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ABSTRACT

Two-dimensional Reynold Averaged Navier Stokes (RANS) turbulence model
simulations for a flow past a square block with Re = 21400 are presented in this paper. An
available modified k-¢ turbulence model, which is an improved version of the standard k-
¢ turbulence model, is applied to simulate experiment cases of vortex shedding around a
square block. The performance evaluation of the modified model is conducted by
assessing its results with the results of the standard k-¢ turbulence model based on the
similarity with the experiment measurement data. It is found that the modified model
improves the drag coefficient by about 16%, the Strouhal number by about 1.5%, and the
length recirculation zone by about factor two compared to that of the standard model. The
RMSE values indicate a significant improvement of the time averaged velocity along the
centre line by about 59% and the velocity profile above the square block by about 6%
when the modified model is applied. Generally, the modified k-¢ model indicates
advantages compared with the standard k-¢ model. However, discrepancy is found
between the model result and the experiment observation for the free stream velocity at
downstream and it may be necessary to consider the 3D effect on turbulent fluctuation in
further studies.
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INTRODUCTION

The periodical vortex shedding that occurs when a flow passes a square block is greatly
relevant in the field of engineering hydraulic design. In engineering practice, the
economical and safe design of various structures, such as bridge piers, tower, chimneys,
and offshore platforms, which are exposed to fluid flows requires a reliable calculation
method for predicting the magnitudes, directions, and frequency of forces on the structure
as well as for predicting the velocity fluctuation of the flow around the structure [1]. The
task to predict a flow past a structure is not easy to be solved because it encompasses
complex phenomena, such as separation and reattachment, unsteady vortex shedding and
bimodal behaviour, high turbulence, large-scale turbulent structures, as well as curved
shear layers [2]. The accuracy and quality of vortex shedding in the computation
modelling of flow past a square body is significantly depend on the turbulent model [3].
Different types of turbulence models have been developed and supported by the rapid
development of software and hardware technology. Hence the use of the models in
computation fluid dynamics has made it possible to solve many fluid flow application
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problems. Turbulent models, such as the Direct Numerical Simulation (DNS) presented
by Speziale et al. [4], Saha et al. [5], Saha et al. [6], Trias et al. [7], and Idris et al. [8], the
Reynolds Averaged Naiver-Stokes (RANS) by Bosch and Rodi [3], Saha et al. [9], Shih
et al. [10], Wright and Easom [11], Li et al. [12], and Elkhoury [13], and the Large Eddy
Simulation (LES), such as works by Murakami and Mochida [14], Rodi [2], Bouris and
Bergeles [15], Yu and Kareem [16], Yong et al. [17], Yagmur et al. [18], and Bai et al.
[19] are commonly used in engineering applications. The DNS method, which computes
all size of eddy motion and does not need a turbulent model to solve the Reynolds stress,
is valid only for flow with a low Reynolds number, Re, less than 10* and requires an
enormous number of grid points to capture all scales resolution about Re® [2]; hence, the
computation of DNS is uneconomical. For high Reynolds number cases, the LES can be
applied to calculate a large scale of vortex shedding, however it cannot compute the small-
scale eddies, and as a result, energy is dissipated [20]. The problem can be solved in two
ways, firstly by implementing the subgird scale model to define turbulent stresses and
secondly by introducing a certain amount of numerical dissipation of energy withdrawal.
The treatment of LES can accurately simulate the turbulent flow but is computationally
expensive.

