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Abstract. A code has been developed in C++ to solve the Navier-Stokes and continuity equations
using large eddy simulation (LES) for the turbulent flow. The finite volume (FV) formulation applied
on the staggered grid arrangement for a structured mesh system. Smagorinsky-Lilly sub-grid scale
(SGS) model was used which can be substituted with other models easily. The discretisation scheme
for all terms except the convection terms, which adopts a TVD scheme, was the central difference
scheme. The PISO algorithm had found to be faster than the SIMPLE algorithm for all cases and
problems. The laminar flow approaching a cube in the atmosphere boundary layer and in channel was
calculated and compared with experiments of turbulent flow. The laminar inflow boundary condition
significantly changes the flow pattern around the obstacle. Also the mostly needed modifications had
been proposed and estimated.
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INTRODUCTION

The wind flow patterns in an urban area strongly affect the dispersion of pollutants around
the buildings which is a growing concern in urban environment. The air flow is influenced by
various factors, such as the geometry, arrangements of the buildings, the wind directions and
the upstream terrain conditions. With a steady growth in computer technology, computational
fluid dynamics (CFD) has emerged as an effective tool to establish better understanding of the
wind flow around buildings. Nowadays, high performance computing (HPC) provides clusterbased supercomputers for computing applications to make CFD analysis as fast as possible.
CFD codes are structured around numerical algorithms that can tackle fluid flow problems.
In order to provide easy user access, most CFD codes include sophisticated input and output
interfaces. Hence, they contain three main elements: the pre-processor, the solver, and the
post-processor. There are several approaches to computer prediction of flows; the most popular ones involve the use of Reynolds-averaged Navier-Stokes (RANS) equations with a variety of turbulence models. While these are much cheaper than large eddy simulations, no
single model has proven capable of predicting a wide variety of complex flows, especially
when information about the fluctuating part of the flow is required (Ref. [14]).
These considerations have led to interest in large eddy simulation (LES), in which the
large-scale motions are computed explicitly, while the small- or sub-grid-scale motions are
modeled. The fundamental rationale behind LES is that large eddies are the ones responsible
for most of the mass, momentum and energy transport. These large eddies are strongly dependent on geometry, whereas the smaller eddies are more universal and, thus, easier to
model. As the grid resolution increases, the importance of the small eddies diminishes, and
LES becomes a direct numerical simulation (DNS). Unfortunately, flows that are of interest to
engineering applications (high Reynolds number and complex geometry) are not amenable to
DNS, due to prohibitive memory and computational requirements.
The primary objective of our study was the development of a code to investigate the flow
past buildings. Most of the applications discussed here are focused on a cube, since it is the
simplest idealization of a building and has, therefore, been used most frequently, both in experiments and testing calculation procedures for the flow around buildings.
Castro and Robins in Ref. [1] made the first outstanding effort to obtain a fairly clear picture of the nature of flow in the wake of a surface-mounted cube in uniform and turbulent upstream flows. Theoretical studies of flow around bluff bodies are limited to the description of
flow patterns (Ref. [3], Ref. [4], and Ref. [11]). Although the analysis of the flow past 3D
bluff bodies has practical importance, quantitative results are scarce; and, very little experimental works have been published on these flows. In 1990, Paterson and Apelt (Ref. [10])
proposed a review of experiments in which turbulent flow over a cube (in a turbulent boundary layer) was studied. However, most of the experiments examined the flow in the vicinity of
the cube and measured only a few selected quantities, such as the pressure distribution on the
obstacle. The most comprehensive experimental data has been reported by Martinuzzi and
Tropea (Ref. [7]) for flow past a cube mounted on a wall of a plane channel at a high Reynolds number.
The processes associated with the flow past structures in the urban boundary layer are so
complex and subject to many different parameters. In general, numerical modeling based on
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solving the governing partial differential equations, such as momentum, continuity, mass and
energy equations, is required for the various flow quantities. Powerful numerical techniques,
as well as high capacity computers, are necessary; and, there are various possibilities of treating turbulence in numerical calculations.
Despite progress since the first LES by Deardorff (Ref. [2]), there was not much application of LES to engineering flows for quite a long time, mainly because it requires considerable computing resources and but also due to lack of good models for the small scales. The
unsteady turbulent flow field around a cubic model was first simulated by means of LES by
Murakami and Mochida (Ref. [8]). Calculations obtained by Rodi (Ref. [12]) with a variety of
LES and RANS methods shows that LES is clearly more suited than RANS methods and have
great potential for calculating complex flows.
The finite volume (FV) method was adopted to apply LES to the Navier-Stokes equations
in the 3D geometry. The code was written entirely in the C++ language except the visualization of the results where the Tec Plot commercial software was used.
2

