 13100 (Prsic et al., 2012). The 
flow at Re = 3900 was used in previous studies as a benchmark case, and provides 
detailed published analysis of the flow physics. It is thus used for a thorough 
comparison and assessing the capabilities of the chosen numerical model and the 
computational package. The main results for the higher Re = 13100 show that 3D 
simulations using LES are suitable for this type of flow. 

 As the previous Chapter verified the suitability of the numerical simulations, 
Chapter 7 focuses on the analysis of the flow around a smooth cylinder in moderately 
high subcritical flow (Abrahamsen Prsic, 2014). Here, Re = 13100 is chosen to mimic 
the operational conditions of offshore structures. The flow is analysed through the 
hydrodynamic loads as well as through the time-averaged flow in the cylinder wake. 
The results compare well with the available experimental measurements. 

 Chapter 8 discusses the flow around a circular cylinder close to a flat wall. 
LES are performed for simulating the 3D flow around a circular cylinder at three 
distances from the wall and immersed in three thicknesses of the incoming boundary 
layer profile. The influence of these governing parameters is discussed separately, in 
order to isolate the specific flow phenomena. The behaviour of the flow is discussed 
through the hydrodynamic forces, the time-averaged velocity profiles in the cylinder 
wake and through the mean and instantaneous flow fields. The details of the wake 
behaviour as well as the three-dimensionality of the flow are addressed and comparison 
to the previously published results is provided.  

 An initial study of the flow around tandem circular cylinders close to a plane 
wall is given in Chapter 9 (Abrahamsen Prsic et al., 2015). The cylinders are placed 1D 
away from the wall and immersed in a steady current with a fully developed boundary 
layer flow. The distances between the cylinder centres are 2D and 5D. The results are 
presented through the mean and time-dependant values of the drag- and the lift 
coefficient, the vorticity and the velocity fields. Due to the relatively large distance 
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from the plane wall and thus its mild influence on the flow, the results are compared to 
the flow around tandem circular cylinders in an infinite fluid and in a uniform current, 
allowing the discussion about the flow specifics. 

 A more comprehensive study of the flow around tandem circular cylinders in 
the vicinity of a plane wall is given in Chapter 10. LES were performed for the steady 
current flow with a logarithmic boundary layer profile at subcritical Re = 13100. The 
cylinders are placed in four configurations, i.e. at 0.6D and 1D gap from the wall and 
with 2D and 5D distances between the cylinders’ centres. The focus of the analysis was 
put on the classification of the flow types, through comparison with the flow around a 
single cylinder in the vicinity of a wall and the tandem cylinders in an infinite fluid. 
The time-averaged characteristics of the flow and the time development of the wake 
behaviour are discussed together with the 3D effects. 

 Chapter 11 contains an overview of the conclusions for the three chosen topics 
as well as the recommendations for further work. 
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Chapter 2 
Viscous flow around a circular cylinder 
 

2.1. Boundary layers and separation 
 

 The flow around bluff bodies has intrigued human thoughts for centuries. The 
understanding that the flow around a stationary body causes a region of disturbed flow 
is documented on the drawings of Leonardo da Vinci in the 15th century. The 
parameters governing the transition of the flow from laminar to turbulent were first 
discussed in detail by Reynolds (1883). In 1908, Prof. Osborne Reynolds was indorsed 
for the introduction of the Reynolds number (Re), today the most commonly used 
dimensionless parameter for characterising the flow around cylindrical structures. Re 
represents the ratio of inertial to viscous forces, defined as: 

(2.1)cDURe
ν

=  

where Uc represents the inflow velocity undisturbed by the presence of the cylinder 
with diameter D, and ν is the kinematic viscosity of the fluid.  

 The boundary layer, a thin layer of fluid adjacent to the solid boundary (e.g. 
wall of the bluff body), is characterized by high vorticity; and the viscous effects are 
dominant. Boundary layers remain attached to the solid wall unless separation is 
initiated. The separation occurs due to the development of the adverse pressure 
gradient. It further causes the shear stress to vanish, and results in the detachment of 
the boundary layer at the wall surface. Consequently, a free shear layer is formed in the 
fluid over a bluff body, such as a circular cylinder. The area behind the cylinder, 
bounded by the shear layers, is called the wake. The vorticity from the boundary layers 
is conveyed to the free shear layers. The detached shear layers roll up and form 
vortices, which may be shed further in the cylinder wake. A schematic overview over 
the characteristic flow regions around a cylinder is given in Figure 2.1a. For the 
subcritical Re = 13100 (used in the present study), the regions are identified in Figure 
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2.1b. The flow visualisations obtained by experiments in this Re range were presented 
by Coutanceau and Defaye (1991). 

 

a)  

b)  

Figure 2.1. Regions of the disturbed flow around a circular cylinder.  
a) A schematic overview. (i) stagnation region; (ii) boundary layers attached to the 

surface of the cylinder; (iii) sidewise regions of accelerated flow; (iv) the wake. V0 is the 
velocity of the undisturbed fluid and V is the local velocity (taken from Zdravkovich (1997)). 
 b) Identification through instantaneous spanwise vorticity (ωz). Red colour represents 
the positive values and blue the negative ωz values. Re = 13100 (present study). 
 

 For Re > 40, the most prominent feature of the flow in the cylinder wake is the 
vortex shedding. The recognizable street of eddies is created in the cylinder wake, shed 
interchangeably from the two halves of the cylinder. The alternating procession of 
eddies was initially observed in the laminar wake by Benard (1908) and von Kármán 
(1912). The repeating pattern of rolling vortices in the wake of the circular cylinder is 
therefore often called the Kármán – Benard eddy street.  

 The vortex shedding frequency is commonly analysed through a dimensionless 
parameter – the Strouhal number (St). 

(2.2)
c

fDSt
U

=  

Boundary layer 

 

Stagnation point 

Separation point 
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where f stands for the vortex shedding frequency. The dependency of St versus Re is 
presented in Figure 2.2. For a wide range of Re, including the subcritical Re regime (of 
interest in the present study), St appears to be a stable parameter, with values around 
0.2. 

 

 
Figure 2.2. Strouhal number for a smooth circular cylinder, presented as a function of Re 
(reproduced from Sumer and Fredsøe (2006)). 
 

2.2. Flow regimes around a smooth circular cylinder in a steady 
current 
 

Even though the dominant characteristics of the vortex shedding are present, 
the flow behaviour undergoes dramatic changes as Re increases. Various flow regimes 
around smooth, circular cylinders are categorised by Sumer and Fredsøe (2006) and 
presented in Figure 2.3. 

 For low Re, 40 < Re < 200, the vortex street is laminar and uniform along the 
cylinder span. For Re < 300, the transition to turbulent flow takes place in the cylinder 
wake, and the transition region moves towards the cylinder as Re increases. At Re = 
400, the vortices become turbulent at creation (Bloor, 1964). The boundary layer 
separation, on the other hand, remains laminar for a wide range of Re, in the entire 
subcritical regime ranging from Re = 300 up to Re = 3 x 105 (see Figure 2.3). The free 
shear layer becomes turbulent in the near wake, before rolling up into turbulent eddies. 
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This regime is called the subcritical (Sumer and Fredsøe, 2006) or the transition-in-
shear-layers flow regime (see TrSL in Zdravkovich, 1997). 

 

 
Figure 2.3. Flow regimes around a smooth, circular cylinder in a steady current (taken from 
Sumer and Fredsøe (2006)). 
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 The TrSL regime is characterised by the 3D vortex shedding; the vortices are 
shed in cells in the spanwise direction, creating the undulated separation line along the 
cylinder (Gerrard, 1978). The spanwise variations are illustrated in Figure 2.4, captured 
through PIV measurements by Parnaudeau et al. (2008) and LES from the present 
study. The capability to capture the complex, 3D flow, with separation occurring in 
undulated and fluctuating lines, pointed towards LES as the necessary tool for the 
present study. 

A sub-category of the TrSL regime, called TrSL2, i.e. formation of transition 
eddies, is characterised by the shortening of the near-wake region and an increase in 
the drag force (Linke, 1931). Bloor (1964) set the initiation of the TrSL2 regime at Re 
= 1.3 x 104, placing Re = 1.31 x 104, the one of interest in the present study, within this 
flow regime. 

a)  b)  

Figure 2.4. Spanwise variations of the flow around a cylinder in the infinite fluid. 
a) Normalized y-component of vorticity (ωyD/U). L/D = 4, Re = 3900. PIV 

measurements (taken from Parnaudeau et al. (2008)). 
 b) Instantaneous Q = 1 iso-surface. L/D = 8, Re = 13100. (present study).  
 

With a further increase of the Re, the transition region moves towards the 
separation points. For a narrow span of Re, (3 – 3.4) x 105 < Re < (3.8 – 4) x 105, the 
transition to turbulence at the separation point occurs asymmetrically. The boundary 
layer at the separation point is turbulent at one side of the cylinder and laminar on the 
other (Schewe, 1983). This transient regime, also called the critical flow regime, is 
accompanied with a discontinuous drop in the drag force exerted on the cylinder (see 
Figure 2.5a) and with a non-zero mean lift force (Figure 2.5b).  

x/D 5 0 
0 

4 

8 

z/D 
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Even higher Re causes the re-establishment of the regular vortex shedding, 
with transition to turbulence taking place in the boundary layers (Roshko, 1961). 
Ultimately, the boundary layer around the entire cylinder becomes turbulent, resulting 
in the transcritical flow regime. The behaviour of the time-averaged (mean) drag force 
exerted on the cylinder over various flow regimes, presented through the mean drag 
coefficient ( dC ), is shown in Figure 2.5a. Here, Cd = Fd/(0.5ρUc²A) where Fd is the 
drag force exerted on the cylinder, ρ is the density of the fluid, and A is the projected 
area of the cylinder 

 

a)  

b)  

Figure 2.5.  a) Drag coefficient for a smooth circular cylinder as a function of Re. 
Experimental measurements presented in Schlichting (1979) and Schewe (1983); 

  b) Absolute mean lift coefficient versus Re. Experimets by Schewe (1983); 

 (reproduced from Sumer and Fredsøe (2006)). 
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Chapter 3 

Circular cylinder in the vicinity of a plane wall 
 

3.1. Introduction 
 
Assuming Re > 40, interaction of the shear layers shed from the top and the 

bottom half of the cylinder is the prerequisite for vortex shedding occurrence. The 
presence of a plane wall and its boundary layer may reduce or inhibit this interaction, 
and thus alter or prevent the vortex shedding. The key parameters influencing the flow 
around a circular cylinder in the vicinity of a wall are the gap (G) to diameter ratio 
(G/D) and the boundary layer thickness (δ) to diameter ratio (δ/D). 

The presence of the wall influences the symmetry of the flow around the 
cylinder. The stagnation point changes its angular position towards the gap, the 
separation point on the upper half of the cylinder moves upstream, while the one on the 
lower half of the cylinder moves downstream (see Figure 3.1). This causes the 
asymmetry in the development of the vortices shed from the two sides of the cylinder, 
allowing the upper vortex to grow larger and stronger than the one shed from 
 

a)  b)   
Figure 3.1. Time-averaged streamlines for the flow around a cylinder. Re = 13100. 

a) G/D = 0.2.; b) cylinder in the infinite fluid (present study). 
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the bottom half. The difference in the strength between the two vortices reduces the 
interaction between them, weakening or completely disabling the vortex shedding. The 
described differences between the flow around a cylinder in an infinite fluid and a 
cylinder in the vicinity of the wall are presented in details in Sumer and Fredsøe 
(2006). 
 

3.2. Flow regimes relative to the key parameters 

3.2.1. Influence of the gap to diameter ratio (G/D) 
By analysing the power spectra of the hot wire signals placed in the wake of a 

circular cylinder at various G/D, Bearman and Zdravkovich (1978) were the first to 
recognize the clear limit for the vortex shedding suppression, i.e. the critical gap to 
diameter ratio (G/D)C. While measuring within the subcritical regime, they noticed that 
the vortex shedding ceases to exist for G/D about 0.3. The vortex shedding suppression 
is clearly detectable through the attenuation of the fluctuating (root-mean-square) 
values of the lift coefficient (Clrms). The lift coefficient is defined as Cl = Fl/(0.5ρUc²A), 

where Fl is the lift force exerted on the cylinder, and 
1/2

2( )lrms lC C= . Both experimental 
and numerical studies (Jensen et al., 1990; Lei et al., 1999; Zhao et al., 2007; Ong et 
al., 2010) show small to negligible oscillations for gaps smaller than the critical gap, 
and a sudden increase at G/D about 0.3 (Figure 3.2). 
 

 
Figure 3.2. Fluctuating lift coefficient (Clrms) versus the gap to diameter ratio (G/D) for 
subcritical Re (present study).  
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(G/D)C divides the flow around a circular cylinder in the vicinity of a plane 
wall into two distinct regimes: a narrow and a wide gap regime. While measuring in 
the subcritical flow regime (Re = 2.5 x 104), Bearman and Zdravkovich (1978) 
presented photographs of the flow patterns for various G/D, spanning from G/D = 0 to 
G/D = 2. The photographs were obtained by smoke tunnel experiments, where the 
smoke filaments were injected at the inlet of the tunnel and through a slot in the 
cylinder. Here, G/D = 0.2 and 1.2, as shown in Figure 3.3a and 3.3b, are chosen as 
representative cases for the narrow and the wide gap regime. 

 

a) b)  

c) d)  
Figure 3.3. Instantaneous flow patterns. 

a) G/D = 0.2; 
b) G/D = 1.2. The smoke tunnel measurements are performed for Re = 2.5 x 104 

(figures a and b taken from Bearman and Zdravkovich (1978)).  
c) G/D = 0.2; 
d) G/D = 1. Figures c and d are simulated by LES for Re = 1.31 x 104. Instantaneous 

streamlines at the cylinder mid-plane (present study). 
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 The narrow gap regime takes place at 0 < G/D < (G/D)C. Along with the 
absence of the vortex shedding, it is characterised by strong asymmetric, upwards 
deflected wake (see Figure 3.3a and 3.3c). Lei et al. (1999) experimentally analysed 
the asymmetry of the flow through the displacement of the front stagnation point 
towards the gap (Figure 3.4). By measuring for various thicknesses of the boundary 
layer, the results show similar behaviour: the most prominent deflection at small G/D 
ratios, and the angle between the horizontal mid-section of the cylinder and the 
stagnation point (θs) approaching 0 for G/D > 2. The dependency on the boundary layer 
thickness will be discussed in the following section. 

In the narrow gap regime, the separation regions are present both upstream and 
downstream of the cylinder. The upstream region appears as a separation bubble on the 
bottom wall, while the downstream one forms an elongated recirculation region, 
separating the wake from the upwards deflected boundary layer (see Figure 3.3a and 
3.3c). 
 

 
Figure 3.4. Variation of the stagnation point position (θs) versus G/D. BL-1 to BL-6 denote 
various thicknesses of the incoming boundary layer, varying from 0.14 to 2.89, respectively 
(taken from Lei et al. (1999)). 

 
 The regular, periodic vortex shedding in the cylinder wake is re-established in 

the wide gap regime. However, the asymmetry of the wake flow can be noticed until 
G/D > 2, where the effect of the boundary is negligible. Even though the influence of 
the wall is relatively mild for the wide gaps (G/D > 1), and the vortices shed from the 
cylinder appear nearly symmetric in the near wake, attention needs to be paid to the far 
wake. The development of the wake vortices over one vortex shedding period and their 
interaction with the plane wall are presented in Figure 3.5. 
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a) b)  

c) d)  

e) f)  
 
Figure 3.5. Development of the instantaneous spanwise vorticity ωz through one vortex 
shedding period (T). Vertical cross-section at z/D = 2. Re = 1.31 x 104, G/D = 1; δ/D = 1.6. The 
figures correspond to t = 0T (a), 1/6T (b), 1/3T (c), 1/2T (d), 2/3T (e), 5/6T (f). Red colour 
denotes positive and blue negative ωz (present study). 

 
Strong eddies rolling up in the vicinity of the plane wall periodically disturb 

the bottom boundary layer, they get distorted and reduce speed in the process. This 
behaviour is important for the phenomenon of scour under subsea pipelines as well as 
for understanding the forces exerted on any objects placed in the wake of a circular 
cylinder in the vicinity of a rigid wall. 

The wider gap allows the fluid to flow more freely between the cylinder and 
the wall, leading to the weakening and eventual disappearance of the upstream 
separation bubble (present at x/D < -0.4 for the narrow gap regime, see Figure 3.3c). 
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As shown in Figure 3.3b and 3.3d, the downstream region is characterised by stronger 
and equally spaced eddies. The vortex shedding frequency does not undergo significant 
changes for G/D > (G/D)C, as documented by experimental research of, amongst 
others, Price et al. (2002) and Wang and Tan (2008) in Figure 3.6. 
 

 
Figure 3.6. Variation of the Strouhal number (St) versus the gap-to-diameter ratio (G/D) 
(reproduced from Wang and Tan (2008)). 
 

3.2.2. Influence of the boundary layer thickness to diameter 
ratio (δ/D) 

According to Zdravkovich (2009), another parameter governing the flow 
around a circular cylinder in the vicinity of a plane wall is the ratio of the wall 
boundary layer thickness and the cylinder diameter (δ/D). The influence of δ/D can be 
detected through the behaviour of dC  versus G/D. Contrary to the behaviour of Clrms, 

which experiences a sudden increase as G/D exceeds the critical value; Cd  continues 

to increase as G/D increases, up to a value between 1 and 2, and it remains nearly 
constant afterwards. This trend is reported by Lei et al. (1999) for the subcritical Re 
between 1.3 x 104 and 1.38 x 104 for various boundary layer thicknesses (see Figure 
3.7a). 
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a)   

b)  
Figure 3.7. Mean drag coefficient ( Cd  ) for a circular cylinder in the vicinity of a wall. 

a) Cd  versus G/D. BL-1 to BL-6 denote various thicknesses of the incoming 
boundary layer, spanning from 0.14 to 2.89, respectively (reproduced from Lei et al. (1999)). 

b) Cd  versus G/δ (reproduced from Zdravkovich (1985)). 
 

 Zdravkovich (1985) accounted such prolonged increase of Cd  to the presence 

of the wall boundary layer. Contrary to the commonly used G/D, a new parameter, G/δ 
was introduced, combining the governing influences on the flow around a circular 
cylinder in the vicinity of a wall. A series of experiments for subcritical Re between 
6.1 x 104 and 1.5 x 105 show similar behaviour (Zdravkovich, 1985). An increase of 

Cd  is measured for G/δ < 1. As G/δ exceeds 1, the cylinder is not longer immersed 

within the boundary layer, resulting in a nearly constant Cd  for all G/δ > 1  (Figure 

3.7b). 