The RANS equations are solved to determine the phase-averaged quantity of the
flow motion and the superimposed random turbulent fluctuation is simulated with a
stochastic turbulent model. Various turbulent models have been developed including the
k- turbulence model [21-23], Reynolds stress equation (RSE) model [20], and standard
k-¢ turbulence model introduced by Launder and Spalding [24]. The RANS model with
the standard k-¢ turbulence model has been widely used for engineering practice because
of its computational efficiency and simple discretization [25]. Various engineering
applications of computational fluid dynamic have been successfully implemented by
using the standard k-¢ turbulence model [26-32]. The model has a fairly good performance
for computing boundary layer flows [10, 33-35]. However, Franke and Rodi [36] found
that the standard k-¢ turbulence model depicted an unrealistic prediction of the shedding
motion due to the overestimate of turbulent kinetic energy in the impinging region. Rodi
[2] and Murakami and Mochida [14] have reported that the standard k-¢ turbulence model
overestimates the length of the reverse flow zone or the separation zone considerably.
Kato and Launder [37] proposed a modification of the k-¢ model by rearranging the
turbulent Kinetic energy production term. It was reported that the model effectively
improved the prediction of Kinetic turbulent energy in the stagnation region and the length
of the recirculation zone [2, 9, 14].

The aim of the present study is to assess the performance of the modified k-¢
turbulence model and compare its simulation results with those of the standard k-¢ model.
The LDV experiment measurement of turbulent flow around a square block by Lyn et al.
[38] with Re = 21,400, which is a relatively high Reynolds number case, is used as the
simulation case. Both the standard and the modified k-¢ turbulence models use an
identical numerical domain and a similar set up of boundary conditions. The
instantaneous turbulent Kinetic energy and vorticity contour plots of both turbulence
models are compared to evaluate the vortex shedding generation. The drag coefficient,
the shedding frequency, the Strouhal number, and the streamwise and the transverse time-
averaged velocity, as well as the length of the recirculation zone are considered as the
basis parameters of the model performance and will be compared with the experiment.
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METHODS AND MATERIALS

Mathematical Model
At high Reynolds number flows, the stochastic turbulent fluctuations ¢’ of the three-

dimensional flows are superimposed on the periodic unsteady motion (g(t)) of the vortex
shedding. In the wake behind a block square where the vortex shedding occurs, the
instantaneous flow component ¢(t) will be detected with a periodic component of the
vortex shedding period Tp and the turbulent fluctuation component ¢ will be
characterised with a turbulent fluctuation time scale T:. The direct numerical simulation
cannot calculate the superimposed stochastic turbulent fluctuation. Large eddy
simulations can only directly compute the low frequency part of the stochastic motion
and the unresolved high frequency part can be simulated with an additional subgrid scale
model. The simulation of LES with an additional model will be very expensive [3].
Figure 1 describes that the instantaneous flow component ¢(t) is the combination of the
time mean component 4, the periodic component 4(t), and the turbulent fluctuating
component ¢'. The time mean and the periodic component assemble the averaged

component or the phase-averaged (g)(t).

#t)=9 +(t)+¢ =(g)t)+ ¢ (1)

.......... -

(1)

3 >

t

Figure 1. Decomposition of the phase averaged and stochastic turbulent fluctuation
components of the vortex shedding flow.

The Reynolds averaged Navier Stokes (RANS) equations resolve the phase
averaged velocity and pressure components of the flow past the bluff body and the
superimposed stochastic turbulent fluctuating component is computed with a turbulence
model. The arrangement of phase-averaged continuity and momentum equations
described by Bosch and Rodi [39] can be written as follows:

A o @
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where t is time, X; is the coordinate direction; <ui> is the averaged velocity component, U’

is the turbulent velocity, <p> is pressure, p is the density of the fluid, v is the kinematic

viscosity, 1t is the turbulent eddy viscosity, and vess is the effective viscosity.
The Reynolds stress or the phase averaged products of turbulent velocity
fluctuations (uu;) [37] shown in the momentum equation are calculated with the

Boussinesq eddy viscosity approximation.

