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Three-dimensional numerical simulations and proper orthogonal decomposition
analysis of flow over different bottom-mounted ribs
Vinicius Serta Fraga, Guang Yin and Muk Chen Ong

Department of Mechanical and Structural Engineering and Material Sciences, University of Stavanger, Stavanger, Norway

ABSTRACT
Turbulent flow over bottom-mounted ribs is investigated using three-dimensional (3D) Spalart-Allmaras
Delayed Detached-Eddy Simulations (SADDES). The ribs are subjected to a boundary layer flow with a
thickness of δ/H=0.73 at Re=1∗106(Re=U∞H/ν), where U∞ is the free stream velocity, H is the rib
height and ν is the fluid kinematic viscosity. Mesh and time step convergence studies are conducted
to determine the grid and time step resolution. The numerical model is validated against the previous
published experimental data and numerical results. The effects of different ribs geometries on drag
and lift coefficients, the wake flow structures, and the dominant frequencies are discussed. Dominant
flow features are investigated by carrying out Proper Orthogonal Decomposition (POD) and quadrant
analysis of velocities and pressure in the wake flow.
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1. Introduction

Bottom-mounted rib structures are widely used in many indus-
tries, such as subsea covers to protect pipelines, heat exchangers
and gas turbines. These structures are often exposed to a high
Reynolds number flow. It is of great significance to investigate
the hydrodynamic forces on the structures. For example, subsea
structures are commonly subjected to strong current and wave
and should be kept on their installation positions. For design
and optimisation with safe operation, it is necessary to obtain
the drag and lift coefficients on the structures.

There are many experimental studies carried out to analyse
the high Reynolds flow over surface-mounted structures over
decades. Arie et al. (1975) studied the flow over wall-mounted
rectangular cylinders subjected to turbulent boundary layer
flow and concluded that the pressure coefficient on the struc-
ture surface is correlated with the thickness of the boundary
layer. Fully developed turbulent channel flow around prismatic
obstacles was investigated by Martinuzzi and Tropea (1993)
and it was found that there is a nominally two-dimensional
middle region in the wake about the plane of symmetry behind
the structures with an aspect ratio larger than 6. Liu et al.
(2008) studied the unsteady characteristics of the flow over a
two-dimensional (2D) square rib and the flapping behaviour
of the separation bubble behind the rib is analysed.

Numerical simulations have also been used to study the
flow over wall-mounted structures. Utnes and Ren (1995) ana-
lysed the turbulent flow around a wall-mounted cube by using
Reynolds-averaged Navier-Stokes (RANS) equations with the
two-equation k− 1 turbulence model. The results were in
good agreement with the experimental data reported by Castro
and Robins (1997). Hwang et al. (1999) carried out 2D simu-
lations of turbulent flow around ribs with varying length
using RANS combined with the k− 1 model. It was found

that the length of the recirculation region behind the rib is
dependent on the rib width. The recirculation length decreases
linearly with the increasing height-to-width ratio of the rib
cross-section. Orellano and Wengle (2000) compared Large
Eddy Simulation (LES) with Direct Numerical Simulation
(DNS) for turbulent flow over a wall-mounted fence. LES
was able to provide satisfying results compared with the refer-
ence data of DNS while using less than 5% of the compu-
tational requirement of DNS. Schmidt and Thiele (2002)
conducted Detached Eddy Simulation (DES) of high Reynolds
number flow over wall-mounted cubes and compared the
results with those obtained by LES and RANS simulations. It
was shown that DES was capable of capturing the unsteadiness
of the wake flow behind the cubes. Frederich et al. (2008) com-
pared DES and LES by carrying out numerical simulations of
flow around a wall-mounted cylinder. DES and zonal DES of
high Reynolds number flow around a bottom-mounted cube
were performed by Haupt et al. (2011). It was found that
DES can obtain better results than RANS compared with the
experimental data reported by Hoxey et al. (2002). Tauqeer
et al. (2017) carried out 2D RANS simulations of flow over
wall-mounted square, triangular and semi-circular structures
using k− 1 model. The results were in good agreement with
the experimental data obtained by Liu et al. (2008). Also, the
highest values of drag coefficient were obtained from the
square structure and the highest lift coefficient was obtained
from the semi-circular structure.

After performing the numerical simulations of the flow over
the ribs, it is necessary to analyse the coherent structures
behind the ribs in order to understand the dominant flow
structures which will benefit the engineering design of the
rib geometries. In the present study, a data-driven postproces-
sing technique called proper orthogonal decomposition (POD)
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is used to study the wake flow behind the ribs. It has been
widely used to capture the temporal–spatial characteristics of
large-scale coherent structures and build a low-dimensional
representation of the turbulent flow fields using only a finite
number of modes according to Podvin (2009) and Lehnasch
et al. (2011). Subcritical flow around a square cylinder at differ-
ent distances from the bottom-wall was investigated using
experiments by Shi et al. (2010). Vortex shedding was found
to be totally suppressed when the obstacle is located at dis-
tances lower than 0.4D to the wall. POD was used to analyse
the flow structures in the wake region and low-order approxi-
mations of the flow were constructed using the two most ener-
getic PODmodes. Muld et al. (2012a) carried out POD analysis
of the turbulent flow around a high-speed train and the
method showed good capacity in extracting key coherent
structures of the flow. He et al. (2016) carried out experimental
analysis of the turbulent flow around a square rib under differ-
ent gaps to the bottom-wall. POD analysis was performed to
investigate the dominant coherent structures downstream
the rib. The analysis of the first POD modes showed that
they tend to appear in pairs indicating the downstream con-
vective nature of the turbulent structures. A low-order
approximation of the flow with the first four POD modes
was built to represent the unsteadiness of the flow. The flow
over a wall-mounted square cylinder was studied using

Figure 1. Computational domain and boundary conditions: (a) 2D XY-plane and
(b) 3D view.

Table 1. Results for all the bottom-mounted ribs based on the mesh elements and the time-step.

Case No. of cells Grids in Z direction Δt CD CL Lw
1 1,275,219 33 0.002 1.116 0.567 14.168
2 1,652,970 33 0.002 1.121 0.572 13.626

Square rib 3 2,140,512 33 0.002 1.133 0.581 12.907
4 2,140,512 33 0.001 1.132 0.580 12.907
5 2,140,512 33 0.003 1.131 0.579 12.907
6 3,113,472 48 0.002 1.133 0.581 13.172
7 1,275,219 33 0.002 0.806 0.261 13.702

Trapezoidal rib 8 1,652,970 33 0.002 0.825 0.272 12.400
9 2,140,512 33 0.002 0.844 0.287 10.195
10 1,275,219 33 0.002 0.961 0.490 18.213

Rectangular rib 11 1,652,970 33 0.002 0.985 0.499 15.812
12 2,140,512 33 0.002 1.006 0.527 11.755

Figure 2. Profiles of the time- and spanwise-averaged (a) streamwise velocity and (b) pressure at y/H = 0.004 for Cases 1–6.
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Figure 3. Time- and spanwise-averaged streamwise velocity profiles of Cases 1–6.

Figure 4. Computational mesh of the square rib (Case 3): (a) full XY-plane domain and (b, c) closer view around the rib.