Cd   

Cd   
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 Another approach to understand the influence of the cylinder immersion into 
the shear flow was presented by Fredsøe et al. (1985). By focusing on the narrow gap 
regime, two sets of experiments were performed for each G/D. First, the cylinder was 
towed at a constant speed in otherwise still water, obtaining the subcritical Re. Second, 
the same Re was obtained by exposing the same cylinder (kept fixed) to a steady 
current. The boundary layer was developed on the wall (δ/D = 5), exposing the steady 
cylinder to a shear flow. The results are shown in Figure 3.8. The first set of 
experiments yielded the mean lift coefficient ( lC ) corresponding to the modified 
potential theory (Fredsøe and Hansen, 1987). When the cylinder was exposed to the 
shear in the incoming flow, large variations of lC  where obtained within the narrow 
gap regime. 
 

 
Figure 3.8. Mean lift coefficient ( lC ) versus G/D. Empty symbols – shear free flow, full 
symbols – shear flow with boundary layer thickness to diameter ratio δ/D = 5 (reproduced from 
Fredsøe et al. (1985)). 
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Chapter 4 

Circular cylinders arranged in tandem configuration 

 

4.1.  Flow around two circular cylinders in close proximity 
 

In marine structures, circular cylinders often appear in pairs or bundles. The 
modifications of the flow around each cylinder, due to the presence of the other 
cylinder(s), might vary from mild to dramatic, depending on Re, the distance between 
the cylinders, and the incident angle of the incoming flow. The flow interference 
between two or more cylinders in close proximity may cause significant changes to the 
flow patterns, the vortex shedding and, consequently, the forces exerted on each of the 
cylinders. 

Basic categorisation of the arrangement of two cylinders in close proximity 
was proposed by Zdravkovich (1977). Assuming a uniform incoming flow, pairs of 
cylinders are divided in three categories according to their orientation relative to the 
incident flow (see Figure 4.1). Two cylinders placed one behind the other, relative to 
the free stream, are called the tandem arrangement. The governing parameter in this 
case is the longitudinal spacing ratio, defined as the normalized distance between the 
centres of the cylinders (L/D).  

 

 

 

 

 

Figure 4.1. Definition sketch of tandem, side-by-side and staggered arrangements. 
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In the side-by-side arrangement, the two cylinders are positioned transverse to 
the flow, both facing the incoming free stream and allowing the wakes to interact on 
each side of the spacing. Here, the key interference parameter is the transverse spacing 
ratio (T’/D). The most general category is called the staggered arrangement. In addition 
to the distance between the cylinders centres (L/D), the angle between the cylinders’ 
centres and the free stream (α) governs the flow interaction. In this arrangement, the 
downstream cylinder can be exposed to the free stream, or shielded by the upstream 
cylinder.  

The tandem and the side-by-side arrangements from the study by Zdravkovich 
(1977) present the idealised cases where the oncoming flow encounters a pair of 
cylinders either perpendicular or in parallel to the cylinders’ axis. The third 
arrangement, the staggered cylinders, is the one most often encountered in engineering 
practice. However, the extra parameter α allows for various combinations of 
arrangements, making the flow around staggered cylinders difficult to categorise. Due 
to its applicability to the pair of cylinders in the vicinity of a wall (such as tandem 
pipelines near the seabed), and the availability of previously published data, the present 
study focuses on two cylinders arranged in a tandem. 

Following the above categorisation of the cylinders’ arrangements, 
Zdravkovich (1987) identified three basic types of flow interference: wake 
interference, proximity interference, and the combined proximity and wake 
interference. Outside of these regions, the flow is expected to behave as around a single 
cylinder in an infinite fluid (see Figure 4.2). 

 

 
Figure 4.2. Schematic overview over the basic types of flow interference, dependent on the 
position of the downstream cylinder relative to the upstream cylinder. The scheme is based on 
definitions by Zdravkovich (1987) (taken from Sumner (2010)). 
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In the wake interference region, the downstream cylinder is affected by the 
wake of the upstream cylinder. Depending on the distance between the cylinder 
centres, several sub-categories are presented in Zdravkovich (1987). The proximity 
interference, due to small spacing between the cylinders, might result in a single eddy 
street, where the two cylinders act as one bluff body; or cause an interaction between 
the wakes of the two cylinders. The combined proximity and wake interference occurs 
for various staggered arrangements of the two cylinders, causing the narrowing of the 
upstream cylinder wake and widening of the wake shed from the downstream cylinder. 

 Alongside the above described basic classification, three other approaches 
were used to understand and classify the complex flow around two circular cylinders in 
steady current. First, classification through classic, single-value experimental data, 
such as vortex shedding frequencies and mean drag and lift coefficients, offered 
precisely quantifiable values, useful for engineering practice. However, the 
measurement-only approach, based on time-averaged values, did not explain the 
complex fluid behaviour.  

The second approach, based on flow visualisation, was therefore developed. 
By focusing mostly on circular cylinders in tandem arrangement, Igarashi (1981) 
initiated this approach. Followed by Ljungkrona et al. (1991), more precise 
classification of the flow patterns was developed. This is further described in Section 
4.2. According to Sumner (2010), the third approach – numerical simulations, has been 
less popular and successful. The advances in the large data processing and the 
numerical modelling led to recent increased interest and advances in the topic, also 
giving the motivation for the present study. 

 

4.2. Classification of flow regimes around tandem circular 
cylinders  
 
 As the downstream cylinder in the tandem arrangement is shielded behind the 
upstream cylinder, the wake behind the upstream cylinder is determining the incoming 
flow for the downstream one. On the other hand, the presence of the second cylinder 
affects the wake flow and the vortex formation of the upstream cylinder. In addition to 
Re, L/D is thus the key factor governing the flow around tandem circular cylinders. 

 The critical longitudinal spacing ratio (L/D)C, is often used for a coarse 
classification of the flow. At spacing ratios smaller than the critical, the vortex 
shedding from the upstream cylinder is suppressed (see Figure 4.3a), while L/D > 
(L/D)C allow the development of the vortex street (Figure 4.3b). The changes in the 
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nature of the flow are reflected on the various experimentally measured parameters. 
Igarashi (1981, 1984) analysed the pressure coefficient around the downstream 
cylinder (Cp2) for the tandem arrangement in the subcritical flow regime, and noticed a 
change in the Cp2 curves at L/D > 3.82. Here, Cp2 = (p2'-p∞)/(0.5ρUc

2) where p2' is the 
pressure at the sampling point at the downstream cylinder and p∞ is the pressure in the 
undisturbed flow. The mean drag coefficients exhibit even stronger discontinuities in 
the same L/D region (see Figure 4.4). Hiwada et al. (1982) reported a similar jump in 
the vortex shedding frequency of the downstream cylinder. For Re = 5 x 104, the 
discontinuity in their study occurred at 3.3 < L/D < 4. 

 

a)  b)  
Figure 4.3. Visualisation of the flow around tandem cylinders in the infinite fluid: 

a) L/D = 2; 
b) L/D = 5. Wind tunnel experiments, Re = 1.2 x 104 (reproduced from 

Ljungkrona and Sunden (1993)). 
 
 Following the classification approach of the flow visualisation, more detailed 
characteristics of the flow were analysed, leading to a refined categorisation of the flow 
behaviour by Igarashi (1981). Depending on L/D and Re, seven categories were 
recognised, including several unstable or transient regimes (see Figure 4.5). As the key 
or the categorisation, Igarashi (1981) used the behaviour of the shear layers shed from 
the upstream cylinder (which may either cease to, or reattach to the downstream 
cylinder, or roll up intermittently or completely in front of the downstream cylinder). A 
new, simplified classification was suggested by Zhou and Yiu (2006). Three basic flow 
regimes are recognized: the extended body, the reattachment and the co-shedding 
regime (see Figure 4.6). 

  Placed in very close proximity, 1 < L/D < 1.2 – 2 (Zdravkovich, 1987, Zhou 
and Yiu, 2006), tandem cylinders behave as a single, elongated body. The shear layers 
shed from the upstream cylinder wrap around the downstream cylinder and develop 
alternating vortices in its wake (Figure 4.6a). The created vortices are more elongated 
and shed at a slightly higher frequency compared to the case of a single cylinder. 
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Figure 4.4. Mean drag coefficient for the upstream (Cd1) and the downstream cylinder (Cd2) 
versus L/D. Re = 3.55x 104 (taken from Igarashi (1981)). 
 

 
Figure 4.5. Schematic overview over flow patterns past tandem circular cylinders in an infinite 
fluid for various L/D and various Re within the subcritical flow regime (reproduced from 
Igarashi (1984)). 
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For L/D range beginning at 1.2 – 1.8 (Zdravkovich, 1987) or 2 (Zhou and Yiu, 
2006) and up to 5, the reattachment regime occurs. Here, the upstream cylinder shear 
layers reattach on the surface of the downstream cylinder. The reattachment may 
alternately take place on the front side of the downstream cylinder for smaller L/D. The 
intermediate spacing ratios allow nearly continuous reattachment at the back side of the 
downstream cylinder (Figure 4.6b1), and almost steady reattachment at the front half 
for higher L/D within the reattachment regime (Figure 4.6b2). The vortex shedding 
from the upstream cylinder is suppressed, while the vortices behind the downstream 
cylinder may be weakened due to the interference of the downstream cylinder 
boundary layer and the reattached shear layers from the upstream cylinder. 

At even higher L/D a vortex street develops behind the upstream cylinder. 
Placed sufficiently far in the wake (L/D > 5), the downstream cylinder ceases to affect 
the flow around the upstream cylinder, which gradually acquires the behaviour of a 
single cylinder in an infinite fluid. The downstream cylinder, on the other hand, 
experiences a strong influence of the upstream cylinder wake flow. It is immersed in 
the flow of high vorticity, where the vortices shed from the upstream cylinder impinge 
periodically on the downstream cylinder (Figure 4.6c).  

 

 
Figure 4.6. Simplified classification scheme of the flow (reproduced from Zhou and Yiu 
(2006)). 

 

4.3. Influence of the wall proximity 
 
 Placed in the vicinity of a plane wall, two circular cylinders are subjected to a 
very complex flow. Similar as in the case of tandem cylinders in an infinite fluid, the 
nature of the flow highly depends on L/D. The presence of the second cylinder may 
allow or completely suppress the vortex shedding from the upstream cylinder, and 
modify the wake of the downstream cylinder. Similarly, the proximity of the plane wall 
and the immersion in the wall boundary layer may restrict the vortex shedding and 
distort the wake flow behind the cylinders. Combinations of these two effects result in 

a b1 b2 c 
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a complex interaction between the boundary and the shear layers, the wake flow and 
the vortices. To exemplify the variety of the flow types, the experimental and 
numerical results of the flow around tandem cylinders at L/D = 2 and 5 and G/D = 0.6 
are shown in Figure 4.7. Comparison to the flow around a single cylinder (Figure 3.3) 
and tandem cylinders in an infinite fluid (Figure 4.3) indicates that the flow behaviour 
is strongly altered due to the combined effects of the plane wall and the tandem 
cylinders. 
 

a)  b)  

c) d)  
Figure 4.7. Visualisation of the flow around tandem cylinders close to a plane wall: 

a) L/D = 2, G/D = 0.6; 
b) L/D = 5, G/D = 0.6. Re = 6.3 x 103, circulating channel experiments, PIV 

measurements (figures a and b are taken from Wang et al. (2015)). 
c) L/D = 2, G/D = 0.6; 
d) L/D = 5, G/D = 0.6. LES, Re = 1.31 x 104 (figures c and d are from the 

present study). 
 

Despite its importance to engineering, very little research has been published 
about the configuration of two tandem circular cylinders in the vicinity of a plane wall. 
The flow at low Re = 200 was explored by Bhattacharyya and Dhinakaran (2008) and 
at Re = 100 and 200 by Harichandan and Roy (2012). At subcritical Re = 6.3 x 104, 
Wang et al. (2015) conducted a series of experiments of the flow around tandem 
circular cylinders for L/D between 1.5 and 7, and G/D between 0.15 and 2. Based on 
the instantaneous vorticity, extracted from the PIV flow visualization, they proposed a 
map of basic flow types. They discerned three categories for L/D: the close, the 
moderate and the wide spacing, as well as three categories for G/D: the small, the 
intermediate and the wide gap regime. A schematic overview of the principal 
behaviour of the shear layers shed from the upstream and the downstream cylinder, as 
well as the interaction with the wall boundary layer is shown in Figure 4.8.  
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Figure 4.8. Schematic overview over flow patterns for tandem circular cylinders in the vicinity 
of a plane wall, with respect to L/D and G/D. Re = 6.3 x 103. The categorization is based on 
PIV measurements (taken from Wang et al. (2015)). 
 

It is, however, difficult to categorize the combined influences of L/D and G/D, 
because both cover a wide range of values, causing dramatic changes in the flow 
patterns. However, it is possible to identify the limiting cases, where previous well 
known theories can be applied, and discrepancies recognized. This approach is used as 
the idea for the present study. A detailed numerical investigation of the flow around 
tandem cylinders at several combinations of L/D and G/D, including the combinations 
that approach the limiting cases, is presented in Chapter 10.  

According to Zhao and Yiu (2006), the influence of the downstream cylinder 
on the flow around the upstream cylinder in tandem arrangement in an infinite fluid, 
becomes negligible for large L/D. The flow around the upstream cylinder in a wide 
spaced tandem arrangement in the vicinity of a wall can thus be compared to the flow 
around a single cylinder near a plane wall. On the other hand, analysis of the flow 
around a single cylinder close to a wall (Bearman and Zdravkovich, 1978) shows that 
the influence of the wall diminishes as G/D increases, and becomes negligible for G/D 
> 2. The flow around tandem circular cylinders, with a relatively large distance from 
the plane wall, can be compared to the tandem cylinders in an infinite fluid. Ultimately, 
the behavior of the flow around the upstream cylinder in tandem arrangement close to a 
plane wall, with large L/D and G/D, approaches the case of a single cylinder in an 
infinite fluid and uniform incoming flow. An overview of the combinations of L/D and 
G/D, including the limiting cases, is presented in Figure 4.9. 
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Figure 4.9. Schematic overview of the combinations of L/D and G/D, including the limiting 
cases (present study). 
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Chapter 5 

Computational method 
 

5.1. Modelling of turbulent flows 
 

 The theory of ideal (inviscid) fluid is well developed and applicable in some 
cases of real flow. However, it reaches its limits when applied to the flow around bluff 
bodies, where generation of vorticity, flow separation and viscous forces are of 
importance. Furthermore, offshore structures are exposed to high Reynolds numbers. 
The wakes and the boundary layers are mostly turbulent, and thus unsteady, three-
dimensional and characterised by high vorticity.  

Traditionally, such complex flow was investigated experimentally, requiring 
very precise and detailed measurements, often very costly and technically challenging. 
Numerical methods are often employed to complement or compensate the experiments. 
Under the broad topic of Computational Fluid Dynamics, covering various methods for 
solving of the partial differential equations, there are several classes of turbulence 
models. Detailed description of the approaches to turbulence modelling is given in 
Ferziger and Peric (2002). A comprehensive overview over various aspects of the 
numerical models, such as discretization method, interpolation and differentiation 
schemes and approaches to grid generation can be found in Patankar (1980), Versteeg 
and Malalasekera (1995) as well as in Ferziger and Peric (2002). A short overview 
over the three main approaches is given below.  

 Direct Numerical Simulations (DNS) offer the most accurate and conceptually 
the simplest approach to solve the Navier-Stokes equations. Using no approximations, 
DNS resolve flow structures of all sizes, i.e. all turbulence length scales. The error is 
controllable, originating only from the numerical discretization. Such a valuable tool 
comes with a cost: a huge number of degrees of freedom. Even though the 
development of the numerical techniques and the computational resources progress at 
increasing rate, the high demands of DNS still classify it as a research tool, not as an 
engineering tool. 
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 A reduction in the number of grid points is possible by use of LES. At large 
scales, it behaves as a type of DNS, yielding precise instantaneous and statistical data 
about the three-dimensional flow.  

 Reynolds-Averaged Navier-Stokes equations (RANS) are often the answer to 
the needs of engineering today: quick and efficient solutions, offering a few 
quantitative properties of the turbulent flow. In RANS, all of the unsteadiness is 
regarded as part of the turbulence, yielding time-averaged equations of motion. Using 
various turbulence models, RANS offers good engineering approximations in various 
Re ranges. Recently, various hybrid models, for example unsteady RANS and Delayed 
Detached Eddy Simulations (DDES), are developed to utilize the better capabilities of 
the models and save computation time. An overview over the hybrid models’ 
properties is given by Sagaut (2006). However, as stated by Ferziger and Peric (2002), 
one has to bear in mind that the numerical results are always approximate. The choice 
of the appropriate turbulence model can be challenging and the use has to be justified 
through the model’s limitations, accuracy and applicability to the targeted flow types. 

 

5.2. LES with Smagorinsky subgrid scale model 
 

The development of LES started in the 1960s, with the introduction of the 
Smagorinsky subgrid scale closure (Smagorinsky, 1963; Lilly, 1967). It came to early 
use in the meteorological publications in the 1970s, but the applicability of this method 
became obvious around 2000, due to the development of the computational resources 
(Lesieur et al., 2005). Today, it is incorporated in commercially available fluid 
dynamics codes. LES has an important role in aerodynamics research, in combustion 
and geophysical sciences. Applied to hydrodynamics, LES provides a powerful tool for 
distinguishing the turbulent vortical structures and precise determination of the viscous 
separation points. A comprehensive overview over LES for incompressible and 
compressible fluids is given by Lesieur et al. (2005), while Sagaut (2006) focus on 
incompressible flow.  

The large scale motions generally contain much more energy than the small 
scale motions. The conserved properties are thus transported much more effectively by 
the large scale motions, demanding their accurate prediction. This is achieved in LES, 
where the motions larger than the cut-off scale ∆ are explicitly calculated, while the 
subgrid scale motions are filtered out and modelled. Details about the filtering 
operation can be found in Pope (2000). 
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For incompressible fluid, the flow is governed by conservation of mass and 
momentum. Further, by assuming Newtonian fluid and uniform viscosity, and applying 
low-pass filtering, the Navier-Stokes equations can be written as: 

0 (5.1)

( ) 1 (5.2)
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i j ji i

j i j j i
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where ui, i = 1, 2, 3, is the filtered velocity component in the x-, y- and z- direction 
respectively, xi is assigned to the respective directions and p the filtered pressure. The 
nonlinear filtered advection can be written as: 

(5.3)i j i j iju u u u τ= +  

where τij is the non-resolvable subgrid stress, transforming Equation (5.2) to: 
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Here Sij is the large scale strain tensor, defined as: 
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The sub-grid stress is most commonly modelled by the eddy-viscosity model proposed 
by Smagorinsky (1963). It assumes that the subgrid stresses behave in a similar manner 
as the large scale strain: 

1 2 (5.6)
3ij ij kk t ijSτ δ τ ν− = −  

where δij is the Kronecker delta, and νt is the subgrid scale eddy viscosity. νt is assumed 
to be proportional to the subgrid scale characteristic length l and the strain rate tensor, 
given as: 
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Here Cs is the Smagorinsky’s constant. For isotropic turbulence Cs ≈ 0.18 (Lilly, 1967), 
and in the present study it is set to the commonly used value Cs = 0.2. 