<u.'u:>—vl[@+@]—3<k>5u ©
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The kinematic eddy viscosity 1t in the standard k-¢ turbulence model is calculated
from the following equation.

v.=C g——— (6)

Equation (5) shows that the Reynolds stress is related to the kinematic eddy
viscosity v¢ which depends on the turbulent kinetic energy k and the turbulent energy

dissipation rate ¢. The spatial and the temporal distribution of (k)and (&) values are

determined with semi empirical transport equations referred to as the standard k-¢ model
introduced by Launder and Spalding [24].
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where the values of the model coefficients are C,=0.09, Ca =1.44,C»=1.92, ox = 1.0,
o = 1.3. The standard k-¢ turbulence model computes the production term Py in the Eq.
(8) as follows:

P, =C,(&)s’ (©)
-

Franke and Rodi [36] indicate that the standard k-¢ turbulent model over estimate
of the turbulent kinetic energy production in the stagnant region is caused by the incorrect
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calculation of the normal stresses in the isotropic eddy viscosity model. Kato and Launder
[37] introduced a modification of the production term of Pk by replacing one strain stress
term S with a vorticity term Q.

P, =C,{)sQ (11)
- Al

Craft et al. [40] suggested a further modification whereby Cu depends on the strain
rate parameter S. The non-constant expression of Cu indicates that it decreases as the
strain rate S increases; however S is restricted to have a maximum value that is equal to
20.

C,=min| 0.09, 03 - (13)
! (1+0.355™)

S’ =min[20,S] (14)

The RANS equations including the turbulence model are discretized with the
finite difference written in the CADMAS-SURF code [41]. The method applies the
Cartesian staggered grid according to a code developed by Isobe et al. [42]. The Navier-
Stokes Equation is solved with the Simplified Marker and Cell Method (SMAC) by
Amsden and Harlow [43] to calculate velocities and the pressure component. The
advection and diffusion fluxes are respectively determined with the donor scheme and
second order central difference scheme, while the pressure term is evaluated with the
forward scheme. The Euler method was applied to solve the time integration of the model.

Computational Setup

Lyn et al. [38] used a closed water channel and put a square obstacle with diameter (R)
that was equal to 4 cm inside the channel. The LDV was used to record the instantaneous
velocity. The constant velocity input, Uo, was 0.535 m/s which gave a Reynolds number
(Re = UoR/v) equal to 21400.

U y A
V—O0 < 10R i< 20R >
op - o
® -0 RIo— T g
X - X
k=k R
T %:0 v=0
oy

Figure 2. Computational domain.
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The two-dimensional simulation of the flow past a square bluff body is conducted
in a domain which has a dimension of 30R in the x direction and 14R in the y direction,
see Figure 2. The flow past the square block is a complex flow due to the large-scale
periodicity of the separation. The model is expected to give a high accuracy prediction of
the complex flow around the obstacle. In this study, the computational domain, which
consists of 116 x 95 cells, is used to obtain enough accuracy of the complex turbulent
flow. The size of the first grid near the wall boundaries was R/21 (about 1.9 mm). The
expansion criterion of the grid is 0.9 < Axm/AxXm-1< 1.1, which is suggested by Kimura and
Hosoda [25], where m is the grid number. The schematic of the domain can be found in
Figure 3.
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Figure 3. Numerical grid for the flow past a square block.

At the top and bottom of the simulation domain, the slip condition is used for the
velocities and the normal gradient that equals to zero is used for p, k, and & The zero
normal gradients are used for the boundary conditions for velocities, pressure, k, and ¢ at
the right boundary. At the surface of the square body, the standard logarithmic law is
applied for velocities, the zero-normal gradient is applied for determining the pressure,
and the values of k and ¢ are determined by the wall function method. The uniform
profiles of the streamwise velocity component with u = U, and the transverse velocity
component with v = 0 are applied at the inflow. The level of turbulent intensity, Ty, at the
left domain is 2% similar with the value used by Lyn [44]. The value of k at the left
boundary is determined based on the level of turbulent intensity by Younis and Przulj [1]
and calculated by the following equation:

K = g(u')z (14)
where
=Y (15)
" U

u”is the fluctuation velocity component. The inflow magnitude of the dissipation rate, &,
is calculated by using Eq. (6). The ratio of w/v =10 similar with a value applied by Bosch
and Rodi [39] is adopted to determine the value of w1 at the boundary.
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RESULTS AND DISCUSSION