SHIPS AND OFFSHORE STRUCTURES 3



experiments by Leite et al. (2018) and POD analysis was car-
ried out to identify coherent structures in the wake region. It
was concluded that the symmetrical and anti-symmetrical vor-
tices in the cylinder wake flow can be captured by the first four

POD modes. Amor et al. (2019) employed different decompo-
sition techniques to analyse the flow over a bottom-mounted
square cylinder and the relationship between the flow scales
and different modes was discussed. Resolvent analysis was
employed to investigate the turbulent flow over a square rib
with different gap ratios between the obstacle and the wall
by He et al. (2019). It was observed that the reconstruction
of the flow field using the most five energetic resolvent

Figure 5. Time-averaged streamwise velocities of Case 3 compared with the experimental data reported by Liu et al. (2008).

Figure 6. Wall-normal positions of the local maximum time- and spanwise-aver-
aged root-mean-square value of the streamwise velocity fluctuations.

Table 2. Comparison of Case 3 with the numerical results reported by Tauqeer
et al. (2017).

Configuration Author Flow conditions CD Lw
Square Case 3 Re = 1× 106,

d/H = 0.73
1.133 12.907

Tauqeer et al.
(2017)

Re = 1× 106,
d/H = 0.73

1.16 12.02

4 V. SERTA FRAGA ET AL.



modes is in good agreement with the POD modes. Ikhenni-
cheu et al. (2019) studied the coherent flow structures down-
stream a bottom-mounted square cylinder at Re = 2.5× 105

using experiments. POD analysis was used to identify the
main coherent structures and study the trajectories of the
large-scale vortices behind the cylinder. Mercier et al. (2020)
carried out experiments and numerical simulations to analyse
the coherent flow structures behind a bottom-mounted square
cylinder. Large-scale Kelvin-Helmholtz (K-H) vortices were
observed in the wake region and their frequencies were ident-
ified using wavelet decomposition.

The three-dimensional (3D) Spalart-Allmaras Delayed
Detached-Eddy Simulations (SADDES) are carried out to
investigate the flow over different bottom-mounted ribs at a
high Reynolds number of 1× 106 in the present study. To
the authors’ knowledge, there are only few numerical studies
that were carried out on the flow at such high Reynolds num-
ber. The effects of different bottom-mounted ribs (square, tra-
pezoidal and rectangular) on the hydrodynamic quantities and
the vortical structures in the wake region behind the ribs are
discussed in detail. In addition, 2D POD analysis is employed

to identify dominant coherent structures of the wake flow
behind the ribs. Quadrant analysis is used to study the contri-
bution of the dominant POD modes to the turbulence pro-
duction in the wake flow. The paper is organised as follows:
the mathematical formulation, numerical methods, compu-
tational overview, convergence studies and validation studies
are presented in Section 2. The results and discussion are pre-
sented in Section 3. Lastly, the conclusion is given in Section 4.

2. Mathematical formulation, numerical method,
computational overview, convergence and
validation studies

2.1. Mathematical formulation

The filtered Navier-Stokes equations of incompressible and
viscous fluid applied in DDES simulations can be written as:

∂ui
∂xi

= 0 (1)

∂ui
∂t

+ ∂uiuj
∂xj

= − ∂p
∂xi

+ n
∂2ui
∂xjxj

− ∂u′iu
′
j

∂xj
(2)

Figure 7. Power spectra of the velocity fluctuations at y/H = 0.5 with a distance of 0.5H to the back face of the ribs for (a) square, (b) trapezoidal and (c) rectangular
ribs. The red lines represent the −5/3 law. (This figure is available in colour online.)
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Figure 8. Time histories of CD , CL for (a) the square rib of Case 3; (c) the trapezoidal rib of Case 9 and (e) the rectangular rib of Case 12 and phase-space plots of CD , CL
for (b) the square rib; (d) the trapezoidal rib and (f) the rectangular rib.
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where i,j = 1,2,3 represent the streamwise, cross-stream and
spanwise directions, respectively. u1, u2, and u3 (also denoted
as u, v and w) are their corresponding resolved velocity com-

ponents. The unresolved stresses − u′iu
′
j

〈 〉
can be defined as:

− u′iu
′
j

〈 〉
= nt

∂ui
∂xj

+ ∂uj
∂xi

( )
(3)

The one equation Sparlat-Allmaras model solves the transport
equation for the turbulent eddy viscosity (νt)which is described as:

nt = ñfv1 fv1 = X3

X3 + C3
v1

X = ñ

nt
(4)

where ñ is the modified turbulence viscosity and the constant
Cv1 = 7.1. DES is a hybrid approach where RANS method is
applied in the near-wall region and LES is used far away from
the wall. The distance to the wall (d̃) is given as:

d̃ = min (d, CDESD) (5)

where theminimum distance from the nearest wall is represented
as d and the constantCDES= 0.65. The length scale associatedwith
the local grid spacing is given as Δ:

D = max (Dx, Dy, Dz) (6)

where Dx, Dy, Dz denote the dimension of the grid cell in the
streamwise, cross-stream and spanwise directions, respectively.

An improved version of DES, SADDES, is used in the
present study. It employs a modified DES limiter d̃ given
in (5) in order to prevent grid-induced separation (Spalart
et al. 2006):

d̃ = d − fd max (0, d − CDESD) (7)

2.2. Numerical methods

The open source Computational Fluid Dynamics (CFD) code
OpenFOAM v2.4 is used in the present study. The code is a
customised C++ engine with noticeable application in CFD.
Pressure-Implicit with Splitting of Operators (PISO) algorithm
is used. The second order schemes for gradient and divergence
are Gauss linear; for Laplacian and interpolation, Gauss linear
corrected and linear schemes are employed, respectively. The
time integration is conducted by using the second order
Crank–Nicolson method.

2.3. Computational overview

The computational domain used in this study is presented in
Figure 1(a,b) and the height of the rib is denoted as
H. Three different cross-section geometries are studied:
square (with a bottom edge length of B = H), trapezoidal
and rectangular. A bottom edge length of B = 4H is used
for the trapezoidal and the rectangular ribs. The slope

Figure 9. The streamlines of the time- and spanwise-averaged flows for (a) the square rib of Case 3; (b) the trapezoidal rib of Case 9; (c) the rectangular rib of Case 12.
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angle of the two sides of the trapezoidal rib is a = 45◦. The
distance between the inlet and the centre of the rib bottom is
Lu = 11.5H and the distance between the centre of the rib
and the outlet is Ld = 40.5H. The height of the
computational domain is Lh = 20H. According to Ong
et al. (2010), a domain with Lu = 10H, Ld = 20H and
Lh = 10H is able to suppress the far-field effects on the
structures. Therefore, the sizes of the XY domain in the pre-
sent study can be considered sufficiently large.
The spanwise length is Lz = 6H, which is larger
than that of 4H used in Prsic et al. (2019) and Tian et al.
(2014).

The boundary conditions are shown in Figure 1. The fol-
lowing boundary conditions are applied for all cases in this
study:

. • At the inlet, a log profile for the fully developed boundary
layer flow is used for the streamwise velocity, which is
obtained by curve fitting of the experimental boundary
layer profile reported by Arie et al. (1975). The vertical
and spanwise velocities are set to zero. A boundary
layer thickness of d/H = 0.73 is employed, which is the
same as that in the experiments carried out by Arie
et al. (1975). A zero normal gradient is applied for the
pressure at the inlet.