GOVERNING EQUATIONS

The governing equations consist of the principle of mass conservation and the momentum
equations. All quantities were made non-dimensionalized using a length scale Hb (the dimension of the cube) and a velocity scale Ub (the velocity of the laminar flow at the inlet of the
domain at the height of the cube).
The filtered continuity and Navier-Stokes equations using the top-hat filter for an incompressible flow are:

(1)
div(u ) = 0
¶ (u )

¶p 1
(2)
+ div uu = - +
div(grad (u ))
¶t
¶x Re

¶ (v )
¶p 1
+ div vu = - +
div(grad (v ))
(3)
¶t
¶y Re
¶ (w )

¶p 1
(4)
+ div wu = +
div(grad (w ))
¶t
¶z Re

( )
( )

( )

where u, v, w, P, and Re are the velocities in the x, y, and z-direction, absolute pressure, and

Reynolds number ( Re = rU b H b / m ). For simplicity array notation u was used instead of the
velocity array. Second terms on the left hand side of Eq. (2)-(4) were treated by defining subgrid scale (SGS) stresses: t ij = r u i u j - r u i u j . Smagorinsky (Ref. [15]) suggested that, since
the smallest turbulent eddies are almost isotropic, we expect that the Boussinesq hypothesis
might provide a good description of the effects of the unresolved eddies on the resolved flow.
æ ¶u ¶u j ö 1
1
÷ + t iid ij
t ij = -2 m SGS S ij + t iid ij = - m SGS çç i +
(5)
÷ 3
3
¶
x
¶
x
i ø
è j
The isotropic part of the SGS stress in Eq. (5) was absorbed into the large scale pressure to avoid dealing with unknown variables and solve them altogether by pressure.
æ ¶u
¶u j ö
1
÷
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(6)
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÷
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The Smagorinsky-Lilly SGS model builds on Prandtl’s mixing-length model and assumes that we can define a kinematic SGS viscosity, n SGS = m SGS / r , which can be described
in terms of one length scale and one velocity scale. Since the size of the SGS eddies is determined by the details of the filtering function, the obvious choice for the length scale is the filter cutoff width ∆. In 3D computations with grid cells of different length ∆x, width ∆y and
height ∆z the cutoff width is often taken to be the cube root of the grid cell volume
D = 3 Dx Dy Dz . The velocity scale is expressed as the product of the length scale and the average strain rate of the resolved flow, D ´ S
of the resolved flow are S ij =

where S = 2 S ij S ij and the local rate of strain

1 æç ¶u i ¶u j
+
2 çè ¶x j ¶xi

m SGS

ö
÷.
÷
ø
2
= r (C SGS D ) S

(7)

Different values of CSGS have been imposed so far (Ref. [5] and Ref. [13]); however
CSGS=0.1 is used more often in the commercial software. The difference in CSGS values is attributable to the effect of the mean flow strain or shear.
3

NUMERICAL METHOD

Simple structured grids are used in this code. Due to the large changes in velocity and
pressure next to the wall and around the buildings, refined grids are adopted with a stretch ratio by distance from the walls. A large ratio of grid stretching often leads to numerical oscillation due to the grid size differences between two neighboring grids. The Reynolds number of
the flow field treated in atmospheric boundary is usually large which generally requires fine
grid resolution. Turbulence modeling makes it possible to use a relatively coarse grid in the
domain except near the solid walls of bluff bodies where high prediction accuracy is needed.
In order to apply the non-slip boundary condition accurately, it is preferable to set the first
+
*
grid point below x +=1 ( x n = u x n /n , where u* is the friction velocity, x is the distance
n

n

from the wall, and ν is kinematic viscosity). For example, in the flow field around a square
cylinder (with side length of D) at Re=22000 the real length corresponding to xn+=1 is about
D/1000 (Ref. [6]).
The code uses a simple stretching procedure where the grid space of an arbitrary grid to the
Dx / Dx n-1 = r
smaller neighbor grid space is equal to the ratio ( n
). Thus the number of grids of
a distance equal to L with ratio r and the finest resolution dx is given by Eq. (8).
ê é
ú
r - 1ù
êln ê1 + L d ú
ú
û
n=ê ë
(8)
ln r úú
ê
êë
úû
The three dimensional (3D) mesh generated for a cube mounted on a surface is shown in
Fig. (1).
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Figure 1: 3D mesh around a cube mounted on a surface