Figure 4 depicts the instantaneous turbulence kinetic energy <k> around the square block

in the case of two different types of turbulence models. The contour plots of (k)are not

captured in the same angle phase, but they were taken after 60.74 seconds of the
simulation time. It can be seen from the figure that the models can give a good
representation of the vortex shedding mechanism. The kinetic energy production is
vigorous near the wake of the square block where the high gradients of velocity are taking
place. It proves that the magnitude of the turbulence kinetic energy depends to the
generation of the shear around the square block [9].
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Figure 4. Instantaneous turbulent Kinetic energy, <k> (a) Standard k-¢ turbulence

model, (b) Modified k-¢ turbulence model
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Figure 5. Instantaneous vorticity contour, <a)> . (a) Standard k-¢ turbulence model, (b)

Modified k-¢ turbulence model.
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The contour lines indicate that the standard k- model produces excessive
turbulence kinetic energy in the vicinity of the stagnant region in front of the square block

and the <k> pattern in front of the block is corrected when the production term was

adjusted in the modified k-¢ model of Kato and Launder [37]. The snapshots of the
instantaneous vorticity distributions (@ = Al/ldy - Xlox) near to the square block are
presented in Figure 5. Both turbulence models show a correlation of the vorticity fields
with the kinetic energy patterns. It seems that the modified k-¢ model generates stronger
vortex shedding indicated by an increased number of curvature vorticity contours while
the standard model shows slightly long stretched vortices. Bosch and Rodi [3] have
reported similar results indicating that the peak of vorticity increases when one strain
stress term S is replaced with a vorticity term Q for calculating the production term of Pk.

15

45 20 25 30
t (second)

Figure 6. Calculated drag coeficient, <Cd> , (a) Standard k-¢ turbulence model, (b)
Modified k-¢ turbulence model.

The time evolutions of the drag coefficient <Cd> computed by the standard k-

model and the modified k-¢ model are shown in Figure 6. It seems that the simulations
need a spin up time to produce fully developed vortex shedding. The modified k-¢ model
evokes the fully developed vortex shedding faster than the standard model. The standard
k-¢ model indicates that the vortex shedding is completely formed after about 27.0
seconds from the starting time of the simulation and the modified k-¢ model result shows
that the fully developed vortex shedding is formed about 17.0 seconds after the beginning
of the simulation. A short spin up time to reach the equilibrium state of turbulent flow has
an advantage because it will reduce the simulation time and the computation work
becomes inexpensive. Figure 6 pointed out that the fluctuation of the drag coefficient of

the modified k-¢ model is more vigorous, where its average value of C_d is 1.787 and the
maximum and minimum values of (C,)are 1.880 and 1.694, respectively. (C,) of the
standard k- model has a small variation where the maximum value of (C,) is equal to
1.451 and the smallest magnitude of <Cd> is 1.446. The mean value of the drag coefficient

C_dof the standard k-¢ turbulent model is 1.448. Table 1 presents the comparison of the
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vortex shedding parameters of the experiment data and four computation results, i.e. the
standard k-¢ turbulence model, modified k-& turbulence model, large eddy simulation
(LES) model [15], and Reynolds stress equation (RSE) model [20]. The magnitude of the
drag coefficient indicates an improvement of about 16% by the modified k-¢ model

compared to that of the standard k-¢ model. Surprisingly, the C_d of LES and RSE models
seem 19% and 17% better than the C, of the modified k-¢ model and their values are
almost similar to the C, of the experiment by Lyn [44], see Table 1.

Table 1. Vortex shedding parameters.

Methods C, f(Hy) St
Experiment [44] 2100 1.77  0.132
Standard k-¢ 1.448 1.80 0.134
Modified k-¢ 1.787 1.76 0.132
LES [15] 2.180 1.79 0.134
RSE [20] 2.150 1.82 0.136
;
a.
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Figure 7. Evolution of the nondimensional transverse component velocity, <v>/U
(a) Standard k-& turbulence model, (b) Modified k-¢ turbulence model.