. • At the top boundary, the pressure and velocities are pre-
scribed as zero normal gradient.

. • At the outlet, the velocities are prescribed as zero normal
gradient and the pressure is set to be zero.

. • At the front and back boundary, periodic boundary con-
ditions are used for all the quantities.

Figure 10. Instantaneous iso-surface of Q = 0.25 at tU1/H = 1000 for (a) the square rib of Case 3; (b) the trapezoidal rib of Case 9; (c) the rectangular rib of Case 12.
(This figure is available in colour online.)
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Figure 11. Power spectra density of the cross-stream velocity (v) for the square rib at a distance of (a) Lx/H = 0.5 (b) Lx/H = 3.5 and (c) Lx/H = 5.5 to the back face of
the rib. (This figure is available in colour online.)

Figure 12. Power spectra density of the cross-stream velocity (v) for the trapezoidal rib at a distance of (a) Lx/H = 0.5 (b) Lx/H = 3.5 and (c) Lx/H = 5.5 to the back
face of the rib. (This figure is available in colour online.)

Figure 13. Power spectra density of the cross-stream velocity (v) for the rectangular rib at a distance of (a) Lx/H = 0.5 (b) Lx/H = 3.5 and (c) Lx/H = 5.5 to the back
face of the rib. (This figure is available in colour online.)
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Figure 14. Representation of the snapshots assembling along the (a) streamwise direction and the (b) spanwise direction.

Figure 15. The mean value of 1ortho of the ten most energetic modes between different sets of snapshots of the velocity modes based on: (a) number of snapshots; (b)
DtPOD of the velocity modes.

Figure 16. The mean value of 1ortho of the ten most energetic modes between different sets of snapshots of the pressure modes based on: (a) number of snapshots; (b)
DtPOD of the velocity modes.
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Figure 17. Modal decomposition of the velocities for the square rib: (a) energy of modes; (b) energy contribution of the 20 leading energetic modes; (c) temporal
coefficients of Modes 2 and 3 and (d) frequency spectra of Modes 2 and 3; (e) temporal coefficients of Modes 4 and 5 and (f) frequency spectra of Modes 4 and 5.
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. • On the bottom wall and the surfaces of the structures, no-
slip conditions are applied for the velocities and the
pressure is set as zero normal gradient. The flow over
the surfaces of the structures can be considered as fully
developed turbulent. Therefore, a wall function based on
the Spalding’s law of the wall (Spalding 1961) is used in
the near-wall region.

2.4. Convergence studies

The mesh and time step convergence studies have been carried
out. The results for each bottom-mounted rib are presented in
Table 1. Two hydrodynamic quantities are analysed in this
study: the time-averaged drag coefficient (CD) in the stream-
wise direction and the time-averaged lift coefficient (CL) in
the cross-stream direction, which are given by:

CD = FX
1
2
rU2

1AH

and CL = FY
1
2
rU2

1AV

(8)

where FX is the time-averaged force acting on the rib surface in
the streamwise direction while FY is the time-averaged force
acting on the rib surface in the cross-stream direction, r is

the density of the fluid, AV is the vertical projected area and
AH is the horizontal projected area of the ribs.

For the XY-plane grid resolution study, three meshes with
the same grid in the spanwise direction are used with an incre-
ment of 30% in the total number of elements between different
cases for each rib: the square rib (Cases 1–3), the trapezoidal
rib (Cases 7–9) and the rectangular rib (Cases 10–12). The
results for CD and CL show good convergence for the square
rib with relative differences around 1% between cases. Also,
convergence for both trapezoidal and rectangular ribs has
also been achieved, with the maximum relative differences of
CD being less than 3% and the maximum relative difference
around 5% of CL between cases. In addition, Cases 4 and 5
are simulated to show the dependence of the results on the
time step resolution for the square cases with the same grid
number as Case 3, which indicates that the relative differences
of CD and CL are around 1% between cases. Finally, Case 6 is
simulated with an increasing grid number in the spanwise
direction and the relative differences are lower than 0.1% for
CD and CL, which shows that the grid number of 33 in the
spanwise direction is enough. Furthermore, the time- and
spanwise-averaged streamwise velocity and pressure at
y/H = 0.004, which is close to the first layer above the bottom

Figure 18. PODmodes of the streamwise (a, c, e, g) and cross-stream (b, d, f, h) velocities for the square rib: (a, b) POD Mode 2; (c, d) POD Mode 3; (e, f) POD Mode 4 and
(g, h) POD Mode 5. (This figure is available in colour online.)
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along the streamwise direction for the square rib (Cases 1–6),
are shown in Figure 2. Both of the two profiles show good con-
vergence between the different cases with similar recirculation
lengths as shown in Figure 2(a). Likewise, a good agreement
between Cases 1–6 for the pressure distribution is also dis-
played in Figure 2(b). The time- and spanwise-averaged
streamwise velocity profiles in Figure 3 at different streamwise
locations show that a good convergence has been achieved for
Cases 1–6.

Therefore, based on these results, it can be concluded that a
satisfactory grid and time step resolution have been achieved
in Cases 3, 9 and 12 for the square rib, the trapezoidal rib
and the rectangular rib, respectively and the results for the
grid and the time step of these cases are analysed in the follow-
ing sections. An example of the mesh is displayed in Figure 4
which shows the XY-plane of the converged Case 3.

2.5. Validation studies

In order to validate the present SADDES numerical model at
a high Reynolds number, the converged results of the flow
over the square rib (Case 3) are compared with the

experimental data reported by Liu et al. (2008). The time-
and spanwise-averaged streamwise velocity profiles at differ-
ent locations of the present results are compared with those
of the experiments in Figure 5. It can be seen that the vel-
ocity profiles are overall in good agreement with the exper-
imental data. The streamwise velocity profiles of the
present numerical simulation display great similarity with
the experimental data upstream and on the top of the square
rib, while in the wake region behind the rib there are slight
discrepancies between the present results and the experimen-
tal data. However, the negative parts of velocity profiles are
well captured. The minor differences may be due to the
difference of the Reynolds number between the experiment
done by Liu et al. (2008) and the present numerical simu-
lation. In addition, the recirculation zone behind the square
rib of the present study is compared with the results reported
by Liu et al. (2008). The recirculation zone is identified by
using the wall-normal positions of the local maximum
time- and spanwise-averaged root-mean-square value of
streamwise velocity fluctuations as shown in Figure 6. It
can be seen that the present predicted recirculation zone is
almost the same as that obtained using experiments reported

Figure 19.Modal decomposition of the pressure for the square rib: (a) energy of modes, (b) energy contribution of 20 most energetic modes (c) coefficients of Modes 2
and 3 and (d) frequency spectra of Modes 2 and 3.
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by Liu et al. (2008). Moreover, the drag coefficient and the
recirculation length of Case 3 are compared with the pub-
lished numerical results in Table 2. It can be seen that the
present predicted values of CD and the recirculation length
Lw of the wake flow behind the square rib are in good agree-
ment with those reported by Tauqeer et al. (2017).

In addition, the spectra of the resolved streamwise velocity
fluctuations obtained at y/H = 0.5 with a distance of 0.5H to
the back face of the three different ribs are shown in Figure 7. It
is shown that the three spectra are observed to be close to the
−5/3 slope in the inertial range, which indicates that the turbu-
lence spectrum can be properly captured by the current
simulations.