 

5.3. OpenFOAM computational package 
 

 All simulations in the present study were performed using OpenFOAM, an 
open source computational package. Containing over 80 solvers, its field of application 
extends to incompressible and compressible fluid dynamics, combustion, fluid-
structure interaction etc. Within turbulence modelling, it contains solvers covering all 
three general approaches. 

 OpenFOAM is a finite volume solver (for details about the finite volume 
method, see Versteeg and Malalasekera, 1995). The flow variables are defined on a 
collocated grid with possibility of use of structured and unstructured polyhedral grids 
with non-equidistant cell spacing. In the present study, body-fitted, structured 
hexahedron meshes are used for all cases. The details about the meshes, the procedure 
of mesh refinement and the resolution requirements are given in Chapters 6 – 10 for 
the specific simulations. The chosen discretization schemes, with discussion of their 
influence, are given in Chapter 7. The pressure-velocity coupling is done by the 
Pressure Implicit with Splitting of Operators (PISO) algorithm. Details of the 
procedure are given by Versteeg and Malalasekera (1995). 

Message Passing Interface (MPI) is utilised for parallel computing, making it 
suitable for large, massively parallelized simulations. Using the Preconditioned 
Conjugate Gradient method (PCG) for solving of the discretized equations, the code 
scalability is nearly ideal up to 200-300 MPI processes (Robertson et al., 2015). Tested 
on the HPC supercomputer Vilje (www.hpc.ntnu.no) on several benchmark cases, the 
scalability has proven to be good up to 103 parallel processes. In the present study, the 
supercomputer Vilje is used for parallel simulations on up to 512 processors. 

 

http://www.hpc.ntnu.no/�
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Chapter 6 

Large Eddy Simulations of three-dimensional flow 
around a pipeline in a uniform current 

Mia Prsic1, Muk Chen Ong1, 2, Bjørnar Pettersen1, Dag Myrhaug1 
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Norwegian University of Science and Technology, NO-7491 Trondheim, Norway 
2 Norwegian Marine Technology Research Institute (MARINTEK),  
NO-7450 Trondheim, Norway 

Abstract 

Three-dimensional (3D) modeling of the flow around a circular cylinder in a 
steady, uniform current subjected to low and intermediate Reynolds numbers (Re) is 
considered. Large eddy simulations (LES) are used to simulate the flow due to their 
ability to study fine structures in the turbulent wake of the cylinder. The turbulence is 
resolved by the Smagorinsky model. The open-source code OpenFOAM is used in the 
simulations. Influences of various numerical parameters, such as the grid resolution 
close to the cylinder, domain width and spanwise resolution are investigated through 
mean values of the drag and the lift coefficients, the Strouhal number, as well as 
through the details of the flow field in the near wake of the cylinder. 

The main purpose of the present paper is to study the numerical influences on 
the 3D LES simulations of the flow around the cylinder in the free stream at Re = 
13100.  However, first the flow around a cylinder in the free stream at Re = 3900 is 
investigated. The latter case has previously been thoroughly investigated, both with 
LES and direct numerical simulations (DNS); hence these results will be used for 
verification of the OpenFoam solver. 

At Re =13100 the drag and lift coefficients and the Strouhal number are 

Paper 1: Not included due to copyright.
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Chapter 7 

Large Eddy Simulations of flow around a smooth 
circular cylinder in a uniform current in the subcritical 
flow regime 
 

Mia Abrahamsen Prsic a, *, Muk Chen Ong b, Bjørnar Pettersen a, Dag Myrhaug a 

 
a Department of Marine Technology, Norwegian University of Science and Technology, 
NO-7491 Trondheim, Norway 
b Norwegian Marine Technology Research Institute (MARINTEK), NO-7450 
Trondheim, Norway 
 

Abstract 
 
 Three-dimensional flow around a circular cylinder in a steady, uniform current 
at subcritical Reynolds numbers (Re) is investigated. The flow is simulated using 
Large Eddy Simulations (LES) with Smagorinsky subgrid scale model. Influences of 
various numerical parameters are investigated through the statistical values of the drag 
and the lift coefficients, Strouhal number, pressure distribution and separation angles, 
as well as through the flow field in the cylinder near wake. 

 The main purpose of the paper is to study the flow around a circular cylinder at 
Re=13100, which is chosen due to its applicability to the flow around cylindrical 
offshore structures in operational conditions, and because it belongs to a not 
thoroughly studied Re range. However, first the flow around a cylinder in the free 
stream at Re=3900 is investigated and the results are compared with numerous 
published results for validation of the chosen LES model. For the higher Re, the results 
are compared with the published experimental data and the numerical simulations for 
the similar flow regime. The chosen LES performs well. The results are in reasonably 

http://dx.doi.org/10.1016/j.oceaneng.2013.10.018�
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good agreement with previous studies and are discussed through standard 
hydrodynamic parameters and details of the flow around the cylinder and in the wake. 
 
Keywords: circular cylinder; Large Eddy Simulations; Smagorinsky turbulence model; 
wake flow; subcritical Re. 

 

7.1. Introduction 
 

 Many offshore structures contain elements with cylindrical shape, such as 
jacket, jackup and tension-leg platforms, marine pipelines and bundles of marine risers. 
In the last 30 years, there has been a large increase in the use of such structures. Marine 
pipelines offer a sustainable and efficient way of oil and gas transportation. However, 
exposure to current and waves can cause the hazard of oil leakage. For safety issues it 
is important to broaden the understanding of the flow fields around such objects as well 
as the hydrodynamic loads exerted on them. 

 Pipelines at intermediate water depths are subjected to currents plus waves 
causing large variations in the velocities and thereby Reynolds number (Re = UcD/υ, 
where Uc is the free stream velocity, D is the diameter of the cylind er an d υ is the 
kinematic viscosity of the fluid), most often appearing in the range from 103 to 107. It 
is therefore important to understand the flow around the circular cylinder in the actual 
Re range. In the present study, the moderate Re = 13100 is chosen, corresponding to 
standard operational conditions of marine pipelines and risers. Most of the published 
VIV (Vortex Induced Vibrations) experiments belong to the Re range between 500 and 
60000 (Diana et al., 2008), comparable to the present Re. Zhang and Dalton (1996) 
performed Large Eddy Simulations (LES) in order to investigate VIV of a circular 
cylinder in steady flow for Re = 13000, very close to the Re targeted here. Two-
dimensional (2D) simulations were performed. Even though the flow is turbulent and 
thus three-dimensional (3D), the test case presented for a steady circular cylinder 
provides reasonable comparison with the experimental results, leading to the 
conclusion that LES is a promising tool for such simulations. However, VIV studies 
would benefit from more accurate and thorough investigation of the steady state flow 
situation, as presented in this paper. 

 This study focuses on 3D modelling of the flow around a smooth circular 
cylinder in a steady current in the subcritical flow regime (Re = 13100). Validation of 
the code is done by comparing the results for the benchmark case of the flow around a 

http://dx.doi.org/10.1016/j.oceaneng.2013.10.018�
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circular cylinder in the subcritical flow regime at Re = 3900 with numerous published 
experimental and numerical results. For the Re = 13100 case, details of the flow 
around, and in the near wake of the cylinder are analysed with respect to various 
numerical parameters, such as mesh resolution, time-step and computational domain 
size. The limitations of the measuring equipment used in some published experiments 
lead to difficulties in capturing the details of the flow, especially in the near wake. 
Therefore the present paper also focuses on describing the flow near the body surface 
and in the cylinder near wake. 

 Recently published numerical results are mainly based on LES. Breuer (1998 
a, b) made a detailed analysis of the influence of the subgrid scale models, the grid 
resolution and the discretization schemes on the quality of the LES results. Tremblay et 
al. (2002) carried out a series of LES and compared them with the results of Direct 
Numerical Simulations (DNS). Wissink and Rodi (2008) used DNS and presented the 
details of the flow field in the near wake of a circular cylinder at Re = 3300. 
Parnaudeau et al. (2008) focused on the comparison of their LES results with the 
experimental results obtained by Particle Image Velocimetry (PIV). Krajnovic (2011) 
used LES with Smagorinsky subgrid scale model to simulate the flow around a vertical 
cylinder at Re = 20000. Lysenko et al. (2012) performed LES with standard 
Smagorinsky and k-equation eddy viscosity model for the compressible fluid at Re = 
3900 and low Mach number. Based on the previously mentioned research, LES is 
chosen as a promising numerical tool for simulating the flow behind a bluff body. In 
this paper, results are compared and discussed through the hydrodynamic quantities, 
such as drag and lift coefficients, Strouhal number, pressure and velocity distribution 
around the cylinder, and flow field in the near wake of the cylinder. 

  Experimental data for the flow around a fixed circular cylinder is available 
mostly for either very low or very high Re flows. Early measurements are documented 
by Linke (1931) and Thom (1928), mainly discussing the pressure distribution around 
the cylinder measured in a wind tunnel. Roshko (1961) focused on Re from 106 to 107, 
as well as collecting and analysing data from many previous measurements considering 
subcritical Re. Schewe (1983) carried out a series of experiments in a pressurized wind 
tunnel, from subcritical to transcritical flow with Re from 2.3 * 104 to 7.1 * 106. 
Cantwell and Coles (1983) studied experimentally the near wake flow field of a 
circular cylinder at Re = 1.4 * 105. Norberg (1994) focused on investigating the 
Strouhal number and the base suction coefficient behind the cylinder at Re between 50 
and 4 * 104. More experimental data was obtained by hot-wire and x-ray probe 
measurements of the near wake flow behind the circular cylinder by Ong and Wallace 
(1996) at Re = 3900. 
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 The numerical research of the flow with comparable Re is limited, while the 
higher Re cases are studied in several publications. Fang and Han (2011) made a short 
discussion of the numerical results for the flow at three different moderate Re (5.6 * 
103, 2.8 * 104 and 1.1 * 105); Ouvrard et al. (2008) published hybrid RANS/LES data 
for Re = 1.4 * 105; Breuer (2000) explored the influence of the various turbulence 
closure schemes and mesh refinements on the LES results for Re = 1.4* 105; Vaz et al. 
(2007) explored the influences of the numerical parameters and the different turbulence 
models in 2D and 3D simulations at Re = 9 * 104 and 5 * 106. In the higher Re range, 
Catalano et al. (2003) presented LES results with wall stress model for Re = 5 * 105 
and 106; Ong et al. (2009) used 2D Unsteady Reynolds-Averaged Navier-Stokes 
(URANS) equations with a k – ε turbulence model for Re in the range 106 to 3.6 * 106; 
Lin et al. (2011) also used the k – ε turbulence model to explore the influence of 
various advection schemes on the drag coefficient for Re = 106. 

 In this paper, a short overview of the chosen numerical method is presented in 
the following Section. Details of the numerical simulations are presented in Section 
7.3. The results are discussed in Section 7.4, including the analysis procedure, the 
validation study for the Re = 3900 flow, the convergence study for the Re = 13100 
cases and the comparison with previously published results. 

 

7.2. Numerical Method 
 

 A LES model is chosen due to its capability of modelling the moderate high Re 
flow and resolving the 3D bluff body flow in a less numerically costly manner than 
DNS. In a LES model, the large scale turbulence is simulated directly and the subgrid 
scale turbulence, which is assumed to behave more case independent, is modelled. 

 In order to simulate the flow, the incompressible Navier-Stokes equations need 
to be solved. In the filtered form, the continuity and the momentum equations, 
disregarding the commutation error, can be written as: 
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where ui, j, i, j = 1, 2, 3 denotes the filtered velocity component in streamwise (x), 
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crossflow (y) and spanwise (z) direction respectively, see Figure 2. xi is assigned to the 
respective directions, ρ is the density of the fluid, p is the filtered pressure and τij 
represents the non-resolvable subgrid stress, given by: 

(3)ij i j i ju u u uτ = −  

The commonly used Smagorinsky subgrid scale model (Smagorinsky, 1963) is based 
on the Boussinesq approximation, assuming that the turbulence stresses behave in the 
same manner as the large scale strain rate tensor Sij : 

1 2 (4)
3ij ij kk t ijSτ δ τ ν− = −  

where δij denotes the Kronecker delta and νt is the subgrid scale eddy viscosity. The 
strain rate tensor Sij in the resolved field can be written as: 
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The subgrid scale eddy viscosity νt is a function of the strain rate tensor and the subgrid 
length l  
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The filter width Δ  is correlated to the typical grid spacing by the cube root of 
the cell volume. Cs is the Smagorinsky constant with a value of 0.2 in the present study. 
More sophisticated subgrid scale models have been developed, such as the dynamic 
Smagorinsky model (Germano et al. (1991), Lilly (1992)) in which Cs becomes a so 
called dynamic constant, a local, time-dependent variable determined from the resolved 
velocity field. 

 Breuer (1998 a, 2000), Tremblay et al. (2002) and Lysenko et al. (2012) 
discussed the advantages and the differences of various subgrid scale models. Breuer 
(1998 a) analysed the simulations performed with the same numerical set-up, but 
without any subgrid scale model, with standard and with dynamic Smagorinsky model. 
He concluded that, in comparison to relatively large influence of the various 
discretization schemes, the subgrid scale models have a relatively small influence. 
While the simulation without any subgrid scale model showed the shortest 
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recirculation length, the results obtained with Smagorinsky and dynamic Smagorinsky 
models were close to each other and showed better agreement with experimental 
results. Standard Smagorinsky model yielded a 2.5% larger drag coefficient, 0.2% 
larger primary separation angle and 1.25% smaller secondary separation angle 
compared with the dynamic Smagorinsky model. Through comparison of several flow 
parameters, Lysenko et al. (2012) discussed the differences between the standard 
Smagorinsky and the dynamic k-equation eddy viscosity (TKE) model. They 
concluded that the results obtained with Smagorinsky model compared well with the 
experimental results by Lourenco and Shih (1993), while the TKE results compared 
better with the results of Parnaudeau et al. (2008). Lysenko et al. (2012) also calculated 
the one-dimensional energy spectra of simulations with Smagorinsky and TKE model. 
Both sets of data showed good agreement with experimental results of both Ong and 
Wallace (1996) and Parnaudeau et al. (2008). The spectra obtained by Smagorinsky 
model showed to be less dissipative than those obtained by TKE. Taking these results 
into account, it can be concluded that, even though the dynamic models are less rigid, a 
standard Smagorinsky model gives comparable quality of the results. It is also 
commonly used in the established cases for the flow around the circular cylinder for Re 
= 3900. For the sake of simplicity and comparability, a standard Smagorinsky model is 
chosen in this work. 

 All the simulations are performed using the open source code OpenFOAM, a 
computational fluid dynamics solver with extensive libraries for turbulence modelling. 
It is a finite volume code written in C++ using object-oriented techniques 
(OpenFOAM, 2011). Advantages of LES modelling in OpenFOAM can be explored 
through an example similar to the topic discussed in this paper, i. e. flow around a 
square cylinder, made by the code creators (Weller et al., 1998). 

 The PISO algorithm (Pressure Implicit with Splitting of Operators), described 
by Ferziger and Peric (2001), is used to solve the Navier-Stokes equations. A 
preconditioned conjugate and bi-conjugate method with diagonal incomplete-Cholesky 
(for symmetric) and diagonal incomplete-LU (for asymmetric matrices) are used for 
solving linear systems (OpenFOAM, 2011). For the time integration, an implicit, 
backward differencing method of second order is chosen, also used by Lysenko et al. 
(2012). Spatial schemes for the convective term approximations and inviscid terms are 
Gauss linear and Gauss limited linear. Those are central differencing schemes with a 
standard finite volume discretization of Gaussian integration which requires the 
interpolation of values from the cell centres to the face centres. All of the above 
schemes are of second order accuracy, which is, as summarized by Krajnovic (2011), 
the most common in engineering applications of LES. Discussion of the influences of 
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the various numerical methods can be found in Breuer (1998 b). He compared various 
discretization schemes for the convective terms, such as a combination of upwind and a 
central differencing scheme, a central differencing scheme of second and fourth order, 
a hybrid linear/parabolic scheme and a parabolic second order approximation. It was 
shown that the central differencing schemes offered the best agreement with the 
experiments. Even though the fourth order schemes yielded slightly better results, the 
variations between the central schemes of second and fourth order were much smaller 
than among other schemes. Therefore it is considered that the second order 
discretization schemes offer a good option for LES. 

 

7.3. Computational model 
 

 The size of the 3D computational domain for the majority of the cases is 32D * 
16D * 4D (x, y, z). The centre of the cylinder (and the origin of the coordinate system) 
is placed 8D from the inlet boundary, 8D away from the top and the bottom boundaries 
and 24D away from the outlet boundary (Figure 1). Simulations with both 4D and 8D 
spanwise (z) domain width are made for Re = 13100 to study the effect of the spanwise 
length. 

 
FIGURE 1: The computational domain. 

 
 For the simulations of the flow with Re = 3900, the domain size is chosen by 
comparison with the established standards for this benchmark case. Both Parnaudeau et 
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al. (2008) and Tremblay et al. (2002) extended their domains over the same area: 20D 
in the streamwise (x) and crossflow (y) directions, while the centre of the cylinder was 
placed 5D downstream from the inlet boundary. The spanwise length of the domains in 
the aforementioned papers was πD. Franke and Frank (2002) used a slightly larger 
domain extending over 10D in front of the cylinder, 20D behind and 10D above and 
below the cylinder. Their domain also had a spanwise length of πD. Breuer (1998 b) 
used a circular domain with a radius of 15D and πD spanwise length. Wissink and Rodi 
(2008) used a 25D * 20D * 4D domain, Li (2011) used a smaller domain size of 27D * 
9D * 2.3D, while Heggernes (2005) used exactly the same domain size as chosen in the 
present paper. Considering the aforementioned dimensions, the chosen domain size is 
assumed to be sufficient to obtain results unaffected by the boundary conditions. 

 In the Re = 13100 case, the same domain size is used. Since there is not many 
numerical simulations published at this Re, the domain size is compared with the 
higher Re simulations. Ong et al. (2009) simulated the flow at very high Re, using two-
dimensional k-ε URANS. Their domain spreaded over 7D in front of, above and below 
the circular cylinder and 20D behind the cylinder. Breuer (1998 b and 2000) used a 
cylindrical domain with a radius of 15D and a somewhat smaller spanwise length of 
2D and πD for LES at both Re = 3900 and 140000. Fang and Han (2011) used a 
domain of 28D * 8D * 10D for all their Re. Based on the fact that smaller domains 
have successfully been used for simulations of the flow at higher Re, the computational 
domain used in this work is considered to be sufficiently large.   