0!

The frequency of vortex shedding is calculated by using the y direction velocity v
which is recorded at x/R = 2.26 and y/R = 0.0. This point is appointed because it is located
at the middle of the y direction. Hence, it makes it possible to get a symmetrical time

series record of v. Figure 7 shows the time series records of (v)/U, for both the standard
k-¢ turbulence model and the modified turbulence k-¢ model and they indicate
symmetrical trends of the time series of the transverse velocities. Figure 8 illustrates that
the amplitude of <v>/U0 obtained from the standard k-¢ model is 0.20 and that of the
modified k-e model is 0.69. The standard k-¢ model seems to produce a weak oscillation
of v. It seems that the incorrect calculation of the turbulent fluctuation by the standard k-

¢ model propagates low momentum exchanges to the transverse direction [20] and
induces the magnitude of the transverse velocity component v. In contrast, the modified
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k-¢ turbulence model with the appropriate definition of the production term in the
turbulence kinetic energy equation produces a vigorous oscillation of the transverse
velocity v.
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Figure 8. Frequency of vortex shedding calculated from <v>/U0 , (a) Standard k-¢
turbulence model, (b) Modified k-¢ turbulence model.

Figure 8 presents the spectrum of the vortex shedding frequency which can be
identified at the maximum value of the amplitude <v>/U0 . The shedding frequency f of

the standard k-¢ model is 1.80 H, and the f of the modified k-¢ model is 1.76 H,. The
modification of the turbulence model seems to improve the shedding frequency by
reducing the f values to be nearly similar with the frequency obtained from the experiment
of Lyn et al. [38]. The shedding frequency f is associated with a time that is needed to
form a vortex behind the square block. It is found that the standard k-& turbulence model
generates a vortex at every 0.56 seconds and faster than the modification k-¢ turbulence
model does, whereby the modified k-¢ model forms a vortex at every 0.57 seconds. The
time scale of the eddy turnover is associated with the vortex shedding period, which is
expressed as Tp=L/iz, where L is the eddy length scale and # is the averaged value of the
periodic velocity. The relation of L and ¢ is defined by &= @/L. An overestimate of k by
the standard k-& model yields miscalculations of and L; as a result, the vortex shedding
period will be incorrect [45]. The accuracy of the vortex shedding prediction is also
represented with the Strouhal number (S¢ = fR/U,), see Table 1. The modified k-&
turbulence model gives a relatively similar St value with that of the experiment of about
0.132. It seems that the standard k-& turbulence model overtimes S; account for about
1.5%. The overprediction of St is also yielded by the LES and RSE models about 1.5%
and 3.0%, respectively. The comparison of the Strouhal number between the standard k-
& and the modified k-& turbulent models proves that the implementation of a vorticity
term Q to replace one strain stress, S, improves the simulation prediction of the vortex
shedding flow past a square block.
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Figure 9 presents the non-dimensional time-averaged streamwise velocity along
the domain centreline of the two present simulation results and can be used to determine
the length of the separation zone or the recirculation zone behind the square block. The
numerical simulation results of vortex shedding past a square block by Rodi [20] using
the Reynolds stress equation model (RSE) and by Bouris [15] using the large eddy
simulation (LES) are also included in Figure 9. The experiment measurement of the
vortex shedding is available behind the cube and shows that the rotating flow occurred

from x/R = 1 until 4, after that U /U, is relatively constant at about 0.6 until the end of

the tank. Behind the obstacle for x/R > 4, the magnitude of time-averaged streamwise
velocities is reduced by 40% compared to the free stream input velocity. The vortex street
appears behind the block as a result of massive separation and produces a reverse flow
and velocity fluctuations. The flow conditions behind the square block lead the
momentum to be distributed in any direction. Thus, the velocity in the streamwise
direction is reduced.