3. Results and discussion

3.1. Hydrodynamic forces and flow field

The time histories of the hydrodynamic quantities CD and CL

of the converged cases (Cases 3, 9 and 12) of the three ribs are
shown in Figure 8 together with the phase-space plots of the
two force coefficients. It can be seen that there exists unsteadi-
ness in the time histories of the force coefficients which has
also been reported in Tian et al. (2014) and Wu et al. (2020).
The force coefficients of the trapezoidal rib show the weakest
unsteadiness and the rectangular rib displays the strongest

unsteadiness. Approximate linear correlations between the
envelops of CD and CL are observed. The streamlines of the
time- and spanwise-averaged flow are shown in Figure 9. For
the three ribs, a large recirculation motion is observed behind
the ribs. The recirculation motion is the longest for the square
rib among the three ribs. For the square and rectangular ribs,
there also exist two small recirculation motions in front of the
ribs and in the corner of the back face of the ribs. The first one
is caused by the downward flow to the bottom wall when the
flow hits the front face of the rib, while the second one has
similar behaviour when the flow hits the back face of the rib.
Due to the inclination, the flow is more attached to the trape-
zoidal rib and the two small recirculation motions disappear.

The three-dimensional instantaneous vortex structures
identified by the Q criterion proposed by Hunt et al. (1988)
for the three ribs are shown at tU1/H = 1000 in Figure 10.
The Q is given by:

Q = 1
2
(‖V‖2 − ‖S‖2) (9)

where S is the rate of strain tensor and V is the vorticity
tensor. It can be seen that shear layers stem from the
leading edges of the ribs where the flows separate and roll
up in to small-scale streamwise vortices further downstream.
It is observed that the complexity of the vortex structures is
reduced for the rectangular and the trapezoidal ribs

Figure 20. POD modes of the pressure for the square rib: (a) to (h) show POD Modes 2–9. (This figure is available in colour online.)

14 V. SERTA FRAGA ET AL.



compared with the square rib. The vorticities behind the rec-
tangular and the trapezoidal ribs are lower than that behind
the square rib, which results in a reduced pressure difference
between the front and back faces of the ribs and thus leads to
lower drag coefficients for the two ribs than that of the

square rib as shown in Figure 8. For the trapezoidal rib, as
the flow is more attached to the rib surfaces, the small-
scale vortex structures move further from the back face of
the rib compared with the other ribs. For the rectangular
rib, the shear layer on the top of the rib undergoes instability

Figure 21. Modal decomposition of the velocities for the trapezoidal rib: (a) energy of modes; (b) energy contribution of most energetic modes; (c) coefficients of
Modes 2 and 3 and (d) frequency spectra of Modes 2 and 3; (e) temporal coefficients of Modes 4 and 5 and (f) frequency spectra of Modes 4 and 5.
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which may result in the strong unsteadiness of the hydrodyn-
amic quantities as shown in Figure 8(e,f).

3.2. Spectral analysis

A Power Spectral Density (PSD) analysis is performed to obtain
the dominant frequencies of the turbulent flow in the wake
region. The cross-stream velocity signals are obtained at three
streamwise positions and three heights at themiddle of the span-
wise direction (z/H = 3). These points are at Lx/H = 0.5, 3
and 5.5 after the back face of the ribs and y/H = 0.5, 1 and
1.5. PSD of the cross-stream velocity signals is carried out by
employing the Welch’s method (Welch 1967).

The frequency spectra of the cross-stream velocity for the
three ribs are shown in Figures 11–13. For the square rib, a
dominant frequency peak band is observed in Figure 11(a)
centred at St ≈ 0.4 close to the shear layer. This dominant
frequency is associated with the Kelvin-Helmholtz (K-H)
instability of the shear layer. This frequency value is close
to that reported in Gu et al. (2017) (St ≈ 0.361) and Gu
et al. (2018) (St ≈ 0.42) for the flow over bottom-mounted
square ribs. At further downstream locations, as shown in
Figure 11(b), the K-H instability becomes less
obvious while another peak at St ≈ 0.2 is observed. This

frequency mode was also reported in Roos and Kegelman
(1986) and Gu et al. (2018). According to their studies, the
mode is related to vortex pairing in the separation bubble.
For the trapezoidal rib as shown in Figure 12, a clear Strou-
hal number of St ≈ 0.3 is observed close to the shear layer at
y/H = 1.5 for the three streamwise positions, which is
associated with the K-H instability. The vortex pairing
mode at St ≈ 0.15 � 0.2 is also shown at the three stream-
wise locations. According to Mercier et al. (2020), the ener-
getic frequencies range between St ≈ 0.15 and St ≈ 0.3 in
the present study may indicate different patterns of K-H vor-
tices emission with different time scales. For the rectangular
rib as shown in Figure 13, the K-H instability mode is more
obvious at a higher frequency of St ≈ 0.7 compared with the
other two ribs and the shear layer instability can be also
observed in the vortical structures shown in Figure 10(c).
The vortex pairing mode is observed at St ≈ 0.25. Further-
more, there seems to be a low-frequency mode observed at
y/H = 1.5 for the three ribs. The low frequency is in the
range of St ≈ 0.04 � 0.06. This low-frequency mode has
been widely reported in Liu et al. (2008), Gu et al. (2018),
Ikhennicheu et al. (2019) and Wu et al. (2020). According
to Gu et al. (2018), this low frequency mode may be due
to the flapping of the separation bubble.

Figure 22. POD modes of the streamwise (a, c, e, g) and cross-stream (b, d, f, h) velocities for the trapezoidal rib: (a, b) POD Mode 2; (c, d) POD Mode 3; (e, f) POD Mode
4 and (g, h) POD Mode 5. (This figure is available in colour online.)
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3.3. Proper orthogonal decomposition analysis

In order to analyse the complex flow structures behind the
ribs, proper orthogonal decomposition is used to extract
the energy containing structures in the wake region. This
technique was proposed by Lumley (1967) to analyse the

turbulent coherent structures. This method can also be
applied to any scalar or vector quantities. In fluid mechanics,
POD attempts to decompose a time-dependent flow variable
q(x, t) (where x denote the spatial coordinates and t denotes
the time, respectively) into a series of spatial modes fj(x)

Figure 23.Modal decomposition of the pressure for the trapezoidal rib: (a) energy of modes; (b) energy contribution of the leading energetic modes; (c) coefficients of
Mode 2; (d) frequency spectrum of Mode 2; (e) coefficients of Modes 3 and 4; (f) frequency spectra of Modes 3 and 4.
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and their corresponding temporal coefficients aj(t) as:

q(x, t) =
∑
j

aj(t)fj(x) (10)

The POD modes fj(x) are orthogonal satisfying
fi(x), fj(x) = dij and can be obtained by eigenvalue
decomposition of the spatial or temporal correlation matrix
of the flow quantities as proposed by Lumley (1967), Sirovich
(1987) and Meyer et al. (2007). As discussed in Taira et al.
(2017), the modes can also be obtained by Singular Value
Decomposition (SVD).