All the equations are discretized based on the finite volume method and a staggered Cartesian grid. In the present research, the code uses second-order accuracy, which means each discretized term in the equation has a truncation error proportional to the square of grid spacing
and time marching. This implies that the global truncation error is first-order, and the method
is still consistent. Many discretization schemes have been proposed, so far, for the equations
that contain convection and diffusion terms the basic upwind scheme is the most stable and
unconditionally bounded scheme, but the order of accuracy is low (first-order). Higher order
schemes such as central differencing and QUICK can cause oscillations in the results especially when the Peclet number is high. These higher order schemes give unrealistic physical
turbulence energy and rates of dissipation (Ref. [16]). Total variation diminishing (TVD)
schemes are designed to counteract with the oscillation by adding an artificial diffusion fragment or by adding a weighting towards upstream contribution. Discretization of the diffusion
terms in the governing equations using the central differencing is standard and does not require any further consideration.
The general form of TVD schemes of the east face value φe is shown in Eq. (9), which uses
the notations in Fig. (2) with flow in the positive x-direction.
1
f e = f P + y (r )(f E - f P )
(9)
2

Figure 2: grid notations in the x-direction

æ f - fW
where r = çç P
è f E - fP

ö
÷÷ .
ø
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By introducing TVD schemes, the goal was to find a stable scheme with a higher-order of
accuracy without wiggles. In the present research, due to simplicity, the UMIST function was
used.
y (r ) = max[0, min (2r , (1 + 3r ) / 4, (3 + r ) / 4,2 )]
(10)
Fully implicit method was adopted in the code. Therefore an inner iteration loop was
needed to get the accurate results caused by the nonlinearity of the equations. Fully implicit
second-order upwind schemes used in the discretization method guarantees the stability of the
numerical method. For the time marching term in equations, the Adam-Bashforth secondorder scheme was used.
The choice of the time step Δt was governed by several criteria. The stability limit of the
time advancement scheme plays no role in this code due to the stable method. However,
physical considerations limit the time step selection. In order to predict the turbulence statistics correctly all contributions to turbulence must be resolved and captured. The turbulence
fluctuations cannot be satisfied if the computational time step becomes larger than the Kolmogorov time scale (ν/u τ2 where u τ is called frictional velocity). In the present work it was
found that the Courant-Fredrichs-Lewy (CFL) limit (shown in Eq. (11)) of 1 produces a time
step much smaller than the Kolmogorov time scale.
æ u
v
wö
÷
CFL = Dt çç
+
+
(11)
÷
D
x
D
y
D
z
è
ø max
The no-slip boundary condition was used on all solid walls for all simulations. The free
slip boundary condition was used for outflow, where, it was surmised that the length of the
domain was long enough that the effect of the bodies are vanished and the fully developed
condition was applicable. The symmetry boundary condition was used in the spanwise direction, which, means the normal velocity is zero and the changes in other velocity components
are zero.
In wind engineering problems, a high Reynolds number is usually applicable which makes
it very difficult to use the no-slip boundary condition at solid walls. Therefore, some wall
function should be adopted as a macroscopic boundary condition which is absolutely necessary in this kind of atmosphere problems. Wengle and Werner (Ref. [17]) proposed a wall
boundary condition which assumes that at the grid points closest to the wall, the instantaneous
velocity components tangential to the wall are in phase with the instantaneous wall shear
stress components, and the instantaneous velocity distribution is assumed to follow the linear
law of the wall.
2
2m u P
m
1- B
(12.a)
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A
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(12.b)