0-8\\ ".'. ’.0..:::.;2_0-00“ ________________
. .oo”‘_,
06 :‘ 05.:,;:’,“33"“'“ e S T
\ ."e'. ‘t*‘* *
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Figure 9. Predicted and experiment measurement of the time averaged streamwise
velocity components U /U, aty/R =0.0

It can be concluded from the simulation results that vortex shredding occurs after
the block. The standard k-¢ turbulence model overestimates are about two times larger
than the recirculation zone behind the square block compared with the measurement data.
It was described in Kato and Launder [37] that the standard k-& model leads a weak
periodic motion as a consequence of a lack momentum exchanges, resulting in a much
longer time-mean separation zone [20]. It can be seen that the rotating flows of the
standard k-& model, which can be identified by the curve line of stream wise velocity,
dominantly occur at x/R =1 to 8. Conversely, the RSE and LES models predict
increasingly short recirculation zones, about 35% smaller than those of the experiment.
Even though the LES model shows a better result than the RSE model, the LES
overpredicted the streamwise free stream velocity at the downstream by about 35%
compared with that in the experiment. In addition, the difference of the free stream
velocities downstream between the results of the RSE model and the experiment
measurements is 44%. In contrast, the modified turbulence model provides a relatively
similar pattern of the recirculation zone at x/R = 1 to 3 compared to that of the experiment.

The discrepancy of U /U between the simulation results and the experimental data is also
identified behind the block at x/R = 1, where the minimum value of the velocity computed
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by the modified model is 50% larger than the experiment measurement. Even though the
pattern of the time-averaged streamwise velocities calculated with the modified
turbulence model at 1 < x/R < 3 is in agreement with the data of the experiment
measurement, the values U/U_, of the simulation are 0.2 larger than those of the

experiment from x/R > 3 to the end of the tank. The modified k-&model still produces the
free stream velocity larger than Lyn's experiment [44]. According to the 3D LES and 2D
RANS simulations conducted by Rodi [2], it has been reported that 3D LES is superior
over 2D RANS in calculating k and @ . The underprediction of the turbulence fluctuation
that induces the recovery of the free stream velocity may appear because of the deficiency
of 2D RANS to calculate the 3D effect of the turbulent flow. The accuracy of the
streamwise time averaged velocity behind the block of the various models, that are
compared with the experiment measurement, is also assessed with the root mean square
error method (RMSE), where the best value of RMSE is equal to zero, which implies an
identical data set between the measurement and the calculation. The modified k-&
turbulence model provides the best computation result compared with three other models.
The RMSE of the modified k-& turbulence model is 0.132 and the RMSE values of the
standard k-& turbulence model, LES model, and RSE model are 0.324, 0.195, and 0.325,
respectively. The RMSE values of the various turbulence models indicate that the
modified k-& turbulence model is more reliable in computing the velocity fluctuation of
the flow around the square block.

2.5 i
= Standard k-&
=== Modified k-¢

*  Experiment [42]
ol e
E:*\ LR ] o s RS
=~
.| — I
|
0'§1 -0.5

Figure 10.Prediction and experiment of the time averaged streamwise velocity
components U/U, at x/R =0.5.

Figure 10 shows the transverse profile of the non-dimensional time averaged
streamwise velocity, U/U_, above the structure at the x/R = 0.5. It can be noticed that the

boundary layer flow is formed close to the wall of the square block in which there are
adverse flows at 0.5 < y/R < 0.6. Both computation results present good agreement with
the experiment measurement. According to the boundary layer theory, the flow region of
the high Reynolds number flow is divided into two layers. In the bulk upper layer, the
viscosity can be ignored and the flow can be considered as inviscid outer flow. The second
region is a thin layer near the wall, referred to as boundary layer [46]. The shear stress
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adjacent to the structure wall generated by eddy viscosity in the high Reynolds number
flow has a retarding effect causing the flow velocity reduction. A continuous retardation
leads an adverse flow in the boundary layer. In the boundary layer, the viscous stress force
is dominant over the inertia force and its magnitude decreases as the distance from the
wall increases. Furthermore, the inertia force is dominant over the viscous stress force in
outer layer where the viscous stress force could be neglected and the flow is considered
as an inviscid flow or a free stream flow. The accuracy in predicting boundary layer flow
depends on the ability of the turbulence model to compute the correct eddy viscosity near
to the wall.