In the present study, POD analysis of the velocity com-
ponents and the pressure at 2D planes shown in Figure 14 is
carried out. The algorithm of the POD method is given as fol-
lows. The flow field data from the simulations is sampled and

arranged in a matrix:

M = Vn
1 = [v1, v2, . . . , vn] (11)

where vi (i = 1, 2, 3 . . . n) are column vectors containing the
velocity components at each grid node in a 2D plane at the
time step of ti (i = 1, 2, 3 . . . n) separated by the same time
step DtPOD. The procedure is similarly applied for the
pressure:

M = Pn
1 = [p1, p2, . . . , pn] (12)

The POD modes are obtained by applying SVD on the
snapshot’s matrix M:

M = USVT (13)

where U and V are the left and the right singular vectors ofM,

Figure 24. POD modes of the pressure for the trapezoidal rib: (a) to (i) show POD Modes 2–10. (This figure is available in colour online.)
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Figure 25. Modal decomposition of the velocities for the rectangular rib: (a) energy of modes; (b) energy contribution of most energetic modes; (c) coefficients of
Modes 2 and 3, and (d) frequency spectra of Modes 2 and 3; (e) coefficients of Modes 4 and 5, and (f) frequency spectra of Modes 4 and 5.
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respectively. The column vectors of U are the POD modes fj
and the column vectors of V denote the temporal coefficients
aj(t) of the corresponding modes. They are both orthogonal
matrices satisfying:

VTV = I (14)

UTU = I (15)

The diagonal matrix S = diag(l1, l2, l3 . . . ln) contains
the singular values of the matrix M and each diagonal value
represents the energy carried by each POD mode. They are
ordered as:

l1 . l2 . l3 . . . . . ln . 0 (16)

In the present study, an economy-size SVD is performed by
using the corresponding internal function in MATLAB, which
means that for the rectangular matrix Mm×n with m . n, only
the first n columns of the left singular vectors are calculated
and S is a n× n matrix.

3.3.1. Proper orthogonal decomposition analysis along
the streamwise direction
In this section, POD analysis is made on a XY-plane in the
middle of the spanwise direction at z = 3H. The total number
of spatial points of each snapshot ism = 129728. According to

Yang et al. (2017), the results obtained from POD analysis
should be independent on the number of snapshots and the
time step DtPOD between the sampling flow fields snapshots.
Therefore, a convergence study has to be done in order to
determine the appropriate number of snapshots and the time
step (DtPOD).

Due to the orthogonality of the POD modes, Muld et al.
(2012a) proposed a method of the convergence study based
on the orthogonality of the POD modes. If the scalar product
between the leading PODmodes defined as 1ortho = f j,1, f j,2

〈 〉
(1,2 denote different snapshots samples with different snap-
shots numbers and j denotes the number of the modes)
obtained using different numbers of snapshots equals 1, the
POD modes have been fully converged. A similar test can
also be conducted based on different time steps DtPOD between
snapshots. Figures 15 and 16 show the mean value of 1ortho of
the ten most energetic velocities and pressure modes of all geo-
metries. The value of 1ortho is obtained by comparing the POD
modes based on different numbers of snapshots with the POD
modes obtained based on the snapshots with the number of
800, which is used as the reference set of modes. This pro-
cedure is the same as done in Muld et al. (2012a, 2012b). A
similar convergence test is done by calculating 1ortho compar-
ing the POD modes based on different number of snapshots
SnPOD and time step DtPOD. The results given in Figures 15

Figure 26. POD modes of the streamwise (a, c, e, g) and cross-stream (b, d, f, h) velocities for the rectangular rib: (a, b) POD Mode 2; (c, d) POD Mode 3; (e, f) POD Mode
4 and (g, h) POD Mode 5. (This figure is available in colour online.)
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and 16(a) are based on a reference snapshot of
SnPOD = 800 with equal sampling time. The results shown in
Figures 15 and 16(b) are based on a reference time step of
DtPOD = 0.5H/U1 and sampling time of 800H/U1. It can be
seen that an acceptable convergence can be achieved when
the number of snapshots is higher than 600 and DtPOD is
lower than 1H/U1. A similar behaviour of the value 1ortho is
also reported in Muld et al. (2012a, 2012b). Thus, the POD
analyses of the present study are carried out using 1600 snap-
shots with DtPOD = 0.5H/U1.

3.3.1.1. The square rib. The energy distribution of all the vel-
ocity POD modes of the square rib is shown in Figure 17(a). It
shows an exponential decay of the energy from the lower
modes to the higher modes. The energy contribution of the
first 20 POD modes is presented in Figure 17(b). The first
POD mode corresponds to the mean flow containing almost
30% of the total energy of the velocity field in the 2D plane,
while the following modes contribute less than 1% to the
total energy. Figure 17(c,e) shows the temporal coefficients
of Modes 2, 3 and Modes 4, 5. For Modes 2 and 3, a wave-

like periodic behaviour is observed and the frequency spec-
trum of their temporal coefficients given in Figure 17(d)
show similar peaks within the low frequency range. This indi-
cates a large-scale travelling wave structure as reported in
Semeraro et al. (2012) and Yang et al. (2017). The frequency
spectra of mode temporal coefficients of Modes 4 and 5 are dis-
played in Figure 17(f) and a wide spectra distribution is
observed, indicating a chaotic behaviour of Modes 4 and 5.

Contours of the POD velocity modes of the square rib are
shown in Figure 18: (a) and (c) show the most energetic pair
of the fluctuation modes (Modes 2 and 3), while (e) and (g)
show the following pair (Modes 4 and 5) of the streamwise
velocity. The pairs have similar level of energy as shown in
Figure 17(b) indicating the downstream convection of the
modes. The first pair of POD modes shows a strong shear
layer around the edge of the wake flow, while the second
pair shows positive and negative velocity regions with a
shorter streamwise length scale compared with the first
pair. Figure 18(b, d, f, h) displays the cross-stream velocity
contours of Modes 2, 3 and Modes 4, 5. The positive and
negative pairs are clearly seen and shorter length scale

Figure 27.Modal decomposition of the pressure for the rectangular rib: (a) energy of modes; (b) energy contribution of most energetic modes; (c) coefficients of Modes
2 and 3 and (d) frequency spectra of Modes 2 and 3.
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regions are also observed in the higher modes of Modes 4, 5
compared with those of Modes 2, 3.

Figure 19(a) shows the L2-norm distribution of all pressure
POD modes for the square rib. The L2-norm decays exponen-
tially from the first modes to the following modes faster than
the energy contained in the velocity modes as shown in
Figure 17(a). The contribution of the most energetic modes
is given in Figure 19(b). The first POD mode corresponds to
the mean pressure and contains almost 35% of the total energy
while the following fluctuation POD modes are much less
energetic, with less than 2% of the total energy of the pressure
field. The time histories of the coefficients of Modes 2 and 3 are
shown in Figure 19(c) with the frequency spectra of the two
modes in Figure 19(d). Different spectra of the two modes
are shown, which indicates that the two modes cannot form
a mode pair. A broadband distribution of the spectra is also
observed within the low frequency range.

Figure 20 displays the pressure contours of Modes 2–9 for
the square rib which are fluctuation modes and contain 9.5%
of the total energy of the pressure field in the 2D plane.
Figure 20(a) shows a single large-scale pressure structure of
Mode 2. Figure 20(b,c) shows the energetic pair of Modes 3
and 4, which display wave-packet form of structures with simi-
lar length scale of the structures and indicate downstream

convection of the structures. Furthermore, the POD modes
shown in Figure 20(d–g) also appear in pairs with a decreasing
length scale of the turbulent structures that are mostly located
on the shear layer behind the rib.