 In order to obtain results independent of the mesh, it is important to take shape, 
resolution and distribution of the elements into consideration. To avoid possible 
spurious oscillations and numerical instabilities, attention is paid to the smoothness of 
the transitions between adjacent mesh patches. In this case, a symmetric, body-fitted 
hexahedron mesh is divided into several zones. A small, O-shape zone of 0.2D width 
(Zone 1) is created around the cylinder in order to provide easier control of the cell 
sizes in the immediate vicinity of the cylinder. A second zone of O-shape mesh (Zone 
2) extends up to 5D radially from the cylinder centre. The outermost part (Zone 3), 
between the outer edge of Zone 2 and the domain boundaries is filled with slightly 
radially stretched hexahedron elements. Finally, Zone 4 in the far wake of the cylinder 
consists of a coarser, rectangular mesh, slightly clustered towards the centre of the 
domain. Figure 2 presents the visualization of the entire domain, Zones 1- 4 and a more 
detailed view of Zones 1 and 2 near the cylinder. Meshes of the same distribution, i.e. 
the same shape of the elements in respective Zones, with different number of elements 
and mesh refinements are used in all the cases for both Re. 
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FIGURE 2: Visualization of the mesh – Zones 2, 3 and 4 and Zone 1 in the immediate vicinity 
of the cylinder. Zones and the coordinate system are shown. 
 

The boundary conditions are kept the same throughout the entire study. At the 
inlet, a uniform and constant velocity is prescribed. At the outlet, the pressure and the 
normal gradient of the velocities are set to zero. The top, bottom and side boundaries 
are considered to be free-slip surfaces, utilizing a symmetry boundary condition, while 
a no-slip condition is applied on the cylinder surface. The influence of the boundary 
conditions is discussed in Section 7.4. 

 
TABLE 1: Numerical set-up for the Re = 3900 cases: the domain size is 32D * 16D * 4D; the 
number of elements spanwise is 150. 

Case Num. elem. (million) Num. elem. circumf. Boundary condition 
in the spanwise direction 

3900_m1   5 340 free-slip 
3900_m2 8 400 free-slip 
3900_m3 11 480 free-slip 
3900_m4 13.5 540 free-slip 
3900_pbc 13.5 540 periodic 
 

Five simulations are carried out at Re = 3900, with inlet velocity Uc = 0.39 
m/s. The dimensionless time-step Δt = 0.0008 is chosen to keep the maximum Courant 
number below 0.6 (see Table 1, for other details of the simulations). The Courant 
number is defined as C = Uabs Δt/Δδ, where Uabs is the magnitude of the velocity 
through the cell and Δδ is the cell size in the direction of the velocity. In all the 
simulations the element size on the surface of the cylinder is kept the same and is 
chosen in such a manner that the maximum dimensionless wall distance δ+ is kept 
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below 1. Here δ+ is defined as δ+ = u* δ/ν, where u* denotes the friction velocity at the 
nearest wall, and δ is the normal distance from the wall. The maximal values of 
dimensionless streamwise wall distance, x+, are smaller than 2 for all simulations, in 
the cross-flow direction, y+ < 4.5 and in the spanwise direction, 7 < z+ < 26; x+, y+ and 
z+ are defined according to Krajnovic (2011) as x+ = u*ξ/ν; y+ = u*ι/ν; z+ = u*ζ/ν, where 
ξ, ι and ζ are the distances from the wall in x, y and z direction, respectively. 
 

TABLE 2: Numerical set-up for the Re = 13100 cases. 
Case Domain 

(*D) 
Number 

elem. 
(million) 

Num. elem. 
spanwise 

Num. elem. 
circumf. 

Δt (s) 

13100_m1 32 * 16 * 4 2 100 244 0.0001 
13100_1 32 * 16 * 4 4.3 100 340 0.0001 

13100_m2 32 * 16 * 4 7.7 100 480 0.0001 
13100_m3 32 * 16 * 4 11 100 540 0.0001 
13100_t2 32 * 16 * 4 4.3 100 340 0.0002 
13100_t3 32 * 16 * 4 4.3 100 340 0.0004 
13100_sm 32 * 16 * 4 6.5 150 340 0.0001 
13100_sl 32 * 16 * 8 8.6 200 340 0.0001 

 
 The difference between four of the simulations for Re = 3900 is the mesh 
refinement, especially in the near wake of the cylinder (Zones 1 and 2). The mesh 
refinement is performed radially and along the circumference of the cylinder in order 
to keep the shape and ratios of the elements as constant as possible. The 3900_m4 case 
is performed with the finest mesh of 13.5 million elements. In the 3900_m3 case, the 
3D computational domain contains approximately 11 million elements; in the 3900_m2 
case, 8 million elements are used; and in the 3900_m1 case, 5 million elements are 
distributed over the computational domain. The fifth simulation, the 3900_pbc case, is 
performed with the finest mesh, analogous to the 3900_m4 case, but with periodic 
boundary condition on the side boundaries, in order to check the influence of the 
boundary condition on the results.  

 Eight simulations are carried out for the flow around the circular cylinder at Re 
= 13100 in order to explore the influence of the mesh refinement in the near wake 
zone, the domain size, the time-step and the spanwise mesh resolution (details are 
presented in Table 2). The results are discussed in the following Section. 
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7.4. Results and discussion 

7.4.1. Analysis procedure 
 The details of the flow around the circular cylinder are presented with 
emphasis on the near-wake flow. The overall features of the flow are represented by the 
drag and lift coefficients and the Strouhal number. The details of the near-wake flow 
are explored through the velocity field in the wake, the recirculation length, the 
pressure coefficient distribution around the cylinder and the separation angles. Here, 
the drag coefficient is defined as Cd = Fd/(0.5ρUc

2A), where Fd is the drag force 
obtained by integrating over the cylinder surface. A is the frontal area of the cylinder. 
The lift coefficient is Cl = Fl/(0.5ρU c

2A), where Fl is the integrated lift force. The 
pressure coefficient is Cp = (p'-p∞)/(0.5ρUc

2) where p' is the pressure at the sampling 
point and p∞ is the pressure in the undisturbed flow. Time-averaging is made for a fully 
developed flow. The Re = 3900 cases are averaged over more than 50 vortex shedding 
cycles and the Re = 13100 cases over between 130 and 190 vortex shedding cycles. 

 As mentioned before, a free-slip boundary condition is assigned to the lateral 
planes of the domain. It has been successfully used by Krajnovic (2011), but it implies 
a non-physical requirement of zero normal velocity at the boundary plane. Therefore it 
is presumed that a certain layer of the fluid in the vicinity of the lateral boundaries is 
influenced by this boundary condition and is thus excluded from the analysis. To check 
the influence of the boundary condition, the time-averages of the wall-normal velocity 
component are calculated at several cross sections in the cylinder wake, 0.53D, 0.7D, 
1D and 2D from the cylinder centreline in the (x, y) plane. The absolute values of the 
time-averaged wall-normal velocities are further averaged along the cylinder, covering 
various spans from the cylinder centre towards the boundaries. The time-averaged 
wall-normal velocity is expected to be nearly constant and approaching zero along the 
boundary-unaffected part of the cylinder. Therefore the flow is considered affected as 
soon as the space-averaged values begin to change when averaged over wider spans. 
Figure 3 shows the time-averaged wall-normal velocity component for the 13100_1 
case, indicating that the influence of the boundary condition is strongest in the 
immediate wake of the cylinder (x/D = 0.53). It appears as an increase in the absolute 
value of the wall-normal velocity component in the vicinity of the boundaries (close to 
z/D = 0 and 4). The analysis has been made for all Re = 3900 and Re = 13100 cases. It 
is concluded that the time- and space-averaged wall-normal velocities remain nearly 
constant for the central 2.4D part of the 4D long cylinder and for the 6.4D of the 8D 
long cylinder (the 13100_sl case). Therefore, in the following analyses, space-
averaging is made only along the central 2.4D and 6.4D of the cylinder. 
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FIGURE 3: Time-averaged wall-normal velocity component (w) at four cross sections in the 
cylinder wake, 13100_1 case. 
 

 The influence of the alternative choice for boundary condition on the lateral 
boundaries is checked through two simulations for Re = 3900. While the 3900_m4 case 
is performed with the free-slip boundary condition, the 3900_pbc case is simulated 
using all numerical parameters the same except the periodic boundary condition on the 
lateral boundaries. The results are compared in Figure 4, through the time- and space-
averaged streamwise velocity component, averaged in the above described manner for 
both simulations. Slight differences can be noticed between 3D and 6D in the cylinder 
wake, but they do not exceed 2%. It is therefore concluded that the free-slip boundary 
condition can be used for this kind of simulations, as long as attention is paid on the 
space-averaging. 
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FIGURE 4: Time- and space-averaged streamwise velocity component (u) profile in the 
cylinder wake, in the (x, z) plane, y = 0 for the 3900_m4 case with the free-slip boundary 
condition and 3900_pbc case with the periodic boundary condition. 

 

7.4.2. Validation study - Reynolds number 3900 

7.4.2.1. Hydrodynamic quantities 
 A grid convergence study is performed for the flow at Re = 3900 through four 
simulations, varying the number of the elements and by comparing with numerical 
results by Breuer (1998 a), Franke and Frank (2002), Tremblay et al. (2002) and 
Lysenko et al. (2012) and experimental results by Lourenco and Shih (1993), Ong and 
Wallace (1996) and Parnaudeau et al. (2008). The Strouhal number (St = f D/Uc, where 
f is the vortex shedding frequency) is obtained from the power spectra of the lift force 
fluctuations, following the procedure of Schewe (1983). As seen from Table 3, St = 
0.2152 for the two cases with the finest mesh (3900_m4 and 3900_m3), and that 
compares well with the results of the aforementioned authors. Figure 5 shows Cd (time- 
and space-averaged values of the drag coefficient) and Cl rms (the root-mean-square 
(rms) value of the lift coefficient). The results in Figure 5 are given for simulations 
using 5, 8, 11 and 13 million elements, respectively. Conclusions drawn from Figure 5, 
Table 3 and the good agreement of Cd  and Cl rms of the 3900_m4 case with the 
previously published results (Table 4) suggest that the convergence is approached. 
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TABLE 3: Mean flow parameters for the Re = 3900 cases. 

Case Cd Cl rms St 
3900_m1 1.2365 0.4490 0.2054 
3900_m2 1.1483 0.2887 0.1956 
3900_m3 1.0859 0.2163 0.2152 
3900_m4 1.0784 0.1954 0.2152 
3900_pbc 1.1102 0.2596 0.2152 
 

 
FIGURE 5: Cd and Cl rms versus the number of elements for Re = 3900. Cases: 3900_m1; 
3900_m2; 3900_m3; and 3900_m4. 

 

7.4.2.2. Flow in the cylinder wake 
 Further validation is made by analysing the details of the flow in the cylinder 
wake and comparing with previously published data. Several cross sections 
perpendicular to the cylinder axis are considered and the data is averaged in the 
spanwise (z) direction and in time. The velocity field is sampled along the x-axis (see 
Figure 1) and over a vertical cross section parallel to the y-axis. In both cases, the 
velocity field is sampled over cross sections distributed evenly along the cylinder axis, 
excluding a length of 0.8D from each end of the cylinder. For sampling along the x-
axis, the sampling sections are located at the cylinder centreline, i. e. in the (x, z) plane 
starting from x/D = 0.5, y/D = 0 and covering eight diameters downstream. Figure 6 
shows the time- and space-averaged values of the streamwise velocity component (u) 
in the (x, z) symmetry plane of the cylinder wake for all four simulations. The 
3900_m4 and 3900_m3 cases obtain the velocity minima positioned farthest away 
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from the cylinder, while 3900_m1 and 3900_m2 have shorter wake disturbances (see 
the region between x/D = 0.5 and 3 in Figure 6). Even though the 3900_m4 case 
obtains a somewhat less pronounced minimum, the velocity profiles in the wake, 
especially at x/D > 1.5 show the smallest relative differences. 

The mean dimensionless recirculation length (Lr) is defined as the distance 
between the base of the cylinder and where the sign of the centreline mean streamwise 
velocity component changes, divided by D. For the coarsest mesh, Lr obtains value of 
0.96, corresponding to 25% shorter recirculation length than for the finest mesh. As 
previously concluded from Figure 6, the finer meshes yield longer wakes, leading to Lr 
= 1.27 for the 3900_m4 case. The Lr difference for the two finest meshes is 6%. 
 

 
FIGURE 6: Time- and space-averaged streamwise velocity component (u) profile in the 
cylinder wake, in the (x, z) plane at y/D = 0. 
 

In Figure 7 a and b, the results of the 3900_m4 case are compared with 
previously published numerical and experimental results, generally showing good 
agreement. The present mean streamwise velocity profiles in the cylinder mid-plane 
(Figure 7 a) compare very well with the experimental results of Lourenco and Shih 
(1993) and Ong and Wallace (1996); in the near wake also with the DNS results by 
Tremblay et al. (2000). However the results show more discrepancy from the results by 
Parnaudeau et al. (2008) and Lysenko et al. (2012) obtained with a TKE subgrid scale 
model. Similar behaviour is noticed by Lysenko et al. (2012) who, through comparison 
of several flow parameters, concluded that LES with Smagorinsky model yields results 
in good agreement with the PIV results of Lourenco and Shih (1993), while the TKE 
model leads to better agreement with the experiments of Parnaudeau et al. (2008). 
Figure 7 b shows the mean streamwise velocity component in the vertical (y, z) plane 
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in the near wake of the cylinder. A characteristic V-shaped velocity profile is observed; 
and the results are in good agreement with the numerical results of Tremblay et al. 
(2000) and the experiments of Lourenco and Shih (1993). 
 
TABLE 4: Hydrodynamic quantities – present and previous studies for Re = 3900. 

Case Cd Cl rms St Lr 
3900_m4 1.0784 0.1954 0.2152 1.27 

Schlichting (1979) 1.0000  0.205–0.212  
Lourenco and Shih (1994) 0.99  0.22 1.19 
Ong and Wallace (1996) 0.98±0.05  0.21  

Breuer (1998 a), Smagorinsky dynamic 
Smagorinsky 

1.099 
1.071 

 0.215±0.005 1.115, 
1.197 

Tremblay et al. (2002) 1.14  0.21 1.04 
Franke and Frank (2002) [0.978 – 

1.005] 
 0.21 1.35 

Dong et al. (2006)   0.2 1.36–1.47 
Parnaudeau et al. (2008) PIV 

LES 
   

0.208±0.001 
1.51 

 
Lysenko et al. (2012) TKE and 

Smagorinsky 
0.97 
1.17 

 0.209 
0.19 

1.67 
0.9 

 

 There are significant differences in published values for the mean recirculation 
length at Re = 3900 (Table 4). Parnaudeau et al. (2008) presented a detailed discussion 
about the sensitivity of Lr with respect to the time averaging interval. The conclusion 
was that the fully converged value of Lr could not be obtained for less than 250 vortex 
shedding cycles. The uncertainty associated with shorter averaging periods was 
roughly estimated to ±12% for averaging over 52 shedding periods (corresponding to 
the present averaging period for the Re = 3900 cases) and ±6% for averaging over 120 
periods (roughly corresponding to the number of periods that the Re = 13100 cases are 
averaged over). Norberg (1994) also reported on the sensitivity of the experimentally 
obtained Lr values to the spanwise length of the cylinder below 60D, while Lysenko et 
al. (2012) discussed the differences obtained by using Smagorinsky and TKE subgrid 
scale model in LES. 

 In the present study, Lr = 1.27 for the 3900_m4 case is in good agreement with 
previous LES of Breuer (1998 a), Franke and Frank (2002) and Tremblay (2002). 
Compared with the PIV measurements, the conclusions are similar to those drawn form 
velocity profiles in the cylinder wake. The present Lr values correspond better to the 
results of Lourenco and Shih (1993) and Dong et al. (2006) than to those of 
Parnaudeau et al. (2008). 
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 Having in mind that the δ+ value, i. e. the size of the smallest element at the 
cylinder surface, the time-step, the domain size, the cylinder length and the spanwise 
grid resolution are kept constant, the sole influence of the grid is examined. 
Considering the good agreement with both numerical and experimental results, it is 
concluded that convergence is achieved for the 3900_m4 case, and that the chosen 
numerical model is suitable for simulating the flow in the subcritical regime. 

 

a) b)  

FIGURE 7: Time- and space-averaged streamwise velocity component (u) profile in the 
cylinder wake. 

a) in the (x, z) plane, y/D = 0. Experimental results by Lourenco and Shih (1993), Ong 
and Wallace (1996) and Parnaudeau et al. (2008), DNS simulation by Tremblay et al. (2000) 
and LES simulation by Lysenko et al. (2012), present study - 3900_m4 case. 

b) in the (y, z) plane, x/D = 1.06. Present study - 3900_m4 case, DNS results by 
Tremblay et al. (2000), experimental results by Lourenco and Shih (1993). 
 

7.4.3. Flow around the circular cylinder at Re = 13100 
 For the flow around the circular cylinder at Re = 13100, eight simulations are 
carried out. Similar to the previous cases, the overall mesh characteristics are 
unchanged for all the simulations; the mesh resolution at the cylinder surface is kept 
nearly constant with δ+ ≤ 1; and the boundary and the initial conditions are kept the 
same. Influences of several numerical parameters are investigated: the mesh 
refinement, the time-step, the domain width and the spanwise mesh resolution. The 
results are, after the convergence study, discussed through the integrated hydrodynamic 
quantities, the velocity profiles in the cylinder wake, the recirculation length, the 
pressure distribution and the behaviour of the flow separation. 
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7.4.3.1. Hydrodynamic quantities 
 In the grid convergence study, four cases: 13100_m1, 13100_1, 13100_m2 and 
13100_m3 are simulated varying the mesh density, with special attention paid to the 
near wake (Zones 1 and 2, Figure 2) while keeping the δ+ value nearly constant. The 
influence of the mesh refinement is first analysed through the values of Cd, Cl rms and 
St. Table 5 shows Cd and Cl rms for the cases with varying mesh refinements. The mesh 
refinement from 7.6 million elements (13100_m2 case) to 11 million elements 
(13100_m3 case) results in less than 1% change of Cd and 6% change of Cl rms, while St 
obtains the same value for both simulations. This suggests that the finest mesh is 
sufficiently fine. To confirm that, further analysis of the mesh convergence study is 
presented in the following Section. 

 The influence of the time-step is also investigated through the Cd, Cl rms and St 
values. The 13100_1, 13100_t2 and 13100_t3 cases are simulated with the same mesh 
(corresponding to the 13100_1 case), but by varying the time-step. Attention is paid to 
the Courant number, which mean value is always kept low and which maximum value 
(per mesh cell, per time-step) does not exceed 0.6. From Table 5, it is observed that the 
time-step variation does not have a strong influence on the results: the Cd variation is 
1% between the cases with smallest and largest time-step, the Cl rms variation is 5% and 
the St variation 1.4%. The dimensionless time-step of 0.001D/Uc, used in all the latter 
cases, is therefore considered to be sufficiently small. 

 

7.4.3.2. Flow in the cylinder wake 
 Velocities are sampled over the cross sections coinciding with the x-axis (x, z 
plane) and at the vertical cross section in the near wake (y, z plane) – consistent with 
what is chosen in Section 7.4.2.2. The pressure and the velocities are also sampled at 
the cylinder surface in order to observe the variations of Cp and the separation angle. 
The data is averaged over time and space in the same manner as before. 