The proposed function was transferred to a non-dimensional form and was used in the code.
Δz is the distance of the wall to the closest point in the normal direction, with A=8.3 and
B=1/7. The wall function was not applied explicitly in the equations. Strain calculation uses
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this function to get the shear stresses near the walls and implicitly has an interaction in the
momentum equations.
Inflow boundary conditions are very challenging since the inlet flow properties are convected downstream, and inaccurate specification of the inflow boundary condition can
strongly affect simulation quality. Using an accurate inlet flow was impossible due to lack of
exact measurements in real world. One of the most applicable options was to use a nonturbulent mean velocity profile measured experimentally at the inlet. To have a fully turbulent
flow at the upstream of the obstacles of a very large domain was required to ensure that the
turbulence is fully developed before it reaches the body. This method greatly increases the
computational time and was not currently efficient for this code. Another idea was to superimpose random perturbations with the correct turbulence intensity into the mean profile. In
the present work the time-averaged streamwise velocity component was set to obey the power
law expressed as z1/4 in the non-dimensional form (for the half of the channel height where a
symmetric profile was adopted for the other half). This expression represents the flow of atmospheric boundary layer conditions while other velocity components are assumed to be zero.
The value of ¼ corresponds to the wind tunnel experiment done by Murakami and Mochida
(Ref. [9]).
Another problem in turbulent flow simulation is the generation of the initial condition
which must contain all the details of the initial three-dimensional velocity field. Since coherent structures are an important component of the flow, it is really difficult to construct such a
field. Furthermore, data from experiments or a reliable direct numerical simulation (DNS) are
not usually available. The effects of initial conditions are typically remembered by the flow
for a considerable time. Thus the initial conditions have a significant effect on the results or at
least consume significant computational time to disappear. In the present work there was not
such a data for initial conditions and as a result a zero value was used for all variables and a
great deal of time was spent to get a reliable results that was not been affected by the initial
condition.
The main body of the code was a method that should be used to solve coupled equations in
the time step. The most common methods in the literature are SIMPLE, SIMPLER,
SIMPLEC, and PISO. The code is capable of switching between the two algorithms SIMPLE
and PISO. PISO may be seen as an extended SIMPLE algorithm with one extra corrector step.
The PISO algorithm requires additional memory storage due to the second pressure correction
equation. It also needs under-relaxation to stabilize the calculation process. Although this
method results in significant computational effort in comparison with the SIMPLE algorithm
it has been found that the method is fast and efficient. For the present work the central processing unit (CPU) time for a single time step reduced by a factor of 8 compared with the previously discussed standard SIMPLE algorithm.
The selection of solver was changed case by case, and, in the present work SIP (Strongly
Implicit Procedure) was used for momentum equations and CG (Conjugate Gradient) for
pressure correction equations.
All cases were run on the WestGrid clusters (Glacier and Robson).
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4

RESULTS

In the present work, the code described above was used to simulate the air flow around a
cube mounted on a surface in channel. The performance of the developed code was examined
by comparing the numerical results with the wind tunnel experiments conducted by Martinuzzi and Tropea (Ref. [7]).
The same results as the experimental data were not expected, because the cases used in the
simulations were different than reality. The inflow boundary condition plays a major role in
the fluid flow characteristics for this kind of problem. Laminar flow as the inflow condition
was chosen while the experiments are based on the fully turbulent flow. Zhang (Ref. [18])
showed that the less the upstream turbulence, the larger the cavity size behind the building.
This would be resulted in different flow patterns especially behind the cube.
A cube with dimension Hb was mounted on a surface in the computational domain with the
streamwise length of 12Hb, spanwise length of 7Hb and height of 2Hb. The cube was placed
5Hb down the inlet and at the middle of the spanwise direction (3Hb distance to each side).
The top side boundary condition was changed from the free slip condition for the atmosphere
boundary layer into the wall condition for channel flow. Number of meshes was 489,500 and
finest grid had dimensions (0.04Hb,0.04Hb,0.04Hb). The stretch ratios of the grids were 1.05
in streamwise and spanwise directions while the grids in z-direction kept unchanged. The
Reynolds number based on the cube dimension and inlet streamwise velocity at the height of
rU b H b
) was 10,000.
the cube ( Re =

m

There are plenty of experimental data for the flow past a cube in channel. We compare
simulation with the experiments conducted by Martinuzzi and Tropea (Ref. [7]). The differences in the simulation settings are the same as the previous test results such as the inflow
condition and the Reynolds number. The experiments conducted for Re=40,000. Timeaveraged inflow for simulation is compared with experiments in Fig. (3). In addition, timeaveraged streamwise velocity profile for several points upstream, top, and behind the cube is
illustrated in Figs. (3)-(7). Due to the differences of inflow conditions, the profile of the simulation results should not be the same with the experiments, but the patterns should be the same.
A good agreement between the simulations and the experiments were observed.