3.3.1.2. The trapezoidal rib. Figure 21(a) shows the energy dis-
tribution of the velocity POD modes for the trapezoidal rib
case. An exponential decay of the energy from the first
modes to the following higher modes is observed. Figure 21
(b) displays the energy contribution of the 20 most energetic
modes. The first mode corresponds to the mean flow and con-
tributes with 35% of the total kinetic energy, while each of the
following fluctuation modes contains less than 1% of the total
energy. It can be seen that the mean flow occupies more energy
than that of the square rib which also indicates that velocity
fluctuations of wake flow behind the trapezoidal rib are weaker
than those behind the square rib. The temporal coefficients as
well as their frequency spectra of Modes 2 and 3 are shown in
Figure 21(c,d). The peaks of the two Modes temporal coeffi-
cients are in the low frequency range and there is slight differ-
ence between the two modes. A chaotic behaviour is seen in
the time histories of the coefficients of Modes 4 and 5 as
shown in Figure 21(e) and the spectra of the two modes
shown in Figure 21(f) display similar broadband distribution.

Figure 28. POD modes of the pressure for the rectangular rib: (a) to (h) show POD Modes 2–9. (This figure is available in colour online.)
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The most energetic modes are shown in Figure 22(a–h).
There is also difference of the mode shapes between Modes
2 and 3, indicating that the two modes cannot form a pair.
The streamwise velocities of the first mode show strong flow
structures along the shear layer of the wake region. The second
mode displays large-scale positive and negative alternate struc-
tures. The mode shapes of Modes 4 and 5 are similar, which
can form a pair of modes. This pair of modes shows shorter
vortical structures compared with the first pair located with
a distance of 8 � 10H from the back face of the rib. Together
with the streamwise velocity modes, the large-scale spanwise
rollers are indicated by these POD modes.

The L2-norm distribution of the pressure modes for the tra-
pezoidal rib is given in Figure 23(a). A faster exponential decay
of the L2-norm from the most energetic modes to the less ener-
getic higher modes is observed compared with the velocity
POD modes of the rib as shown in Figure 21(a). The energy
contribution of the first 20 modes is presented in Figure 23
(b). The first mode corresponds to the mean pressure, contain-
ing more than 35% of the total energy, while the higher modes
contribute less than 2% of the total pressure energy. The

temporal coefficient and the frequency spectrum of Mode 2
are shown in Figure 23(c,d). Low frequencies of the mode
are observed. PODModes 3 and 4 appear in pair which is indi-
cated by their similar broadband frequency distribution of the
temporal coefficients.

Figure 24 shows the pressure POD Modes 2–10 for the tra-
pezoidal rib. They contain 10% of the total pressure energy in
the 2D plane. The single Mode 2 is presented in Figure 24(a),
and Figure 24(b,c) shows the most energetic pair of modes
(Modes 3 and 4). The wave-packets are also shown, and
their length scales are decreasing with higher modes. The
high order POD modes are shown in Figure 24(d–i) and
they are mostly located around the shear layer of the wake
flow. Furthermore, the attachment of the fluctuations to the
bottom wall is observed in these high order modes.

3.3.1.3. The rectangular rib. Figure 25(a) shows the energy dis-
tribution of the velocity POD modes for the rectangular rib. It
also has an exponential decay from lower order modes to higher
order modes. Figure 25(b) shows the energy containing in the
first 20 modes. The mean flow represented by the first mode

Figure 29. Reynolds stress of four quadrant plots of the POD modes: (a) Mode 2, (b) Mode 3, (c) Mode 4 and (d) Mode 5 for the square rib. (This figure is available in
colour online.)
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contributeswith 35%of the total kinetic energy, while thefluctu-
ationmodes have less than 1% of the total energy. The temporal
coefficients of Modes 2 and 3 are given in Figure 25(c,d), which
show the low frequency of the two modes. However, compared
with those of the square and trapezoidal ribs, wider frequency
distributions are observed for the two modes, indicating a
more chaotic behaviour. Figure 25(e,f) displays the temporal
information of the following pair of Modes 4 and 5. It is
shown that the corresponding frequency spectra of this pair
have wide distribution within the low frequency range.

The most energetic pair of modes of the velocities in the
streamwise plane (Modes 2 and 3) is shown in Figure 26(a–
d) while the following pair (Modes 5 and 6) is given in
Figure 26(e–h). The large-scale structures of the first pair
are located far from the rib around x/H = 10 � 15. The
streamwise and the cross-stream velocities of the first pair
shows similar large-scale rollers structures convected down-
stream. Their streamwise length-scales are smaller than the
first pair of modes of the square and trapezoidal ribs.
The second pair displays shorter length scale compared
with the first pair.

The L2-norm distribution of all the pressure PODmodes for
the rectangular rib is shown in Figure 27(a). It has a faster expo-
nential decay of the energy compared to the energy distribution
of the velocity POD modes. The L2-norm contribution of the
most energetic modes is presented in Figure 27(b). The first
mode corresponds to the mean pressure, contributing with
37% of the total energy, while each of the following modes con-
tributes less than 2% of the total energy. Figure 27(c) shows the
temporal coefficients of the pair ofModes 2 and 3 which show a
chaotic behaviour. The frequency spectra of the first pair of
modes is displayed in Figure 27(d) and they are more distribu-
ted in high frequency range compared to the other ribs.

The first four pairs of the fluctuation pressure POD modes
for the rectangular rib are shown in Figure 28. In total, they
have 13% of the pressure energy in the 2D plane. Figure 28(a,
b) shows the first pair of modes (Modes 2 and 3) with a length
scale close to the height of the large recirculation motion. The
next two pairs of POD modes are shown in Figure 28(c–f)
(Modes 4–7). They have higher streamwise wavenumber and
are located on the edge of the shear layer. Also, small-scale

Figure 30. Reynolds stress of four quadrant plots of the PODmodes: (a) Mode 2, (b) Mode 3, (c) Mode 4 and (d) Mode 5 for the trapezoidal rib. (This figure is available in
colour online.)
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turbulent structures can be seen in Figure 28(g,h), Modes 8 and
10, on the shear layer close to the rib.

3.3.2. Quadrant analysis of velocity POD modes along
the streamwise direction
A quadrant analysis of the most energetic fluctuation POD
modes of streamwise and the cross-stream velocities in the
XY-plane is performed to obtain detailed information of the
contributions of fluid motions to the turbulence production
in the wake flow. If u . 0 and v . 0, these events are found
to be in the first quadrant and correspond to the outward
motion of fluid (Q1 motion). If u , 0 and v . 0, they are
located in the second quadrant and correspond to the ejection
motion of the fluid (Q2 motion). If u , 0 and v , 0, they are
in the third quadrant and are correlated to the inward motion
of the fluid (Q3 motion). Finally, if u . 0 and v , 0, they are
found to be in the fourth quadrant, and they correspond to
sweeps of the fluid (Q4 motion).