The modified k-¢ turbulence model slightly improved the velocity profile. The
performances of both standard and modified turbulence k-& models are also compared by
RMSE. It points out that the modified k-& model is better than the standard model when
their RMSE values are 0.21 and 0.25, respectively. The discrepancy between the
computation results and the measurement of the velocity occurs near the block surface
and vanishes as the measurement points away from the block surface. The slight
difference of the velocity profiles of the measurement and the computations can be found
mainly from y/R from 0.5 to 1.0. Near the block wall, the velocity gradient is high. Hence
the eddy viscosity computed by the turbulence model is relatively high compared to that
in the outer layer. The discrepancy near the wall might be due to the inaccuracy of the
turbulence k-& models in calculating the eddy viscosity, which significantly affects the
strain stress rate in the momentum equation.

CONCLUSIONS

The modified k-¢ turbulence model is an improved model of the standard k-& turbulence
model by substituting the one strain stress term S with a vorticity term € and applying a
non-constant Cu equation in computing the production term Py in the turbulent Kinetic
energy transport equation. Similar with the standard k-¢ turbulence model, the modified
k-¢ turbulence model is a stochastic turbulence model that resolves the superimposed
random turbulent fluctuation component in the Reynold Averaged Navier-Stokes
(RANS) model. In this study, the modified k-& turbulence model and the standard k-¢
turbulence model have been simulated with a vortex shedding around a square block case
and to maintain the similarity of the condition, both models were set up with a similar
flow condition, as well as used an identical computation domain. The results of the
simulation indicate that both turbulence models generate vortex shedding behind the
square block. The contour plot of the instantaneous turbulent kinetic energy k shows that
the standard k-¢ turbulence model produces excessive turbulence kinetic energy in front
of the square block and it reduces when the corrected production term Py is applied in the
modification model. The instantaneous vorticity contour, the drag coefficient Cg
fluctuation, and the non-dimensional transverse velocity component v/U, calculated with
the modified k-e turbulence model show more a vigorous vortex shedding, which
indicates an increased momentum transfer to the transverse direction. The modified k-¢
turbulence model has a reduced spin up time from an initial non-turbulent field to a fully
developed turbulent flow than the standard k-¢ turbulence model. A reduced spin up time
will reduce the CPU time and the simulation would be inexpensive.

Engineering parameters, such as the drag coefficient Cq and the Strouhal number
St of the modified k-¢ model indicate improvements whereby St is relatively similar with
that of the experiment and its Cq is improved by about 16% compared to the Cq of the
standard k-¢ model. Regarding the streamwise time averaged velocity at the centreline of
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the domain, it can be concluded that the modified k-¢ model produces a good agreement
with reference to the length of the recirculation zone with the experiment measurement.
The standard k-¢ model overpredicted the length of the recirculation zone while the LES
model and the RSE model underpredicted the length of the recirculation zones. The time
averaged velocity at the centreline behind the block square of the models, which are
evaluated by using the RMSE method, indicate that the modified k-¢ model is better than
the standard k-¢, LES, and RSE models. The RMSE values of the streamwise velocity in
the transverse direction prove that the modified k-¢ model shows a better accuracy in
computing the boundary layer profile at the top of the square block. The modified k-¢
turbulence model shows superiority over the standard k-¢ turbulence model. The modified
k-¢ turbulence model may produce a more reliable calculation of vortex shedding around
a square block. However, the calculation of the downstream velocity of vortex shedding,
which has discrepancy with the experiment, needs further improvement.
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