 By comparing the streamwise velocity profiles in the cylinder wake, sampled 
in the (x, z) plane, y/D = 0 for the 13100_m1, 13100_1, 13100_m2 and 13100_m3 
cases (Figure 8 a), it is found that the two simulations with the finest meshes give 
similar velocity values, while there are larger discrepancies for the 13100_m1 and 
13100_1 cases. It can also be noticed that the finer meshes allow the cylinder wake to 
stretch farther in the wake region. That is supported by the fact that the coarsest mesh 
results in Lr = 0.57, while the other meshes yield larger values - 0.722 for the 13100_1 
and 13100_m3 cases and a 6% longer Lr for the 13100_m2 case than the 13100_m3 
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case (see Figure 8 a). Similar effects are reported by Breuer (1998 b) and Tremblay et 
al. (2002); for the finer mesh cases, they describe farther propagating disturbances and 
better agreement with the experimental results (e. g. Lourenco and Shih, 1993).  

 
TABLE 5: Mean flow parameters for the Re = 13100 cases. 

Case Cd Cl rms St 
13100_1 1.3509 0.6236 0.2038 

13100_m1 1.3703 0.6750 0.2069 
13100_m2 1.3013 0.5105 0.2038 
13100_m3 1.3132 0.5454 0.2038 
13100_t2 1.3358 0.6001 0.2038 
13100_t3 1.3364 0.5879 0.2009 
13100_sm 1.3433 0.6257 0.1980 
13100_sl 1.3517 0.5788 0.2038 

 

 A shorter wake, as simulated by the coarse mesh in the 13100_m1 case, leads 
to smaller velocities in the part of the wake where other three simulations still 
successfully capture the recirculation flow. This behaviour is depicted in Figure 8 b, 
showing that the streamwise mean velocity profile in the vertical (y, z) plane at x/D = 
1.01 obtains a significantly less pronounced minimum than for the simulations with 
finer meshes. The results for the time- and space averaged Cp (Cp mean) distributions, 
presented in Figure 8 c, also show good agreement for the cases with finer meshes 
while the 13100_m1 case yields more negative values in the cylinder nape. 
Considering the aforementioned behaviour of several flow characteristics, it is 
concluded that the mesh used in the 13100_m3 case has sufficiently fine grid 
resolution. 

Other numerical effects are also investigated, such as the influence of the time-
step, the spanwise mesh density and the spanwise length. Having in mind the large 
consumption of memory and CPU hours, simulations with even more mesh elements 
than the 13100_m3 case or with twice as large computational domain, and thus 
exceeding 20 million grid points, are demanding for the currently available 
computational resources. Therefore the analysis is made by comparison of the 13100_1 
case to the cases with varying time-steps (13100_t2 and 13100_t3 cases), the spanwise 
refined mesh 13100_sm case and the elongated cylinder 13100_sl case (spanwise 
length 8D). 
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a)   b)  

c)  

FIGURE 8: Time- and space-averaged flow properties for the Re = 13100 cases with varying 
number of elements: a) streamwise velocity component (u) profile in the cylinder wake, in the 
(x, z) plane, y/D = 0; b) streamwise velocity component (u) profile in the cylinder wake, in the 
(y, z) plane, y/D = 1.01; c) Cp mean distribution around the cylinder surface. Θ is measured from 
the cylinder front clockwise for the upper and anticlockwise for the lower half of the cylinder. 
 

 In Figure 9 a, the time- and space-averaged streamwise velocity component (u) 
profiles in the (x, z) plane are shown for the three simulations with different time-steps. 
Along the comparison of the hydrodynamic quantities in Section 7.4.3.1, behaviour of 
the wake flow is compared for the 13100_1, 13100_t2 and 13100_t3 cases. Figure 9 a 
leads to the conclusion that the time-steps used for these simulations are sufficiently 
small. A slight deviation in the streamwise mean velocity profile can be noticed 
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between x/D = 1.5 and 3, but the difference is less than 3%. Lr for the three simulations 
obtains values between 0.674 and 0.722, which results in 3.5 % difference between the 
13100_t3 and 13100_1 cases. The Cp mean distributions for the cases with various time-
steps are also calculated. Similar to the behaviour of the previously analysed flow 
parameters, Cp mean distributions for all three simulations have differences smaller than 
2%. Therefore it can be concluded that the dimensionless time-step of 0.00013, used in 
simulation 13100_1 (and 13100_m2, 13100_m3, 13100_sl, 13100_sm) is sufficiently 
small. 

 Insufficient spanwise resolution could lead to large volumes of the individual 
elements and large aspect ratios of the element sides, which could cause numerical 
inaccuracies. In order to check the influence of the spanwise resolution, the 13100_1 
and 13100_sm cases are simulated with the same (x, y) plane meshes, and changing the 
spanwise resolution from 100 to 150 elements per 4D cylinder length (Table 2). The 
results are: 0.5% difference in Cd, 3.7% difference in the Cl rms, and 1.5% difference in 
St. A more thorough analysis is made by comparing the near-wake streamwise velocity 
(u) profiles in (x, z) plane (Figure 9 b) and Lr. The differences are negligible. Therefore 
the spanwise distribution of 100 elements per 4D length of the cylinder is considered to 
be sufficient. 

 Another numerical aspect examined is the influence of the spanwise length of 
the domain. Most of the previous studies used a domain width of πD . A slightly wider 
domain of 4D is used for the majority of the present simulations. Nevertheless the 
common use of a smaller spanwise length, the question arises whether the 3D effects of 
the flow are fully captured. Breuer (1998 b) noticed significant differences between 2D 
and 3D simulations, and slight differences in the results for the simulations with πD 
and 2πD domain widths. Ouvrard et al. (2008) also discussed the importance of 
capturing the 3D effects of the flow, which was simulated fairly well even by using a 
relatively coarse mesh in the spanwise direction. 
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FIGURE 9: Time- and space-averaged streamwise velocity component (u) profiles in the 
cylinder wake, in the (x, z) plane, y/D = 0. 
a) versus the time-step; b) versus the mesh resolution in the spanwise direction; 
c) versus the cylinder spanwise length. 
 

 The 13100_sl case is simulated with the spanwise length of 8D with 200 
elements in the z direction, keeping all the other numerical parameters the same as 
those used in the 13100_1 case. The differences between the hydrodynamic quantities 
are again very small. Figure 9 c shows the time- and space-averaged streamwise 
velocity component (u) in the horizontal (x, z) plane behind the cylinder. In the region 
between x/D = 2 and 4, a somewhat longer propagation of the disturbance in the 
downstream direction is noticed for the 13100_sl case. The differences in the mean 
velocity profiles and Lr are insignificant, and thus the simulations with the spanwise 
length of 4D are considered acceptable. 

 

7.4.3.3. Comparison with published experimental and 
numerical results 
 Following the conclusions from the convergence studies presented in the 
previous Sections, the 13100_m3 case is chosen for further analysis, through 
hydrodynamic quantities and flow properties in the cylinder wake. Table 6 summarizes 
the present and the previously published studies of hydrodynamic quantities for the 
flow around a circular cylinder at comparable and higher Re. For Re similar to the 
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present study, published Cd values are between 1.0 (Cantwell and Coles, 1983) and 1.4 
(Achenbach and Heinecke, 1981); St values between 0.188 (Fang and Han, 2011) and 
0.215 (Cantwell and Coles, 1983). While there is limited published data for Cl rms, the 
present values of Cd and St are within these intervals. 

 

TABLE 6: Hydrodynamic quantities, primary (Θ1) and secondary separation angle (Θ2) – 
present results for Re = 13100 and referred studies. 

Case Cd Cl rms St Θ1 (deg) Θ2 (deg) 
13100_m3 1.3132 0.5454 0.2038 87.6 106 

Roshko (1961) 
Re = 2.3 * 104 

1.1250  0.19 (Ribner, 
Etkin, 1959) 

  

Son and Hanratty (1969) 
Re = 104, 2 * 104 

   96 
97 

118 
115 

Ballengee and Chen (1971) 
Re = 9.5 * 103, 1.7 * 104 

   92 
88.5 

 

Achenbach and Heinecke 
(1981), Re = 2 * 104. (rough 

cylinder) 

1.4  0.21   

Schewe (1983) 
Re = 2.3 * 104 

1.1300 0.3200 0.1950   

Cantwell and Coles (1983) 
Re ~ 1.3 * 104 

[1.0, 1.3]  [0.19-0.215]   

Norberg (1994) Re = 13000 0.98 0.04 – 
0.15 

0.20   

Breuer (1998 a) 
Re = 3900 

[1.016-1.486]  0.22±0.005 [87.7-
95.2] 

[111.3-
126] 

Breuer (2000) 
Re = 1.4 * 105 

[1.057-1.368]  [0.196-0.205] [91.45-
96.6] 

 

Ouvrard et al. (2008) 
Re = 1.4 * 105 

[0.54-0.62]   [108-
114] 

 

Ong et al. (2009) 
Re = 3.6 * 106 

0.4574 0.0765 0.3052 114  

Fang and Han (2011) 
Re = 5.6 * 103, 2.8 * 104 

[1.044-1.1] 
[1.029-1.127] 

 [0.188-0.195] 
[0.196-0.214] 

[87-93] 
[98-105] 

 

 

 The results of the 13100_m3 case are examined through the details of the 
velocity and pressure fields in the vicinity of the cylinder. There are neither numerical 
nor experimental results of the wake flow details for this Re. Therefore a qualitative 
comparison is made between the 13100_m3 case results and the previously published 
results for lower and higher Re. The comparison is made with the results for Re = 3900 
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by Lourenco and Shih (1993), Norberg (1994), Tremblay et al. (2000) and Lysenko et 
al. (2012), with both the numerical and experimental results for Re = 140000 by Breuer 
(2000), Cantwell and Coles (1983), and experimental studies with Re comparable with 
the present study by Thom (1928) and Lim and Lee (2002). 

 The velocity field in the cylinder wake is presented in Figure 10, through the 
time- and space-averaged streamwise velocity component (u) sampled in the (x, z) 
(Figure 10 a) and the (y, z) plane (Figure 10 b). In Figure 10 a, the velocity profile 
between x/D = 0.5 and x/D = 8 in the cylinder wake is compared with the Re = 3900 
simulations of Tremblay et al. (2000) and Lysenko et al. (2012), the LES simulations 
of Breuer (2000) for Re = 140000 and the experimental data of Cantwell and Coles 
(1983) for Re = 140000. It appears that qualitatively all the results show similar 
behaviour in the cylinder wake. As reported in the previous research (e.g. Zdravkovich 
(1990)), an increase in Re leads to a shorter recirculation length. That causes the 
velocity minimum being located closer to the cylinder. This behaviour can be noticed 
in Figure 10 a, where the minimum velocity for the 13100_m3 case lies between the 
minima for the Re = 3900 and Re = 140000 simulations. This is also supported by 
comparison of the recirculation length. Lr for Re = 3900 is reported to be between 1.19 
and 1.67 (Table 4); Lr = 1.27 for the 3900_m4 case. For the present Re = 13100, Lr is 
found to be 0.722 while for the higher Re, recirculation happens at about 0.5D behind 
the cylinder base (Cantwell and Coles, 1983). 

 Figure 10 b shows the streamwise velocity component sampled along the 
vertical cross sections located 1.01D behind the cylinder. Again, it appears that 
qualitatively the results are similar to the other numerical and experimental results, 
indicating the well-known V-shape velocity profile, similar to the one of the present Re 
= 3900 cases. As expected, due to the longer recirculation bubble than for higher Re, 
the profiles with lower Re yield more pronounced velocity minima at the cylinder 
centreline at x/D = 1.06.  

The results of the present study fall between the profiles for Re = 3900 and 
140000, showing closer resemblance to the Re = 3900 flow. That is in agreement with 
the theory of Zdravkovich (1990) which gathers the flows in the Re range 2000 to 
20000 (thus including Re = 3900 and Re = 13100) in the flow class with the transition 
vortices in the free shear layers, while the Re = 140000 flow falls into the next flow 
class with fully turbulent shear layers. 
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FIGURE 10: Time- and space-averaged streamwise velocity component (u) profiles in the 
cylinder wake. Symbols: 
Re = 3900, * Lourenco and Shih (1993); -.- Tremblay et al. (2000); … Lysenko et al. (2012); 
Re = 13100, — 13100_m3 case; 
Re = 140000, • Cantwell and Coles (1983); Breuer (2000). 

a) in (x, z) plane, y/D = 0; 
b) in (y, z) plane, x/D = 1.06. 

 

 The Cp mean distribution for the 13100_m3 case is presented in Figure 11. For 
the similar Re as in the present study, it is compared with the experimental results of 
Thom (1929) and Lim and Lee (2002), to both numerical and experimental results for 
lower Re = 3900 and to the experimental measurements for higher Re = 140000. 
Qualitatively, the pressure distribution follows the experimental and numerical results. 
Comparing the results for different Re, it can be noticed that with increasing Re, there 
is a trend of lower minima and more negative pressure at the lee side of the cylinder. 
Comparing the present results with Re = 3900, the trend has been captured. The 
absolute values of Cp mean in the cylinder wake for the present study are, however, larger 
and the Cp mean minimum is more pronounced than found by the investigations for both 
higher and lower Re. Krajnovic (2011), using LES of the flow around the finite 
cylinder at Re = 20000, and Lysenko et al. (2012) presenting the LES with 
Smagorinsky model for the compressible flow at Re = 3900, also report the lower Cp 

mean minima than observed in the experiments by Norberg (1994). Based on these 
results, a more thorough analysis should be made to investigate the influence of the 
Smagorinsky subgrid scale model on the results. 

  Another flow parameter examined is the position of the separation point on the 
cylinder surface. Relying on the definition of the separation point as the point of zero 
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shear stress, it is calculated as a point of zero tangential velocity at the first mesh node 
next to the cylinder surface. The time-averaged velocity components in the streamwise 
(u) and the crossflow (v) direction are calculated and sampled at each mesh cell. The 
precision is therefore, for the 13100_m3 case with 540 elements distributed 
circumferentially, 0.67º. The separation angle is analysed through its spanwise-
averaged values. 

 Previously published results for the position of the separation point at 
comparable Re are scarce and the results are highly varying. Therefore the present 
results for Re = 3900 are first compared with previous results for the same Re, while 
the Re = 13100 results are compared with results from studies for both higher and 
lower Re. Two separation angles are detected. The smaller angle, Θ1 (measured from 
the cylinder vertex clockwise for the upper and counter-clockwise for the lower half of 
the cylinder) determines the primary separation point. For the 3900_m4 case, Θ1 = 
86.4º. That value compares very well with the PIV measurements of Lourenco and 
Shih (1993), as well as with the LES results of Breuer (1998 b), Parnaudeau et al. 
(2008) and Lysenko et al. (2012) for Smagorinsky and TKE model, reporting Θ1 = 86º; 
87º; 86º; 89º and 88º respectively. 

 

 
FIGURE 11: Time- and space-averaged Cp mean distribution around the cylinder.  
Re = 3900, Norberg (1994) and Lysenko (2012); Re = 13100, case 13100_m3; Re = 16700, 
Thom (1929); Re = 24000, Lim and Lee (2002); Re = 140000, Cantwell and Coles (1983). 
 

 Similarly, for the 13100_m3 case, two separation points are present; Θ1 = 87.6º 
and Θ2 = 106º. For comparable Re, Ballengee and Chen (1971) presented Θ1 = 92º for 

http://dx.doi.org/10.1016/j.oceaneng.2013.10.018�


Ocean Engineering 77 (2014) 61-73 
http://dx.doi.org/10.1016/j.oceaneng.2013.10.018 

2013 Elsevier Ltd. All rights reserved. 

 

 

89 

Re = 9.5 * 103 and Θ1 = 88.5º for Re = 1.7 *104; Fang and Han (2011) found Θ1 
between 87º and 93º for Re = 5.6 * 103 and between 98º and 105º for Re = 2.8 * 104. 
According to Achenbach (1968), the position of the separation point depends on Re. 
For the subcritical flow, the separation point is expected to move downstream as Re 
increases, resulting in an increase of Θ1. The increase is relatively small, with Θ1 
varying between 75º and 95º in the subcritical flow regime, followed by a sudden jump 
due to transition to the critical flow, at Re about 3*105, and a slight decrease in the 
supercritical flow regime, at Re about 106. Accordingly, the present Θ1 result (87.6º) is 
in good agreement with the theory, giving a slightly larger value than reported for Re = 
3900, similar values as the aforementioned comparable Re and a smaller angle than 
obtained for higher Re (see Table 6). 

 Continuing downstream from the primary separation point, a small counter-
rotating vortex is detected for both Re = 3900 and Re = 13100 simulations in the 
present studies. Figure 12 shows the time-averaged streamlines in the (x, y) plane, 
cross section at z/D = 2 for the 13100_m3 case. Small vortices are symmetrically 
located on both sides of the cylinder, extending over about 18 º behind the primary 
separation point. Similar vortices were observed by Son and Hanratty (1969) for Re = 
104 and 2 * 104, spanning over approximately 25º. Breuer (1998 a) and Lysenko et al. 
(2012) captured the secondary circulation by LES for Re = 3900, covering about 25º 
behind Θ1. 

 

7.5. Conclusions 
 

 The flow around a circular cylinder in a uniform incoming flow for 
intermediate and moderately high Reynolds numbers is investigated using LES with 
Smagorinsky subgrid scale turbulence closure. The numerical code OpenFOAM is 
used for all simulations. The validation is carried out through the benchmark case of 
the flow around a circular cylinder at Re = 3900. The results are analysed through the 
hydrodynamic values of drag and lift coefficients and through the flow profiles in the 
near wake of the cylinder. Good agreement is obtained between the present results and 
the results from previously published studies, carried out with various numerical 
models, such as LES and DNS, as well as by experiments. The LES with Smagorinsky 
turbulence closure performs well in the studied subcritical flow regime. 

http://dx.doi.org/10.1016/j.oceaneng.2013.10.018�


Ocean Engineering 77 (2014) 61-73 
http://dx.doi.org/10.1016/j.oceaneng.2013.10.018 

2013 Elsevier Ltd. All rights reserved. 

 

 

90 

 
FIGURE 12: Time-averaged streamlines in the (x, y) plane, cross section at z/D = 2; 13100_m3 
case. Primary and secondary separation can be seen. 

 
 The same numerical model is further used to simulate the flow at higher Re in 
the subcritical flow regime, Re = 13100. The influences of the different numerical 
parameters are investigated, such as mesh refinement, time-step, and cylinder spanwise 
length, with emphasis on the influences of the boundary conditions. The results are 
examined through the hydrodynamic quantities Cd, Cl rms, and St, the distribution of Cp 

mean on the cylinder surface, the velocity distribution in the cylinder wake, the 
recirculation length and the separation angle. Since there are no publications of the 
flow details for the present Re, the results are compared qualitatively with published 
results for the same flow regime. 

 The main findings are: 

− Even for the meshes with fine resolution on the cylinder surface (δ+ < 1), the 
mesh resolution in the cylinder near wake has a significant effect on the results. 