Figures 29–31 show the Reynolds shear stress of four
quadrant plots of the first four POD fluctuation modes of
all the ribs. The Reynolds shear stress is averaged in the

streamwise direction in the wake region. It can be seen
that for all analysed POD modes, there is a significant dom-
inance of the gradient-type motions (Q2 and Q4) to the Rey-
nolds shear stress over the counter-gradient-type motions
(Q1 and Q3). These behaviours were also reported in Wal-
lace et al. (1972) and Cai et al. (2009) in turbulent channel
flows. Modes 2 and 3 mainly capture Q4 events which rep-
resents the sweep of high-momentum fluid towards the bot-
tom wall. These sweep motions are mainly located around
1 , y/H , 2 for the square rib while located around
y/H , 1 below the shear layer for the trapezoidal and rec-
tangular ribs. Modes 4 and 5 tend to show dominant Q2
and Q4 events which represents the ejection of low-momen-
tum fluid and the sweep of high-momentum fluid towards
the bottom wall, respectively. They are mainly located
around 1 , y/H , 2 for all ribs. Furthermore, for the square
rib, the contributions of the Q2 and Q4 events to the Rey-
nolds shear stress are low in Mode 5, however, for the trape-
zoidal and rectangular ribs, their contributions are still
strong.

Figure 31. Reynolds stress of four quadrant plots of the PODmodes: (a) Mode 2, (b) Mode 3, (c) Mode 4 and (d) Mode 5 for the rectangular rib. (This figure is available in
colour online.)
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Figure 32. The mean value of 1ortho of the ten most energetic modes between different sets of snapshots of the velocity modes based on: (a) number of snapshots; (b)
DtPOD of the velocity modes at Lx,POD = 1H behind the ribs; (c) number of snapshots; (d) DtPOD of the velocity modes at Lx,POD = 6H behind the ribs.

Figure 33.Modal decomposition of the velocities at Lx,POD = 1H: (a) energy of modes; (b) energy contribution of most energetic modes; (c) coefficients of Modes 2 and
3 and (d) frequency spectra of Modes 2 and 3.
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Figure 34. POD modes of the velocities at Lx,POD = 1H after the square rib: (a, b) POD Mode 2; (c, d) POD Mode 3; (e, f) POD Mode 4; and (g, h) POD Mode 5 with the
cross-stream velocities (a, c, e, g) and the spanwise velocities (b, d, f, h). (This figure is available in colour online.)
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3.3.3. Proper orthogonal decomposition analysis on ZY
planes
To further investigate the 3D characteristics of the coherent
structures in the wake flows, POD analysis can also be
applied to velocity components (v, w) on ZY planes. Two
planes are chosen with distances of Lx,POD = 1H and 6H to
the back face of the ribs, as shown in Figure 14. The total
number of the spatial points of each snapshot ranges from
12,342–15,972 depending on the rib shapes and meshes on
the planes. A convergence study of the most energetic
modes is done in order to determine an acceptable number
of snapshots and time step. Figure 32 shows the mean
value of 1ortho of the ten most energetic POD modes of all
geometries between different numbers of snapshots and the
time step. It can be seen that an acceptable convergence
can be achieved when DtPOD is 0.5 and a total of 1600 snap-
shots are used to conduct the analysis for each bottom-
mounted rib.

3.3.3.1. The square rib. The energy distribution of all the vel-
ocity POD modes with Lx,POD = 1H is shown in Figure 33(a),
while the energy contribution of the 20 leading modes is pre-
sented in detail in Figure 33(b). The first mode also corre-
sponds to the mean flow, contributing with more than 9% of
the total energy, while the following modes contribute with
less than 2% of the kinetic energy of the flow in the 2D plane.

Contours of the POD velocity modes with Lx,POD = 1H are
shown in Figure 34: (a) and (c) show the first pair of the fluctu-
ation modes (Modes 2 and 3), while (e) and (g) show the
second pair (Modes 4 and 5) of the cross-stream velocity.
The two modes of each pair have similar level of energy as
shown in Figure 33(b) indicating the downstream convection
of the flow modes. Both pairs show a strong shear layer
above the rib height which is located on the edge of the
wake flow. Figure 34(b, d, f, h) displays the spanwise velocity
contours of Modes 2, 3 andModes 4, 5, showing more complex

Figure 35. Modal decomposition of the velocities at Lx,POD = 6H: (a) energy of modes, (b) energy contribution of most energetic modes.

Figure 37. Modal decomposition of the velocities at Lx,POD = 1H after the trapezoidal rib: (a) energy of modes; (b) energy contribution of most energetic modes.
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Figure 38. POD modes of the velocities at Lx,POD = 1H after the trapezoidal rib: (a, b) POD Mode 2; (c, d) POD Mode 3; (e, f) POD Mode 4; and (g, h) POD Mode 5 with the
cross-stream velocities (a, c, e, g) and the spanwise velocities (b, d, f, h). (This figure is available in colour online.)
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turbulent structures which indicates a chaotic flow in the span-
wise direction inside the near wake region.

The energy distribution of the velocity POD modes at
Lx,POD = 6H behind the square rib is shown in Figure 35(a).
An exponential decay of the energy distribution with the
mode number is observed and the energy contribution of the
most energetic modes is presented in Figure 35(b). It can be
seen that only fluctuation modes appear since the mean values
for v, w are small at this streamwise location.

Contours of the POD velocity modes with Lx,POD = 6H
downstream the square rib are shown in Figure 36 and all of
them can be considered fluctuation modes. For the first pair
of Modes 1 and 2, the structures occupy the whole area of the
wake region. Large-scale positive and negative regions of the
cross-stream velocity indicate strong downwards and upwards
flows. Together with the spanwise velocity as shown in Figure
36(b,d), Modes 1 and 2 represent large-scale streamwise vor-
tices. Modes 3 and 4 of the second pair have smaller length-
scale comparing with Modes 1 and 2. The modes shapes also
represent streamwise vortices with a smaller spanwise length.

3.3.3.2. The trapezoidal rib. The energy distribution of the vel-
ocity modes at Lx,POD = 1H downstream the trapezoidal rib is
given in Figure 37(a), showing the exponential decay of energy
from lower modes to higher modes. The energy contribution
of the first 20 modes is presented in Figure 37(b). The first
mode, corresponding to the mean flow, contains 8% of the
total energy, while each of the high order POD modes contrib-
ute with less than 2% of the energy. Contours of the POD vel-
ocity modes at Lx,POD = 1H behind the trapezoidal rib are
shown in Figure 38. Figure 38(a–d) shows two most energetic
single fluctuation modes (Modes 2 and 3), while (e) to (h)
show the pair of Modes 4 and 5. The complex and chaotic
flow behaviours are shown in these modes. Figure 39(a)
shows the energy distribution of all the velocity POD modes
at Lx,POD = 6H behind the trapezoidal rib with a lower expo-
nential decay compared with that at Lx,POD = 1H. However,
different from that of the square rib, the energy fraction of
the first mode given in Figure 39(b) is around 2% of the

total energy of the two components in the 2D plane and it
still can represent the mean flow. Figure 40(a–h) gives the
first two pairs of the cross-stream and spanwise velocities of
POD modes (Modes 2, 3 and Modes 4, 5) at Lx,POD = 6H
downstream the trapezoidal rib with structures distributed
throughout the centre part of the wake region. The first pair
clearly shows large-scale streamwise vortical structures with
low spanwise wavenumber while the second pair also displays
strong streamwise vortical structures with relatively higher
spanwise wavenumber.