8

Mohammad Omidyeganeh and Jalal Abedi
2

1.8

Simulation
Experiment
Experiment Inflow
Simulation Inflow

1.6

1.4

Z

1.2

1

0.8

0.6

0.4

0.2

0

-0.5

0

0.5
U/Ub

1

1.5

Figure 3: Time-Averaged streamwise velocity at x=4.58Hb

In Fig. (4), the flow closes to the cube and as a result streamwise velocity is damped in the
lower half. A very good agreement was found on the roof of the cube in Figs. (5) and (6). The
negative velocities close to the wall could not be predicted well. Refiner grids next to the wall
needed to overcome this inadequacy. Also, the wall treatment affects the flow pattern next to
the wall significantly. More investigations on the wall functions are required to result to the
best agreement with experiments.
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Figure 4: Time-Averaged streamwise velocity at x=4.68Hb
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Figure 5: Time-Averaged streamwise velocity at x=5.5Hb
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Figure 6: Time-Averaged streamwise velocity at x=5.75Hb

Fig. (7) shows the velocity profile behind the cube. The flow pattern differed in lower half
of the profile due to the larger vortex behind the cube captured by simulation.
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Figure 7: Time-Averaged streamwise velocity at x=6.08Hb

Fig. (8) shows that the dimensions of the contours for streamwise velocity are much larger
than the experiments. The laminar inflow boundary condition in addition to the SGS model
applied in the code cause the larger vortex behind the cube.

Figure 8: Time-averaged streamwise velocity contours on the symmetry plane. Figure on top is the experimental result of Martinuzzi and Tropea (1993); bottom is the result from LES
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The time-averaged streamlines on the symmetry plane for the experiment and simulations
are illustrated in Fig. (9). The simulations captured a large vortex behind the building and another in front of the cube on the ground. The vortex on the roof was not captured. The reattachment of the flow behind the building was approximated to be 3Hb which was two times
bigger than the experiments. However, due to differences in both cases the larger reattachment length was expected for the laminar inflow case.

Figure 9: Time-averaged streamlines on the symmetry plane. Figure on top is the experimental result of Martinuzzi and Tropea (1993); bottom is the result of the present code

The profile of the y-component velocity resulted by the simulations had a good agreement
with the experiments on the roof in Fig. (10). However, the reverse flow on the roof near the
corner is under-predicted by the simulations showed in Fig. (11).
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Figure 10: Time-Averaged y-component of velocity at x=5.5Hb
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Figure 11: Time-Averaged y-component of velocity at x=5.75Hb

Despite the flow in the atmosphere boundary layer, here, in channel flow simulations
symmetric results were obtained at the horizontal plane of streamlines as shown in Fig. (12).

Figure 12: Time-averaged streamlines of flow past a cube in channel at the cube centerline Horizontal plane

One of the most important advantages of LES is the capturing of fluid flow in time. Fig.
(13) shows the velocity vectors at the horizontal plane through the center of the cube for different time steps where the vortex shedding was clearly observed.
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(a) T=t0

(b) T=t0+2sec

(c) T=t0+4sec

(d) T=t0+6sec

(e) T=t0+8sec

(f) T=t0+10sec
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(g) T=t0+12sec

(h) T=t0+14sec

Figure 13: Instantaneous velocity vectors at the horizontal plane through the centerline of the cube at different time steps
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CONCLUSIONS

It can be concluded from all the results presented above that the developed code in C++
shows a good agreement with the experiments considering the feasible differences due to the
non-consistent conditions and settings. The laminar inflow condition in addition to the wall
function used in the simulation changed the flow pattern on the roof and behind the cube. No
reattachment happened on the roof and a huge vortex appears near the corner of the building.
Also, smaller Cs increased turbulence in the flow and decreased the dimension of the vortex
behind the building. The channel flow results seem to be more reliable since it is symmetric
and concluded that the code solves the flow more accurate.
Due to some limitations exist for the new born code dealing with a 3-D computational domain and turbulent flow, more investigations and modifications are needed to improve the
code in an appropriate way. It has been experienced that the first efficient modification would
be the acceleration of the code by parallelization. A rapid solution of the equations enables
refiner mesh system application. As a result, the convergence criteria could be decreased and
relative error definition can be applied. Next step is to investigate all LES models and choose
best one to capture flow very well. Applying any other model to the code is too easy since
program has been written efficiently and needs adding a new function for the model. There is
not any experimental data for the laminar flow at the inlet of the domain and therefore the
next step is to find and apply the fully turbulent inlet boundary condition to the simulation. It
makes big changes to the results and flow patterns around the cube.
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