− Since the flow in the chosen regime is 3D, the domain, and thus the cylinder 
length, should be chosen such that it captures the 3D flow effects. It is concluded that a 
domain width of 4D is sufficient. 

− High spanwise mesh resolution does not change the results significantly. 

− The results are not very sensitive to the choice of the time-step, as long as the 
Courant number is kept reasonably low. 
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− With increasing Re, the trend of shortening of the recirculation length is 
captured, as well as the trend of increasing separation angle. 

− A small recirculation vortex is captured, extending over approximately 20º 
behind the primary separation point. 

 In general, the results for the flow parameters are in reasonably good 
agreement with previous research. The pressure and the velocity distributions on the 
cylinder surface and in the near wake show good agreement with the previous 
experimental results. Comparison with the previous numerical results for lower and 
higher Re shows good qualitative agreement, following the previously documented 
trends. Therefore it appears that LES are suitable for the flow in the chosen flow 
regime. 
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Abstract 
 

Large Eddy Simulations (LES) with Smagorinsky subgrid scale model are used 
to study the turbulent flow and wake dynamics behind a circular cylinder close to a 
horizontal, plane wall at subcritical Reynolds number. The focus is on investigating the 
details of the flow around the cylinder placed at different distances from the wall and 
immersed in boundary layers of various thicknesses. 

 The Reynolds number is Re = 13100. The simulations with gap to diameter 
ratios (G/D) of 0.2, 0.6 and 1 are carried out in order to investigate the changes of the 
flow field and the vortex shedding due to the presence of the plane wall. The influence 
of the incoming boundary layer profile is investigated through simulations with  
logarithmic boundary layer inlet profile of thickness 0.48D and 1.6D, and compared 
with a uniform inlet flow profile. 2D and 3D simulations are performed for Re ranging 
from 100 to 13100, to explore the importance of the flow three-dimensionality. The 
flow field in the cylinder wake, as well as the mean flow values, the spectral analysis 
and the pressure distribution on the cylinder surface are computed to study the flow 
physics due to the influences of the wall. 

 
Keywords: LES; circular cylinder; plane wall interaction; boundary layer flow. 
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8.1. Introduction 
 

 Circular, cylindrical structures appear in many practical situations in the 
marine technology environment, subsea pipelines being one of them. The flow around 
a circular cylinder in an infinite fluid is governed by the Reynolds number (Re = 
UcD/υ, where Uc is the free stream velocity, D is the cylinder diameter and υ is the 
kinematic viscosity of the fluid). The wake, whether laminar or turbulent, is symmetric 
and for Re > 40, vortices are shed periodically from the two sides of the cylinder. 
Proximity of the sea bottom significantly changes the flow around the pipeline and its 
wake. The key parameters affecting the flow, asides from Re, are the gap between the 
pipeline and the seabed, and the boundary layer profile of the incoming flow. In 
various combinations, they result in wake flow in the range from regular vortex 
shedding, to reattached flow with completely suppressed vortex shedding. 

 LES are utilized to simulate the three-dimensional (3D) flow around a circular 
cylinder in the vicinity of a rigid, plane wall. The simulations are made for the 
intermediate Re = 13100. In the North Sea, at the water depth of about 100 m, the 
pipelines are usually exposed to current of between 0.02 m/s and 0.5 m/s [5]. The 
diameter of a pipeline can vary from as much as 1.066 m (44’’), through commonly 
used 0.76 m (30’’) and 0.404 m (16’’) to as small as 0.05 m (2’’) [6]. The chosen Re 
thus covers a variety of combinations of operational conditions for subsea pipelines. 

Several detailed experimental studies were carried out at subcritical Re = 
O(104). In this Re range, the vortex shedding is relatively insensitive to Re variation, 
allowing data comparison for studies conducted at slightly different Re. Particle Image 
Velocimetry (PIV) measurements were performed in [7] for Re between 1200 and 
4960; [8] for Re = 840, 4150 and 9500. [9] measured the flow features for Re = 12000. 
Point measurements of pressure and velocity in the flow fields for comparable Re are 
presented at [10], [11] and [12]. 

LES have proven to be a successful model for detailed simulations of the flow 
around a circular cylinder in an infinite fluid and uniform inflow in the subcritical flow 
regime. Breuer [1] presented an extensive analysis of the influence of the subgrid scale 
models, the grid resolution and the discretization schemes on the quality of the LES 
results. Tremblay et al. [2] carried out a series of LES and compared them with the 
results from Direct Numerical Simulations (DNS). Parnaudeau et al. [3] focused on the 
comparison of their LES results of the near wake flow with the experimental results 
obtained by PIV. Abrahamsen Prsic et al. [4] investigated the influence of the 
numerical parameters on LES and discussed the details of the near wake flow for the 
same Re as chosen in this study. 
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 For the cylinder in the vicinity of a wall, several researchers performed two-
dimensional (2D) simulations using Reynolds – Averaged Navier–Stokes (RANS) 
models. At a comparable Re, [13] and [14] performed the simulations with URANS k-
ε model. Even though the model provided a good qualitative agreement with the 
experimental results, RANS showed significant limitations. Modelling of the 
intrinsically 3D flow with 2D simulations led to the under-prediction of the drag and 
the lift forces. A three-dimensional LES model is therefore utilized in the present 
study. LES were also used to simulate the flow around a square cylinder in the vicinity 
of a plane wall, at a comparable Re = 22000; [16] and [17] provided promising results 
and good comparison to the experimental research. Based on these references, LES are 
considered to be an appropriate tool for performing the simulations of the flow around 
a circular cylinder in the vicinity of a plane wall at intermediate Re. 

 

8.2. Numerical method 

8.2.1. Governing equations 
 In the present study, the incompressible Navier-Stokes equations are solved by 
LES. In the filtered form, the continuity and the momentum equations can be written: 
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where ui , i = 1, 2, 3 denotes the filtered velocity component in streamwise (x), 
crossflow (y) and spanwise (z) direction respectively (xi is assigned to the respective 
directions), ρ is the density of the fluid and p is the filtered pressure. τij represents the 
non-resolvable subgrid stress, given by: 

(3)ij i j i ju u u uτ = −  

Here, τij describes the influence of the small scale structures on the large eddies. LES is 
in detail presented in [20]. The subgrid scale motions are modelled by a commonly 
used Smagorinsky model proposed in [18]. It assumes that the eddy viscosity is 
proportional to the subgrid scale characteristic length and to the characteristic subgrid 
scale velocity. The Smagorinsky constant is fixed; Cs = 0.2 in the present study. 
Several studies compared the performance of various LES subgrid scale models for the 
case of a cylinder in an unlimited fluid at Re = 3900. [1], [2], [15] and [19] showed that 
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the standard Smagorinsky model performs well in comparison to the more complex 
subgrid scale models for the type of flow similar to the present study. 

 All the simulations are performed using the open source code OpenFOAM. 
The PISO algorithm (Pressure Implicit with Splitting of Operators, see [20]) is used to 
solve the Navier-Stokes equations. For the time integration, an implicit, backward 
differencing method of second order is used. Spatial schemes for the gradient terms are 
Gauss linear and Gauss limited linear. All of the above schemes are of second order 
accuracy, most commonly used in engineering applications of LES, [21]. Discussion of 
the influences of the various numerical parameters can be found in [1], confirming the 
validity of the choice of central differencing schemes for the convective terms. 

 

8.2.2. Computational setup 
 The LES are performed on a 3D rectangular computational domain extending 
from 10D in front of the cylinder to 30D in the wake. In the crossflow direction, it 
extends from the rigid wall at G clearance to 10D above the cylinder centre (Figure 1). 
The spanwise length of the domain is 4D (and 8D for one case). The chosen domain is 
larger than the domains successfully used in several studies of the flow with 
comparable and higher Re, amongst others [4], [22] and [23]. It is therefore believed 
that the domain boundaries have negligible influence on the flow close to the pipeline 
in the present study. Detailed discussion of the domain sizes is given in [4]. 

 

 
Figure1. Definition sketch for the cylinder in the vicinity of a plane wall. Coordinate system 
origin is in the centre of the cylinder, z/D = 0, z/D = 0, 4. In the present study, gap to diameter 
ratio G/D = 0.2, 0.6 and 1; boundary layer thickness δ/D = 0, 0.48 and 1.6. 
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 A body-fitted, structured O-mesh is used. The details of the mesh are presented 
in Figure 2. In all simulations, the size of the elements near the cylinder and the 
horizontal bottom wall is chosen such that the maximum dimensionless wall distance 
η+ is kept below 1. Here η + is defined as η + = u* η’/ν, where u* denotes the friction 
velocity near the wall, and η’ is the normal distance from the wall. Detailed grid 
convergence studies are presented in Section 8.3.2. 

 The boundary conditions are kept the same through the entire study. A 
boundary layer flow is specified by imposing a logarithmic profile at the inlet. Several 
boundary layer thicknesses are used (see Table 1 and 3). The incoming free stream 
velocity outside the boundary layer is constant. At the outlet, the pressure and the 
normal gradient of the velocity are set to zero. The upper boundary is defined as a 
symmetry boundary condition. The boundaries normal to the cylinder axis have the 
periodic boundary conditions, while the no-slip condition is applied on the fixed 
cylinder surface and the bottom wall. 

 

 
Figure 2. Details of the mesh – zones in the vicinity of the cylinder, the wall and in the near 
wake region. Gap to diameter ratio, G/D = 1. 
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8.3. Code validation and convergence studies 

8.3.1. Cylinder in an infinite fluid at Re = 13100 – code validation 
 The OpenFOAM LES code is validated through a simpler and thoroughly 
investigated case – the flow around a circular cylinder in an infinite fluid, subjected to 
a uniform inflow. The validation was performed in [4] for the benchmark case of Re = 
3900 and a higher Re = 13100 case. Details of the simulations, the convergence studies 
and the thorough analysis of the results are presented in [4]. The code is validated by 
comparing the LES results to numerical and experimental results available. The results 
are analysed through the time- and spanwise-averaged drag and lift coefficients, the 
velocity profiles in the cylinder wake, the mean recirculation length (Lr) and the time-
averaged streamlines in the cylinder wake. The results, in details discussed in [4], 
compare well to the previously published research. It is thus confirmed that LES with 
the Smagorinsky model, performed by using the OpenFOAM code, are suitable for 
simulating the flow in the subcritical flow regime. 

 

8.3.2. Cylinder in the vicinity of a wall - convergence studies 
 To mimic a fully developed boundary layer profile that free spanning pipelines 
close to the seabed encounter in the natural environment, the inlet flow is simulated 
with a logarithmic profile in the vicinity of the wall. Vertically dependant streamwise 
velocity u(y) is defined as: 
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Here Uc is the free stream velocity, κ = 0.41 is the von Karman constant,  
zw = 1 x 10-6m is the seabed roughness, and δ is the dimensional boundary layer 
thickness. The dimensionless boundary layer thickness (δ/D = 1.6 and 0.48) is imposed 
on the domain inlet, 10D upstream from the cylinder. To check the behaviour of the 
profile when it approaches the cylinder, the following simulation is performed. 
Keeping the same domain size, the cylinder is removed and an orthogonal mesh is 
created with the same resolution in the vicinity of the wall (see Table 1 – boundary 
layer). The streamwise velocity is averaged in time for the fully developed flow and 
sampled on several vertical cross-sections between the inlet and the position of the 
cylinder, indicated in Figure 3a. Comparison of the velocity profiles at these cross-
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sections (Figure 3b) shows only negligible changes of the profile along the wall in 
front of the cylinder. This leads to the conclusion that the cylinder is exposed to a fully 
developed boundary layer profile with the chosen δ/D. 
 The flow around the cylinder in the vicinity of a wall is divided into two 
distinctive categories – the narrow and the wide gap flow.  Due to the intrinsic 
differences in the flow behaviour, a grid convergence study is performed for both flow 
regimes. G/D = 0.2 and 0.6 represent the narrow and the wide gap flow regime, 
respectively. The boundary layer thickness, δ/D = 1.6, is kept the same in both cases. 
Following the ASME Standard for Verification and Validation [24], three meshes are 
created for each grid study. The size of the elements at the cylinder and the bottom 
wall surface is kept constant for these simulations. In the grid refinement sequence, the 
grid cells are geometrically similar, with constant refinement factor in all directions, 
[24]. The elements in the gap and close to the cylinder maintain the same shape and 
overall distribution. Details about the cases can be found in Table 1 - mesh. 

 

a)   

b)  
Figure 3. a) Schematic representation of the computational domain slice in (x, y) plane, z/D = 2. 
Positions of the velocity sampling cross-sections are indicated with dotted lines. 

b) time-averaged and normalized streamwise velocity component (U/Uc) profile at 
three cross-sections. δ/D = 1.6, case wall00. 
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TABLE 1: Numerical set-up for all convergence study cases. δ/D = 1.6. 
Case Key 

parameter 
Re G/D Computational 

domain (x D) 
Total 

number of 
elements 
(million) 

Number 
of 

elements 
circumf. 

Time-
step 

Δt (s) 

G06 m1 Mesh 13100 0.6 40 x 11.1 x 7.5 360 0.0001 
G06 1 Gap 13100 0.6 40  x 11.1 x 4 9.5 410 0.0001 

G06 m2 Mesh 13100 0.6 40 x 11.1 x 4 12.5 440 0.0001 
G06 t1 Time-step 13100 0.6 40 x 11.1 x 4 9.5 410 0.00025 
G06 t2 Time-step 13100 0.6 40 x 11.1 x 4 9.5 410 0.0005 

2D 
Re100 

3D effects 100 0.6 40 x 11.1 (2D) 0.02 200 0.0001 

Re100 
4D 

3D effects 100 0.6 40 x 11.1 x 4 2 200 0.0001 

2D 
Re500 

3D effects 500 0.6 40 x 11.1 (2D) 0.023 215 0.0001 

Re500 
4D 

3D effects 500 0.6 40 x 11.1 x 4 2.3 215 0.0001 

2D 
Re1000 

3D effects 1000 0.6 40 x 11.1 (2D) 0.5 320 0.0001 

Re1000 
4D 

3D effects 1000 0.6 40 x 11.1 x 4 5 320 0.0001 

2D 
Re3900 

3D effects 3900 0.6 40 x 11.1 (2D) 0.75 360 0.0001 

Re3900 
4D 

3D effects 3900 0.6 40 x 11.1 x 4 7.5 360 0.0001 

2D 
Re7800 

3D effects 7800 0.6 40 x 11.1 (2D) 0.75 360 0.0001 

Re7800 
4D 

3D effects 7800 0.6 40 x 11.1 x 4 7.5 360 0.0001 

G06 L8 Spanwise 
length 

13100 0.6 40 x 11.1 x 8 19 410 0.0001 

G02 m1 Mesh 13100 0.2 40 x 10.6 x 4 5.2 360 0.0001 
G02 m2 Mesh 13100 0.2 40 x 10.6 x 4 7.2 410 0.0001 
G02 1 Gap 13100 0.2 40 x 10.6 x 4 9.5 460 0.0001 
wall00 Boundary 

layer 
13100 No 

cyl. 
40 x 11.1 x 4 7.2 No 

cylinder 
0.0001 

 

The influence of the mesh and the time-step is first analysed through the time- 

and spanwise-averaged (mean) drag coefficient ( Cd  ), the mean lift coefficient ( Cl  ), 

the root-mean-square of the lift coefficient (
1/2

2( )lrms lC C= ) and the Strouhal number 
(St), see Table 2. The aforementioned drag (Cd) and lift (Cl) coefficients are defined as: 
Cd = Fd/(0.5ρUc²A) where Fd is the drag force exerted on the entire cylinder, and A is 
the projected area of the cylinder; Cl = Fl/(0.5ρUc²A), where Fl is the integrated lift 
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force. The Strouhal number is defined as St = f D/Uc, where f is the vortex shedding 
frequency. 

 

TABLE 2: Mean flow parameters for all convergence study cases. G/D = 0.2 and 0.6; δ/D = 1.6. 
Case Key parameter Cd   Cl   Clrms St 

G06 m1 Mesh 1.061 0.070 0.106 0.273 
G06 1 Gap 1.060 0.083 0.115 0.278 

G06 m2 Mesh 1.049 0.083 0.099 0.287 
G06 t1 Time-step 1.099 0.092 0.171 0.253 
G06 t2 Time-step 1.109 0.081 0.179 0.259 

Re100 0D 3D effects 1.257 0.049 0.049  
Re100 4D 3D effects 1.256 0.049 0.049  
Re500 0D 3D effects 1.299 0.040 0.676  
Re500 4D 3D effects 1.296 0.038 0.685  

Re1000 0D 3D effects 1.321 0.019 0.883  
Re1000 4D 3D effects 1.139 0.050 0.366  
Re3900 0D 3D effects 1.629 0.253 1.320  
Re3900 4D 3D effects 1.221 0.043 0.385  
Re7800 0D 3D effects 1.657 0.183 1.383  
Re7800 4D 3D effects 1.087 0.079 0.138  

G06 L0 Spanwise length 1.695 0.123 1.400  
G06 L8 Spanwise length 1.080 0.091 0.126 0.271 
G02 m1 Mesh 0.885 0.040 0.041 - 
G02 m2 Mesh 0.887 0.043 0.043 - 
G02 1 Gap 0.889 0.045 0.044 - 

 

 At G/D = 0.6, the results for different meshes (see Table 2) suggest that 

convergence is achieved. The mesh refinement leads to a slight decrease in Cd  , but 

the difference in the values between the finest and the coarsest mesh is only 1.1%. Cl  

increases 15% between the cases with the coarsest and the intermediate mesh, while 
further mesh refinement leads to a decrease of only 0.6%. The variations in Clrms are 
less than 7% from the finest to the coarsest mesh. St increases 2% between the coarse 
and the intermediate mesh and 3% for the further refinement. These results suggest that 
the mesh with 9.5 million elements (case G06 1) provides sufficient refinement. 

 The grid convergence study for G/D = 0.2 is shown in Table 2. Cd  varies only 

0.5% between the cases with the coarse and the fine mesh. The mesh refinement from 

5.2 to 7.2 million elements leads to 7.7% increase in Cl  and 6% increase in Clrms. 

Further mesh refinement to 9.5 million elements results in 4.8% increase of Cl  and 
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2.5% of Clrms. Since there is no periodic oscillations due to cease of vortex shedding, St 
is not investigated. These results suggest that the finest mesh (G02 1 case) is fine 
enough for the further analysis. 

 The velocity field is analysed over several vertical cross-sections (y, z plane). 
They are positioned from x/D = 0 (at the centre of the cylinder) to 8.5, with more focus 
on the near wake. The mean streamwise velocity (U) is sampled at several cross-
sections distributed evenly along the cylinder span (z-axis direction) and spanwise-
averaged for each x/D. Such mean velocity profiles for G/D = 0.6 are presented in 
Figure 4a. Close to the cylinder, simulations with all three meshes yield profiles with 
no significant differences. Due to the mesh stretching, slight discrepancies develop for 
x/D ≥ 1.5. The differences between all three cases are, however, small along the 
cylinder wake. Very similar behaviour is observed for G/D = 0.2, presented in Figure 
4b. Combined with the results of the mean flow values, this leads to the conclusion that 
cases G06 1 and G02 1 have sufficient grid resolution to resolve the details of the flow. 