3.3.3.3. The rectangular rib. Figure 41(a) shows the energy dis-
tribution of all velocity POD modes at Lx,POD = 1H after the
back face of the rectangular rib with an exponential decay.
The energy contribution of the first 20 modes is shown in
detail in Figure 41(b) with the first mode dominating the
flow with 9% of the total energy in the 2D plane, while each
of the following fluctuation modes contain less than 2% of
the energy contribution. POD velocity modes at Lx,POD = 1H
after the rectangular rib are shown in Figure 42 and give com-
plex flow structures: (a) to (d) show the fluctuation Modes 2
and 3 with strong structures around the shear layer at
y/H � 2 with a few vortical structures inside the near wake
region. This pair of modes does not seem to have significant
large-scale turbulent structures inside the wake region.
Modes 4 and 5 are displayed in Figure 42(e–h) showing a
large-scale cross-stream length vortical structure centred at
the rib height.

The energy distribution of all velocity POD modes at
Lx,POD = 6H after the back face of the rectangular rib is
given in Figure 43(a). The energy contribution of the first
20 modes is shown in Figure 43(b) with the most energetic
mode contributing with only 2.5% of the kinetic energy,
however, it can be considered a representation of the
mean flow. The following modes contain less than 2% of
energy contribution individually. Contours of the POD vel-
ocity modes at Lx,POD = 6H downstream the rectangular
rib are shown in Figure 44: (a,b) show the single mode of
the fluctuation Modes 2. The cross-stream velocity of

Figure 39. Modal decomposition of the velocities at Lx,POD = 6H after the trapezoidal rib: (a) energy of modes; (b) energy contribution of most energetic modes.
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Figure 40. POD modes of the velocities at Lx,POD = 6H after the trapezoidal rib: (a, b) POD Mode 2; (c, d) POD Mode 3; (e, f) POD Mode 4; and (g, h) POD Mode 5 with the
cross-stream velocities (a, c, e, g) and the spanwise velocities (b, d, f, h). (This figure is available in colour online.)
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Figure 42. POD modes of the velocities at Lx,POD = 1H behind the rectangular rib: (a, b) POD Mode 2; (c, d) POD Mode 3; (e, f) POD Mode 4; and (g, h) POD Mode 5 with
the cross-stream velocities (a, c, e, g) and the spanwise velocities (b, d, f, h). (This figure is available in colour online.)
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Mode 2 represents spanwise uniform downward flow in the
wake and the spanwise velocity of this mode represents the
flow towards the two spanwise directions. The following pair
of Modes 3 and 4 is shown in Figure 44(c,d) and (e,f) repre-
senting streamwise vorticities. Figure 44(g,h) displays Mode
5 which represents an ejection motion in the wake flow.

4. Conclusion

In the present study, Spalart-Allmaras Delayed Detached-eddy
simulations of flows over three different bottom-mounted ribs
subjected to a boundary layer with a thickness of d/H = 0.73
at Re = 1.0× 106 are carried out. Convergence studies based
on the time- and spanwise-averaged hydrodynamic quantities
CD and CL are performed to determine the grid and time step
resolutions. The time- and spanwise-averaged streamwise vel-
ocities behind the square rib and the location of the maximum
time- and spanwise-averaged streamwise velocity fluctuations
were compared with the experimental data reported by Liu
et al. (2008) and a generally good agreement is achieved. The
present predicted CD and the recirculation length Lw behind
the square rib are in good agreement with the numerical
results reported by Tauqeer et al. (2017). Results of the hydro-
dynamic quantities and the turbulent wake flow were analysed.
2D proper orthogonal decomposition of the velocities and the
pressure is used to extract the most energetic modes and care-
ful convergence studies have been carried out to determine the
total number of snapshots and the time step between the snap-
shots. The main conclusions can be outlined as follows:

(1) The complexity of the vortical structures is reduced for the
rectangular and the trapezoidal ribs compared with the
square rib, resulting in reduced pressure differences of
the rectangular and trapezoidal ribs and thus lower drag
coefficients compared with the square rib.

(2) A positive correlation between the time-histories of CD

and CL for the three structures is observed. The stream-
lines of the time- and spanwise-averaged flows for the
three ribs display large recirculation motions behind the

ribs. The square rib produces the longest recirculation
motion among the three ribs. There are two small recircu-
lation motions in front of the ribs and in the corner of the
back face of the ribs for the square and rectangular ribs
while for the trapezoidal rib, the flow streamlines are
attached to the rib surface with no other small recircula-
tion motion.

(3) A spectral analysis employing the Welch’s method is car-
ried out. For the square rib, a dominant frequency peak is
observed at St ≈ 0.4, which is associated with the K-H
instability of the shear layer. Another peak at St ≈ 0.2 is
observed and it is related to the vortex pairing in the sep-
aration bubble. A clear Strouhal number of St ≈ 0.3 is
obtained for the trapezoidal rib, which is associated with
the K-H instability. For the rectangular rib, the K-H
instability mode is obvious at a frequency of St ≈ 0.7
and the vortex pairing mode is observed at St ≈ 0.25. In
addition, a low-frequency mode of St ≈ 0.04 � 0.06 is
observed at y/H = 1.5 for the three ribs, which may cor-
respond to the flapping of the separation bubble.

(4) The energy contained in the POD modes show an expo-
nential decay from the first modes to the higher modes.
For the flow velocity components and pressure at the
2D XY plane, the first mode corresponding to the mean
flow contains more than 30% of the total energy. Most
of the POD modes of the velocities and pressure fluctu-
ation display in pairs indicating the downstream convec-
tion of the flow structures. The first pair of fluctuation
POD modes shows strong shear layer stemming from
the rib. High order fluctuation modes on this XY plane
display a wave-packet form of structures with alternate
positive and negative value regions and their length scales
decrease with the increasing order. The structures of the
high order pressure modes are mainly located around
the shear layer of the wake flow.

(5) Quadrant analysis of the most energetic fluctuation POD
modes of streamwise and the cross-stream velocities in the
XY-plane shows a significant dominance of the gradient-
type motions (Q2 and Q4) to the Reynolds shear stress

Figure 43. Modal decomposition of the velocities at Lx,POD = 6H after the rectangular rib: (a) energy of modes, (b) energy contribution of most energetic modes.
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Figure 44.Modal decomposition of the velocities at Lx,POD = 6H after the rectangular rib: (a, b) POD Mode 2; (c, d) POD Mode 3; (e, f) POD Mode 4; and (g, h) POD Mode
5 with the cross-stream velocities (a, c, e, g) and the spanwise velocities (b, d, f, h). (This figure is available in colour online.)
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over the counter-gradient-type motions (Q1 and Q3) for
all ribs. Moreover, the two most energetic fluctuation
modes mainly capture Q4 events located below the shear
layer and the following two modes show dominant Q2
and Q4 events.

(6) The POD modes of the cross-stream and spanwise vel-
ocities at the two YZ planes are analysed. With a distance
of 1H to the ribs back face, the POD modes are mainly
located around the shear layer. For the square rib, with
a distance of 6H to the rib back face, due to the small
mean value of the cross-stream velocity and the zero
mean spanwise velocity, there is no POD mode for the
mean flow and the POD modes of the velocities represent
streamwise vorticities with different length-scales. For the
trapezoidal and rectangular ribs, the first mode corre-
sponds to the mean flow and the fluctuation modes also
display streamwise vortices. These streamwise vortical
structures indicate the strong motions in the spanwise
direction.
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