 The grid convergence study is not carried out for the third case of interest, i.e. 
for G/D = 1 in order to avoid unnecessary high computational cost. The flow at G/D = 
1 belongs to the wide gap regime, the same as for G/D = 0.6. The sensitive interaction 
between the cylinder and the wall boundary layer subsides at large gaps, and the flow 
resembles the one around a cylinder in an infinite fluid, [7]. Therefore, both the 
previous experience of simulations with a cylinder in an infinite fluid at the same Re, 
[4], and the convergence study for the present G/D = 0.6 case, are utilized to create the 
mesh for G/D = 1. A total of 9.8 million elements is distributed in the same manner as 
in the G06 1 case. The element size at the bottom wall and at the cylinder surface is 
kept the same as in all the previous cases, and additional elements are added in the gap 
between the cylinder and the wall. 

 Results for the convergence study of the time-step (Δt) are presented in Table 
2. It can be concluded that the refinement of the time-step does not lead to significant 

changes in St or the integrated forces on the cylinder. Cd  varies less than 5% between 

the smallest and the largest time-step, Cl  is changing about 10%, and St increases by 

6% between the largest and the smallest time-step. 
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a)  

b)  
Figure 4. U/Uc across vertical cross-sections in the (y, z) plane of the cylinder wake. Grid 
convergence study. 

a) G/D = 0.6, symbols: -∙- G06 m1 (coarse), - - G06 1, — G06 m2 (fine); 
b) G/D = 0.2, -∙- G02 m1 (coarse), - - G02 m2, — G02 1 (fine). 

 
 
 The influence of the time-step is further investigated through the velocity 
profiles in the cylinder wake. The velocity field is sampled in the (x, z) plane, and 
averaged in the spanwise direction. Figure 5 shows that the differences between the 
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cases are small. It is therefore concluded that a time-step of 0.0001s is sufficient for the 
further analysis. Based on the current results and the previous experience published in 
[4], the results are not showing high sensitivity on the choice of time step. Therefore, 
we conclude that the time-step used in the G06 1 case is also fine enough for the cases 
with G/D = 0.2 and 1. 

 

 
Figure 5. U/Uc in the cylinder wake, in the (x, z) plane, y/D = 0 versus the time-step. G/D = 0.6, 
δ/D = 1.6. 
 
 Another computational parameter of importance for the 3D simulations is the 
spanwise (z) width of the computational domain. For the case of the cylinder in an 
infinite fluid, the wake in the subcritical regime is varying along the cylinder span [25]. 
It forms cells, leading to the variations of the forces exerted on the cylinder. For a 
smooth cylinder with Re between 11000 and 45000, the cell length is measured to be 
between 3D and 6D, [25]. [26] conducted experiments at Re = 19000 (comparable to 
the present study) and found the cell length to be approximately 3D, indicating the 
minimum domain width for the numerical simulations.  

 However, most of the previously performed numerical simulations of the flow 
in the vicinity of a plane wall were made with 2D models, see e.g. [22], [23]. In order 
to check the importance of the 3D effects at various Re, several simulations are 
performed with both two- and the three-dimensional domains. The simulations are 
performed at Re = 100, 500, 1000, 3900, 7800 and 13100 for G/D = 0.6, using the 
same computational parameters and the criteria for the numerical mesh as described in 
Section 8.2. Details of the simulations are presented in Table 1. 
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 For both Re = 100 and 500, Cd  and Clrms of the 2D and 3D simulations differ 

with less than 1%, see Figure 6. This is in good agreement with the nature of the wake 
flow for such low Re, where Re < 300 represents the laminar wake regime and Re = 
500 belongs to the very low subcritical regime, with negligible spanwise variability in 
both cases, see [25].  

The 2D simulations, however, are shown not to be suitable for the flow at 
higher Re (Re ≥ 1000), where the flow is turbulent and 3D. While the 3D simulations 

capture decreasing Cd   for increasing Re, Cd   obtained by the 2D simulations 

increase with increasing Re (see Figure 6a), progressively deviating from the 3D 
results. While the attenuation of the lift oscillations due to the presence of the wall is 
captured by the 3D simulations, the 2D cases give very high Clrms at high Re (Figure 

6b). For Re =13100 (the highest in this study) the 3D simulations yield Cd  = 1.059 

and Clrms = 0.115, which are in good agreement with the previously published 

numerical and experimental results (see Section 8.4.1). However, Cd  = 1.695 and 

Clrms = 1.408 for the 2D simulations do not agree with the previous results. It is thus 
concluded that the 3D effects are crucial for the turbulent flow around the cylinder in 
the vicinity of the wall. 3D simulations also allow the analysis of the flow through the 
spatial distributions of the velocity and pressure fields, making them more comparable 
to the experimental studies (which are intrinsically 3D). 

 

a)   b)  
Figure 6. Cd  and Cl rms versus Re – a comparison of 2D and 3D simulations. 
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By using a 3D LES, similar flow was successfully modelled in [27] with a 
three diameter wide domain in spanwise direction. The study was, however, done for 
the lower Re of 1400. Due to the limited numerical studies of this problem, the present 
domain width is chosen with reference to the previously published work for the case of 
the cylinder in an infinite fluid with same Re, [4]. In [4], the domain extended over 4D 
spanwise. For a comparable Re, [28] used a domain of 4D spanwise width, while a πD 
wide domain was used by [2], [3] and [19]. Thus the domain spanning over 4D is 
chosen here. 

 To check how well the spanwise structures are captured in the present case, the 
simulations were performed for 4D and 8D domain widths. The other numerical 
parameters are kept the same as for the converged case for G/D = 0.6, see Table 1. The 
visualization of the flow is done through the Q-criterion, a tool capable of depicting the 
coherent spanwise structures, [29]. In the 4D wide domain, cells of 3-4D length can be 
clearly detected (Figure 7a). This type of structures, of approximately same length, 
shows up also in the wider domain case, repeating twice over the cylinder span (Figure 
7b). The flow around the cylinder in an infinite fluid [4] and in the vicinity of the wall 
show similar behaviour in the spanwise direction. Since the cells in both cases are 
approximately 3D long, the domain of 4D spanwise length is considered to be 
sufficient. 

 The time-averaged values, such as mean drag and lift coefficients are 

confirming the previous conclusion. Cd   differs for less than 2% between the 4D and 

the 8D cases, and St is almost identical for both cases. The lift coefficient also shows 
good resemblance in both mean and RMS values. It is therefore concluded that the 
spanwise length of 4D is wide enough for capturing the three-dimensional effects. 
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a)   

b)   
Figure 7. Examples of the instantaneous Q = 1 iso-surfaces for the cylinders of different 
spanwise lengths. G/D = 0.6, δ/D = 1.6. a) L/D = 4, case G06 1; b) L/D =8, case G06 L8. (Point 
of view is from above the cylinders.) 
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8.4. Results for the cylinder in the vicinity of a plane wall at  

Re = 13100 
 

The effect of G/D on the forces exerted on the cylinder, and the properties of 
the flow in the wake, are explored by choosing G/D = 0.2, 0.6 and 1 (see Table 3). G/D 
= 0.2 and 1 are chosen within the typical values for the narrow and the wide gap flow 
regime, while G/D = 0.6 approaches the transient regime, [30]. In this way, the main 
types of flow around the cylinder in the vicinity of a plane wall are addressed. 

 The influence of δ/D is investigated by choosing the values δ/D = 0, 0.48 and 
1.6, see Table 3. Here, δ/D = 0 corresponds to a uniform inlet velocity profile which, 
when approaching the cylinder, develops into a thin boundary layer with δ/D < 0.2D. 
These δ/D values are chosen to mimic the conditions at the seabed - a very thin 
boundary layer, the fully developed one, and a thick boundary layer caused by, for 
example, a bluff body obstacle, [11]. 

 
TABLE 3: Numerical set-up. Cylinder close to the wall at various G/D and δ/D. Δt = 0.0001. 
Case G/D δ/D Computational 

domain (x D) 
Total 
number of 
elements 
(million) 

G02 1 0.2 1.6 40 x 10.7 x 4 9.0 
G06 1 0.6 1.6 40 x 11.1 x 4 9.5 
G1 1 1 1.6 40 x 11.5 x 4 9.8 
G06 i1 0.6 0 40 x 11.1 x 4 9.5 
G06 i2 0.6 0.48 40 x 11.1 x 4 9.5 

 

8.4.1. Influence of the gap (G/D) 

 Figure 8, presenting Cd  and Clrms for various G/D, agrees with both 

experimental and numerical results that recorded a decrease in Cd   as G/D narrows 

([30]; [27]). [30] summarized that the wall proximity maintains its strong influence for 
small G/D ratios, leading to the complete disappearance of vortex shedding for the 
narrowest gaps. As G/D exceeds 1, this influence becomes insignificant and thus the 
flow behaves similar to the case of a cylinder in an infinite fluid. 
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TABLE 4: Cylinder close to the wall at various G/D and δ/D. Mean flow parameters. 
Key parameter Case Cd   Cl   Clrms St 

G/D G02 1 0.889 0.045 0.044 - 
G/D G06 1 1.060 0.083 0.115 0.278 
G/D G1 1 1.441 0.060 0.710 0.219 
δ/D G06 i1 1.437 0.135 0.614 0.234 
δ/D G06 i2 1.161 0.118 0.163 0.275 
 

In Table 4 and Figure 8, the results are compared to the measurements of [11] 

who reported Cd  = 0.9 at G/D = 0.2, Cd  = 1.36 at G/D = 0.6 and Cd  = 1.42 at G/D 

= 1. Comparison of the results for the narrow and the wide gap show very good 
agreement, within 5%. The differences in the G/D = 0.6 case might be attributed to the 
different structures of the boundary layers. To obtain the boundary layer thickness of 
1.64D, [11] used rod-generated boundary layer. There, the velocity gradient closer to 
the wall was larger than in the naturally developed logarithmic profile. In [11], the 
variation of the mean drag coefficients showed sensitivity on the boundary layer 
structure. This influence can also be seen in the results for the widest gap, G/D = 1. For 
the case of a thinner, but naturally developed boundary layer, Lei et al. [11] measured 

Cd  = 1.43, very close to the present Cd  = 1.44. On the other hand, Cd  = 1.32 from 

the rod-generated boundary layer agrees very well with Cd  = 1.31 for the present 

study of the cylinder in the unbounded flow (Figure 8a). A very similar effect can be 
noticed on Clrms in Figure 8b. Results for the small gap are again in good agreement 
while the widest gap results in [11] compare very well to the Clrms values for the 
cylinder in an infinite fluid [4].  

Zdravkovich [31] performed a series of experiments varying G/D in the wind 
tunnel, at Re = 61000. As presented in Figure 8a, the results show a similar trend as 
present, but with significantly lower values. According to [31], the measured drag 
coefficient was lower “presumably due to the small aspect ratio of the cylinders” used 
in the experiments. 

 
 



Accepted for publication in Marine Structures 
MAST-D-15-00037R2 

 

 

112 

a) b)  
Figure 8. Cd  and Cl rms versus G/D. 

 

 By comparing the present results to the previous ones from the numerical 
simulations, the significance of the 3D LES simulations becomes clear. The decrease in 

Cd  with the narrowing of the gap is almost completely absent in 2D RANS 

simulations with a k-ε model, [23], for the same Re (Figure 8a). At G/D = 0.2, the 2D 

and 3D results show reasonable agreement. Increasing the gap, Cd   in the 2D 

simulations remains low, 20% lower than the LES results at G/D = 0.6 and 38% lower 
for G/D = 1. [32] faced similar shortcomings, using a k-ω model and Re = 9000. On 
the other hand, [27] performed LES for G/D = 0.2 and 1, for a lower Re = 1440. The 
flow at Re = 1440 falls between two regimes, TRSL1 (Transition in shear layers – 
development of transition waves) and TRSL2 (Transition in shear layers – formation of 
transition eddies), while Re = 13100 belongs to the latter one, [33]. Both Re, however, 
belong to the subcritical flow regime, with a fully turbulent wake and a laminar 
boundary layer separation, [25]. The results are in very good agreement with the 
present study. 

 Clrms is a good indicator of the changes in the flow amplitude and regularity. 
Vortex shedding is significantly suppressed for G/D < 0.3, [30]. This is confirmed in 
the present study through a very low Clrms at G/D = 0.2. The present Clrms results are 
compared to the 2D RANS results by [23]. For G/D = 0.2, both models predict 
suppression of the regular vortex shedding. However, due to the very fine mesh 
resolution in the vicinity of the cylinder, LES are capturing the small Cl variations 
where the coarser RANS model does not capture any fluctuations at all (Clrms = 0, [23]). 
The results of the two models are in reasonable agreement for G/D = 0.6, while the 
largest discrepancies emerge at G/D = 1 ([23] report Clrms at only 25% of the present 
value). The 2D simulations do not capture the strong increase in Clrms value at the larger 
gaps, confirmed by both the experiments and the present 3D simulations. 
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 In agreement with [11], the fluctuations of the lift coefficient at G/D = 0.2 
confirm the existence of weak oscillations in the cylinder wake. The vortex shedding 
is, however, suppressed making the discussion of the Strouhal number for the smallest 
gap redundant. On the other hand, for G/D > 1, [30] expected that the St is unaffected 
by the presence of the wall (St ≈ 0.21). This compares well to the present study where 
St = 0.219 for G/D = 1. In the wide gap regime, experimental results by [7], [9] and 
[11], as well as the numerical results of [23] and [27], show very good agreement with 
this study. For the narrower gaps, the St discrepancy is large. PIV measurements by [7] 
for Re = 4900 and LES by [27] for low Re = 1440 captured a decrease of St with 
increasing gap, similar to the present study. [11] also noticed an increase in the St for 
transient G/D around 0.5, however, with St < 0.2 for any gap. On the other hand, for 
Re = 12000, [9] noticed almost no variation of St for G/D between 0.1 and 2, while 
[23] reported an increasing St with increasing G/D. To explore the origin of the 
discrepancy, the influence of the δ/D ratio is discussed in Section 8.4.2. 

 Physical behaviour of the flow can be further explored by analysing the 
velocity profiles in the cylinder wake. The mean velocity profiles for all three G/D 
ratios are presented in Figure 9a. Within the first 0.5D downstream from the cylinder 
centre, the flow behaviour is similar for all gaps. At x/D = 1, the profiles for the two 
wider gaps are nearly symmetric around the cylinder axis. The noticeable difference 
occurs in the area directly overshadowed by the cylinder (y/D between -0.5 and 0.5). 
For G/D = 0.6, the velocities are still very low at the height of the cylinder, forming an 
'u-profile' (see [15]) and pointing towards an elongated wake. On the other hand, the 
velocity profile for G/D = 1 already resembles the classical 'v-profile' of the cylinder in 
an infinite fluid. 
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a)  

b)    

Figure 9. U/Uc profile in the cylinder wake, in the (y, z) plane. 
 a) — G/D = 0.2, - - G/D = 0.6, -∙- G/D = 1 (present). 
 b) — G/D = 0.2 (present); 
    o G/D = 0.1, δ/D = 0.4, Re = 1.2 x 104, Wang and Tan [9]; ◊ G/D = 0.2, δ/D = 1.4, Re = 0.95 
x 104, Alper Oner et al. [8]; ∇  G/D = 0.3, δ/D = 0.4, Re = 1.2 x 104, Wang and Tan [9]. 
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 Farther downstream in the wake, the velocity profiles for G/D = 1 retain 
symmetry. This behaviour is documented in previous studies, [8], [9]. The bottom 
boundary layer eventually assumes its original shape, while the velocities in the area 
overshadowed by the cylinder continue to form the 'v-profile' far back in the wake. At 
G/D = 0.6, the velocities at -0.5 < y/D < 0.5 develop the 'v-profile' at x/D = 1.5 and 
retain a relatively symmetric profile. [9] documented a very similar wake behaviour 
measured by PIV. A significant difference between the flow at G/D = 0.6 and 1 is the 
recirculation area developed for the smaller gap. While relatively thin, it extends 
between x/D = 1.5 and 3 (see Figure 9a). As the gap becomes even smaller, the 
recirculation area becomes more prominent, covering a significantly longer and thicker 
layer. Time-averaged streamlines shown in Figure 10 give a confirmation of these 
zones, revealing that the one for G/D = 0.2 extends more than 6D downstream in the 
wake. The downstream wall boundary layer is forced to separate because the 
streamlines in the inner shear layer become deflected away from the wall. [9] captured 
the recirculation only for a gap as narrow as 0.1D. Also measured by PIV, [8] reported 
such wall separation for G/D ≤ 0.6, while LES results in [27] showed this behaviour for 
G/D = 0.25 and 0.5. 

 In Figure 9b, the present results are compared to the measurements of [8] for 
G/D = 0.2 and [9] for two comparable gaps, G/D = 0.1 and 0.3. [8] performed PIV 
measurements for Re = 9500, with the boundary layer thick enough to have the entire 
cylinder immersed in it (G/D = 1.4), comparable to the present simulations. Figure 9b 
shows very good agreement of the experimental and the present LES results in the near 
wake of the cylinder, confirming that the complex flow in the narrow gap between the 
cylinder and the wall is modelled correct. The discrepancies can first be noticed at x/D 
= 1, showing that LES yield a somewhat more upwards deflected wake. 

[9] reported that such small G/D as 0.1 does not allow the development of the 
channelled flow below the cylinder. On the other hand, at G/D = 0.3, the velocity 
profile shows channelled flow farther downstream in the wake than for the present 
case. Qualitatively, the flow features are similar to the present study. The differences in 
the near wall flow might be attributed to a stronger interaction between the wall and 
the cylinder boundary layer for the smaller G/D = 0.2 in this study, as well as to the 
different δ/D. Comparing their results to the previously published studies ([34] and 
[35]), [9] measured significantly smaller wake velocities. It is therefore important to 
have in mind the differences of the various experimental and numerical parameters, 
while recognizing the similar qualitative behaviour. 
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a)  

b)  

c)  

d)  
Figure 10. Time-averaged streamlines at z/D = 2 for G/D = 0.2, 0.6 and 1 at δ/D = 1.6. 

Cases a) G02 1, b) G06 1, c) G1 1 and d) cylinder in an infinite fluid (Re = 13100, Abrahamsen 
Prsic et al. [4]). 
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The distributions of the time-averaged streamlines for different G/D (Figure 
10) show a clear distinction between the narrow and the wide gap regime. For G/D = 
0.2 (Figure 10a), the flow behaves in the same manner as described by [27] and [30]. 
The flow upstream of the cylinder is characterized by a prominent separation region. 
Downstream, the flow accelerates between the wall and the cylinder. The coupling 
between the bottom boundary layer and the shear layer at the lower side of the cylinder 
causes the deflection of the primary bubble away from the wall. Similar to the 
observations by [27], Figure 10a shows the strong asymmetry between the vortices 
curling up from the upper and the lower side of the cylinder. The whole primary bubble 
is relatively long and deflected upwards, leading to the formation of a large secondary 
bubble at the wall. 

 As the gap increases to G/D = 0.6 (Figure 10b), the upstream separation region 
reduces to a thin area. This shorter and flatter upstream region is also reported by [7]. 
The primary bubble, even though more symmetric, is still long and deflected from the 
wall. It allows the secondary recirculation to develop on the wall, but only in a small 
region in the near wake of the cylinder. The flow undergoes even more significant 
changes as the gap reaches G/D = 1 (Figure 10c), when the wall effect begins to cease. 
This is manifested through the disappearance of both the upstream and the downstream 
separation region, also reported by [27]. The primary separation bubble becomes 
symmetric and shortens to the size of the one behind a cylinder in an infinite fluid, also 
documented by [9]. Overall similarity of this wide gap flow and the flow around a 
cylinder in an unlimited fluid is shown in Figure 10c and 10d. 

 Through the experiments in the smoke tunnel, [10] photographed the flow 
behind the cylinder at G/D = 0.2 and 1.2, at Re = 45000 (Figure 11a and 11b). The 
photographs are compared to the instantaneous streamlines at the cylinder mid-section 
for the cases G/D = 0.2 and 1 (Figure 11c and 11d). This comparison gives an example 
that the experimental and the numerical results are complementary. While the 
experimental results offer a clear and trustworthy overview of the dynamic flow 
phenomena, the nature of the smoke tunnel experiments does not allow capturing the 
fine structures in the cylinder wake. On the other hand, while agreeing with the 
experiments, LES also provide a unique detailed insight in the fine structures in the 
cylinder wake. 

 At G/D = 0.2, both the experimental and the numerical results show that the 
vortices in the near wake are restricted to the upwards deflected separation bubble. The 
length of the primary bubble as well as the position of the secondary bubble from this 
study compare well with [10], see Figure 11a and 11c. The similarity of the 
instantaneous and the time-averaged streamlines (Figure 10a and 11c) confirms that 
there are only slight variations of the wake with time. On the other hand, G/D = 1 and 
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1.2 allow for the vortex street to develop, as captured both by the experiments and the 
LES. Figures 11b and 11d show clear similarity, with comparable size and shape of the 
vortices in the cylinder wake. 

 

a) b)  

c) d)  
Figure 11. Instantaneous flow pattern. Figures 11a and 11b are taken from Bearman and 
Zdravkovich [10]. The wind tunnel measurements are performed for Re = 2.5 x 104. 

e) G/D = 0.2.  
f) G/D = 1.2. 
g) G/D = 0.2. Present study, case G02 1. 
h) G/D = 1. Present study, case G1 1.  

The instantaneous streamlines presented in 11c and 11d are taken at cylinder mid-plane, z/D = 2 
for Re = 1.31 x 104 and δ/D = 1.6. 
 

The instantaneous Q = 1 iso-surfaces offer an insight into the development of 
the three-dimensional vortex structures in the cylinder wake. The inhibition of the 
vortex shedding for G/D = 0.2 is clearly shown in Figure 12a. The upper shear layer 
extends relatively far into the wake, while the lower shear layer deflects from the wall. 
The resulting long separation region is also detectable in Figure 12a. In the cylinder 
wake, no signs of large coherent structures are observed; the small scale eddies 
dominate the wake flow. The wall separation region is also present. 
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 As the gap increases, the von Karman vortex street, dappled with smaller 
eddies, is observed in Figures 12b and 12c. The upper shear layers become shorter. For 
the large gap, the shear layers shed and curl up on both sides of the cylinder, creating a 
regular vortex shedding pattern. However, at G/D = 0.6, the lower part of the cylinder 
is affected by the gradients in the wall boundary layer. In agreement with [13], the 
boundary layer interacts with the vortices shed from the lower half of the cylinder. 
They travel downstream at lower speed, experiencing more damping than the ones 
shed from the upper half of the cylinder. While deformation of the vortices in the 
vicinity of the wall is also noticeable for the largest gap (Figure 12c), stronger 
symmetry and coherence indicate a significant weakening of the wall influence. 

 

a)   

b)  

c)   
Figure 11. Instantaneous Q = 1 iso-surfaces for G/D = 0.2, 0.6 and 1. Cases a) G02 1, b) G06 1 
and c) G1 1 at  δ/D = 1.6. The spanwise length of the cylinder is 4D. 
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 The suppression of the vortex shedding is analysed through the energy spectra 
sampled in the near wake of the cylinder for G/D = 0.2, 0.6 and 1 (Figure 13). G/D = 1 
allows the vortex shedding to fully develop, resulting in a single, prominent peak of the 
energy spectrum, corresponding to St. For G/D = 0.6, the energy spectrum has 
maximum at a frequency slightly higher than for G/D = 1 and for a cylinder in infinite 
fluid [4], [15]. The maximum is, however, less prominent, confirming the previous 
conclusion about the attenuation of the vortex shedding. The complete absence of the 
regular von Karman vortex street for G/D = 0.2 is confirmed in Figure 13. 

 

 
Figure 13. Energy spectra in the cylinder wake, sampled at x/D = 1, y/D = 0.3, z/D = 0. The 
normalized Strouhal frequency is given as fSt = fD/Uc. 

 

8.4.2. Influence of incoming boundary layer thickness δ/D 
 The flow dependency on the thickness of the incoming boundary layer profile 
is examined through three simulations with constant G/D = 0.6, and varying δ/D (see 
Table 3). The logarithmic profile is chosen to simulate a developed boundary layer 
profile near a flat, rigid wall.  

 Contrary to the extensive number of studies investigating the influence of G/D, 
data available on the influence of δ/D is scarce. [31] conducted a series of experiments 
for a higher Re varying between 48000 and 140000. This Re range is, however, in the 
same flow-regime as the present study. The analysis was focused on the gap to 
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boundary layer thickness ratio, G/δ, showing that Cd  decreases as G/δ decreases 

below 1 and maintains a slowly increasing trend for G/δ > 1. For Re = 61000, [31] 

obtained Cd  = 0.64, 0.96 and 1.05 for δ/D = 0.4, 1.2 and 2, respectively. While the 

present Cd  values are higher for all δ/D, the same trend is observed (Figure 14a). The 

present values are in better agreement with the experimental study by [11] at a closer 
Re = 13000, as shown in Figure 14a. 

 Clrms also decreases with increasing boundary layer thickness (Figure 14b). For 

the thinnest boundary layer, both Cd  and Clrms behave comparable to the cylinder in 

an infinite fluid. As the boundary layer thickens, the gap and the cylinder itself get 
immersed into the bottom boundary layer, leading to lower Clrms. [11] and [31] report a 
similar trend for the Clrms, showing a prominent decrease as the cylinder becomes 
immersed in the boundary layer. 

 

a) b)  
Figure 14: Cd  and Cl rms versus δ/D for G/D = 0.6. 
  

 The mean pressure coefficient ( pC ) distribution is analysed in Figure 15; pC  

is the time- and spanwise-averaged pressure coefficient, and Cp = (p'-p∞)/(0.5ρUc
2), for 

the fully developed flow. Here p' is the instantaneous pressure at the sampling point, 
and p∞ is the pressure in the undisturbed flow. Here θ = 0 corresponds to the point at 
the cylinder closest to the wall and θ increases clockwise (see Figure 1). 
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Figure 15. Cp distribution versus δ/D ratio for G/D = 0.6. The angle θ is defined in Figure 1. 
 

 A thinner boundary layer leads to a more pronounced maximum in pC . This 

behaviour is also reported by [11], who connected it to the exposure of the gap to the 
velocity gradient in the boundary layer. Exposure to the gradient can also be obtained 
by decreasing G/D, causing a similar effect. The decrease of the pC  peak with a 

reduced gap is documented by [12] and [23]. The thickening of the wall boundary layer 
causes an increase of the base pressure. In the entire pC profile, Figure 15 shows the 

largest increase from the thinnest (δ/D = 0) to the intermediate (δ/D = 0.48) boundary 
layer, while further thickening of δ/D results in smaller increase of the magnitude. 

 Mean velocity profiles in the cylinder wake are presented in Figure 16a. In the 
near wake (x/D = 0 to 1), all three cases with different boundary layers exhibit similar 
profiles. Farther downstream, the two cases with thicker boundary layers behave 
similarly, maintaining a significant profile curvature up to x/D = 3. The thinnest 
boundary layer results in symmetric, but earlier flattened wake profile, indicating a 
shorter wake. The present results are compared with the PIV measurements, [9], for the 
same G/D = 0.6, comparable δ/D = 0.4 and Re = 12000. The qualitative behaviour of 
the profiles is similar, exhibiting the symmetry, the relatively late flattening of the 
profiles, and the transition from the characteristic 'u-' to 'v-profile'. However, all 
measurements for the various cases presented by [9] result in smaller velocities 
compared to the previously published and the present results. The focus is therefore on 
the qualitative comparison. 
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a)  

b)   
Figure 16. Mean, normalized streamwise velocity component (U/Uc) in the cylinder wake, G/D 
= 0.6 

a) in the (y, z) plane. Present study and “o” δ/D = 0.4, Re = 1.2 x 104,  
Wang and Tan [9]; 

b) in the (x, z) plane, y/D = 0 versus the δ/D, present study. 
 
 The analogy between the reduced thickness of the boundary layer and the 
widening of the gap can also be noticed in Figure 16b. While the near wakes for the 
two thicker boundary layers exhibit longer recirculation lengths and somewhat higher 
velocities, the wake profile of the thinnest boundary layer shows more resemblance 
with the one of the cylinder at large G/D. Comparison of the time-averaged streamlines 
for these three δ/D cases at G/D = 0.6 (Figure 17) with the wide gap, G/D = 1 (Figure 
10c) and the cylinder in the infinite fluid (Figure 10d) further confirms this. For δ/D = 
0 (Figure 17a), the upstream separation region vanishes while the downstream region is 
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reduced. However, the presence of the wall still causes the deflection of the wake away 
from the wall, for G/D = 0.6. The thicker boundary layers engulf the channel between 
the cylinder and the wall, allowing the fluid particles to accelerate and eventually cause 
the upturn of the boundary layer. This results in longer primary bubbles and the 
prominent downstream separation zones for both δ/D = 0.48 (Figure 17b) and δ/D = 
1.6 (Figure 17c). 

 

a)  

b)  

c)  
Figure 17. Time-averaged streamlines and U/Uc at z/D = 2. δ/D = 0, 0.48 and 1.6, G/D = 0.6 in 
all cases. 
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8.5. Conclusions 
 

 Near-wall flow effects on a circular subsea pipeline in the vicinity of the 
seabed at Re = 13100 are investigated by LES with Smagorinsky sub-grid scale model. 
The effects of the distance between the cylinder and the seabed, and the bottom 
boundary layer thickness, on the forces exerted on the cylinder and the flow field in the 
cylinder wake, are presented. The main conclusions are: 

The gap to diameter ratio, G/D, has a strong influence on the forces on the 
cylinder and the development of the flow in the wake. For G/D smaller than the critical 
gap, the vortex shedding is suppressed, noticed in the present study for G/D = 0.2. 
Increasing G/D, asymmetric vortex shedding develops (demonstrated for G/D = 0.6). 
Due to the reduced interaction between the wall and the cylinder boundary layer for the 
larger G/D = 1, the wake flow approaches the behaviour of a cylinder in an infinite 
fluid and uniform incoming velocity field. 

By varying G/D, different aspects of the flow are displayed: 

a) For G/D = 0.2, both the primary and the secondary separation bubble are long and 
nearly stationary. 

b) The intermediate G/D = 0.6 yields a slightly asymmetric wake, with long shear 
layers. The vortex shedding is limited and the secondary circulation at the wall 
boundary layer is substantial. 

c) The large G/D = 1 allows a symmetric near wake (with respect to x-axis), while 
eddies interact with the wall farther in the wake. The cylinder shear layers and the wall 
boundary layer separate periodically. 

Although the presence of the plane wall has the strongest influence on the 
general flow characteristics, it also depends on the boundary layer thickness to 
diameter ratio, δ/D, and the shape of the boundary layer. Effects of a thicker boundary 
layer are similar to the effects of decreasing G/D. For G/D = 0.6, if the cylinder is not 
immersed in the boundary layer, the flow resembles the one around the cylinder in an 
infinite fluid. Larger δ/D, where the cylinder is subjected to the shear flow, results in 

lower Cd  and Clrms, as well as an elongated and asymmetric wake. 

Comparison of the present results with the experimental measurements shows 
that LES are a good numerical tool for the actual flow case. The 3D simulations also 
complement the experiments, offering insight into the detailed structures in the 
cylinder wake and allowing thorough exploration of the three-dimensional flow 
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behaviour. 3D LES offer clear improvements compared to the commonly used simple 
2D RANS models as well as to 2D LES, giving more reliable integrated forces and 
capturing the details of the flow at different G/D and δ/D, important for the structural 
analysis of the pipeline. 
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Chapter 9 

Large Eddy Simulations of flow around tandem 
cylinders close to a horizontal wall 
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Abstract 

This study focuses on the numerical simulations of the flow around tandem 
cylinders placed in the vicinity of a rigid, horizontal plane wall. The cylinders are 
immersed close to a plane wall in a steady current with a logarithmic boundary layer 
profile at an intermediate, subcritical Reynolds number (Re = 1.31 x 104). The distance 
between the cylinder centers is L/D = 2 and 5, and the gap between the cylinders and 
the wall is G/D = 1. Three-dimensional large eddy simulations (LES) with a 
Smagorinsky subgrid scale model are performed using the open-source code 
OpenFOAM. The present results are analyzed through the values of drag and lift 
coefficients, as well as by the details of the flow fields in the near wake of the 
cylinders. The results are qualitatively compared to the results of the flow around 
tandem cylinders for both L/D = 2 and 5, as well as to the case of a single cylinder near 
a plane wall. 

KEY WORDS: tandem circular cylinders, wall proximity, large eddy simulations, 
wake flow, OpenFOAM.  
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Chapter 10 

Large Eddy Simulations of flow around tandem 
circular cylinders in the vicinity of a plane wall
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NO-7491 Trondheim, Norway
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Abstract 

In order to investigate the flow around free-spanning, tandem marine pipelines, 
three-dimensional Large Eddy Simulations (LES) with Smagorinsky subgrid scale 
model are performed using the open-source code OpenFOAM. Two circular cylinders 
in tandem arrangement are placed in the vicinity of a rigid, horizontal, plane wall. The 
cylinders are immersed in a steady current with a logarithmic boundary layer profile at 
an intermediate, subcritical Reynolds number (Re = 1.31 x 104) The non-dimensional 
distances between the cylinder centres are 2 and 5 (L/D = 2 and 5) and the gap to 
diameter ratios are G/D = 0.6 and 1.  

 The present results are analysed through the values of drag and lift 
coefficients, as well as by the details of the flow fields in the wake of the cylinders. 
The results are compared with the experimental results of the flow around tandem 
cylinders in an unlimited fluid for both L/D = 2 and 5, showing that at L/D = 2, the 
flow belongs to the reattachment regime, and at L/D = 5 to the co-shedding regime. 
Compared with the case of a single cylinder near a plane wall, the flow around the 
tandem cylinders at G/D = 1 belongs to the wide gap regime, while G/D = 0.6 yields a 
stronger interaction with the wall than in the case of one cylinder. The presence of the 
wall modifies the flow in the spacing between the two cylinders, giving it some 
characteristics of the extended body flow regime. 
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Chapter 11 

Conclusions and suggestions for future work 
 

Numerical simulations were performed for the flow around circular cylinders 
in three arrangements: in an infinite fluid and in a steady current; in the vicinity of a 
plane wall and in the tandem configuration close to a plane wall. LES with 
Smagorinsky subgrid scale model were utilised to simulate the fine structures in the 
cylinders wakes and to capture the complex interaction between the boundary layers, 
wakes and vortices. 

The main conclusions are as following: 

The code is successfully validated through the benchmark case of a single 
circular cylinder in the infinite fluid and in uniform flow at Re = 3900. Based on a 
careful comparison with the published experimental and detailed numerical results, 
LES has proven to be a suitable tool for modelling of the flow at higher subcritical Re. 
From the numerical point of view, attention needs to be paid to the mesh resolution in 
the cylinder near wake, as well as on the cylinder surface. 

The presence of a plane wall in the vicinity of a circular cylinder has a strong 
influence on the flow characteristics. While small gaps attenuate vortex shedding, 
larger gaps yield asymmetric wake flow with strong interaction with the wall boundary 
layer. The flow around the cylinder placed more than 1D away from the wall yields 
very mild influence of the wall. However, further downstream, the broadening wake 
interacts with the wall boundary layer, exposing possible objects in the wake to a 
complex, turbulent flow. The thickness and the shape of the incoming boundary layer 
flow have a milder, but significant influence on the flow. The complexity of this type 
of flow requests 3D simulations, while the 2D models show shortcomings. 

The knowledge about the flow around tandem cylinders in the vicinity of a 
wall is scarce. It is, however, possible to compare such complex configuration to the 
better explored cases. At large gaps, the flow around tandem cylinders is not strongly 
influenced by the wall, and can thus be viewed through the classification of tandem 
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cylinders in an infinite fluid. Reattachment and extended body regimes are 
recognisable. The flow around narrow spaced tandem cylinders is influenced by the 
wall at a large gap from the plane wall, while the flow around a single cylinder, at the 
same gap, ceases to be influenced by the wall. 

On the other hand, flow around each of the cylinders, with a large longitudinal 
spacing, can be compared to the flow around a single cylinder in the vicinity of a wall. 
The behaviour of the upstream cylinder compares well to the case of a single cylinder 
near a wall. The downstream cylinder is exposed to the vortices shed from upstream 
cylinder and distorted by the wall, causing asymmetric impingement and significant 
changes to the hydrodynamic loads. 

As presented through all configurations, the flow around cylindrical structures 
acquires various behaviours, depending on Re, the presence of the wall and the spacing 
between the cylinders. A systematic and comprehensive classification of the flow types 
for each configuration is an important step in future research of these topics. Clearly 
classified flow characteristics can further lead to better understanding of the forces 
exerted on subsea structures, and thus provide basis for safer planning of their 
construction. 

In the present study, an intermediate, subcritical Re is chosen to correspond to 
the realistic conditions subsea pipelines are exposed to. Offshore structures, however, 
encounter a large variety of environmental conditions, often corresponding to strong 
currents and high Re. A thorough investigation of the Re influence should be done for 
all mentioned configurations. 

The ever increasing available computational power allows the use of precise 
numerical models, such as LES, for increasingly more complex flows and structures. 
Such detailed knowledge can be used for testing of simplified models or rational 
approaches used in the industry, exploring their capabilities or limitations. LES are also 
highly complementary to the experimental research. Precise time-dependant numerical 
results can easily be verified through comparison with the experiments, and further 
used to explore the details of the flow which are difficult to obtain experimentally. 
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