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Résumé :

Ce travail présente I’analyse d’un écoulement turbulent au-dessus d’une canopée urbaine représen-
tée par un agencement de cubes en quiconce. Deux modélisations numériques aux grandes échelles
sont réalisées afin de comparer une approche utilisant des obstacles résolus avec une approche de type
porosité-trainée. Des statistiques d’ordre élevé et un bilan de |’ énergie cinétique turbulente sont analysés
afin de caractériser I’écoulement, de comparer les approches et de se confronter a la littérature. Un des
objectifs du travail est d’étudier les capacités et les limites de I’approche porosité-trainée pour la re-

production d’un I’écoulement instationnaire au-dessus d’une canopée urbaine.

Abstract :

This work presents the analysis of the turbulent characteristics developed over urban-like staggered
cube arrays. The study proposes to use an obstacle-resolved and a drag-porosity large-eddy simulations.
High order statistics and turbulent kinetic energy budget are analyzed for both approaches and compared
to each other and to results from the literatures. One of the objectives is to evaluate the capacities and
the limitations of a drag-porosity approach to reproduce unsteady turbulent flow over an urban canopy

and to evaluate in details its performance.

Mots clefs : turbulent flow, Large eddy simulation, turbulent kinetic energy budget, OpenFOAM,
urban canopy.

1 Introduction

The urban environment and citizen’s living quality are strongly affected by human activities and urban
morphology. Despite increasing computational power and more accurate measurement tools deepen
the understanding of atmospheric turbulence, atmospheric turbulent flow mechanisms involved in ur-
ban areas are still very complex and remain an important scientific challenge. Dynamic properties of
urban flows are studied in literature using numerical simulations such as direct numerical simulations
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(DNS) and large-eddy simulations (LES) where the urban canopy is modeled by cubical obstacles ar-
rays of varying density [1, 2, 3]. Although DNS resolves the Navier-Stokes equations without turbulence
modeling it is only applicable to relatively low Reynolds number turbulent flow. LES resolves the large-
scale motions of the flow and uses subgrid-scale (SGS) models to represent the effect of the small-scale
turbulence.

For the study of real urban areas, the detailed knowledge of the buildings organization is unavailable and
a drag-porosity approach may be preferable. The drag-porosity approach, as commonly used for forest
canopies, models the presence of obstacles and their influence on the turbulent flow by a drag force that
depends on averaged morphological characteristics of the canopy. It has the advantage of reducing the
computation costs and can be applied for example to generate realistic inflow conditions for studies at the
scale of some buildings. However, only few LES works exist on the use and efficiency of drag-porosity
approach to represent the turbulent transfers between urban canopies and atmosphere [4, 5, 6]. The
aim of the present study is to get insights on the main advantages and drawbacks of this approach by
comparing results on turbulent statistics with those obtained in the same configuration when obstacles
are explicitly accounted for.

In Section 2 the governing equations, the SGS model and the simulation configurations are presented.
The results are discussed in section 3. Section 4 summarizes the major conclusions and draws perspec-
tives of this work.

2 Governing equation and Numerical details

The filtered Navier-Stockes equations are written as follow:
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In equations (1) and (2) the variables u; and p represent the resolved-scale (filtered) velocity and pres-
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sure respectively, v is the fluid kinematic viscosity. The SGS stress tensor 7;; is modeled following
Smagorinsky [7] :
Tij = _2ngsSij 3)

where the resolved stain rate tensor is defined as:
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and the SGS kinetic viscosity vy is modelled as:
Vsgs = Cs® A% /28, Si; )

The drag force f; introduced in (2) to model the influence of the canopy in the drag-porosity approach
is defined by:

1
fi= 5Cp(z)aui\/m (6)
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where Cp(z) is the drag coeflicient profile extracted from obstacle-resolved simulation and « is the
volumetric frontal density. In our configuration, « = 1/3h, where h is the obstacle height. Note that

fi = 0 in the obstacle-resolved simulations.

The code is developed on the open source software Open F'O AM 2.4.0, which uses finite volume method,
combined with LES and standard Smagorisky SGS model [7] (equations (3)-(5)) with Cg = 0.167.

Equations are solved using second-order implicit linear differencing for the spatial derivatives and second-
order implicit linear backward differencing for the temporal integration. Figure 1 shows a plan view of
the computational domain, with staggered cube arrays of dimensions 16h x 12h x 8h. The finest grid

used is h/32. Coceal [1] have confirmed that the simulations over cubic geometry are generally well

resolved by i /32 mesh. Free-slip boundary condition is applied at the top of the domain. No-slip condi-

tion applied at the bottom and on all obstacle surfaces. Periodic boundary conditions are imposed both

in spanwise and stream-wise directions to simulate an infinite array. The Reynolds number of the flow,

based on the velocity at the top of the domain and the obstacle height is about 5000. The roughness

Reynolds number R, based on the friction velocity u. and obstacle height is about 500. To ensure the

flow temporal convergence, simulations were run for an initial duration about 2507", where 7" = h/u, is

an eddy turnover time for the largest eddies shed by the cubes [1] . Statistics were collected and averaged

over a further duration of 2207 for computing flow statistics and turbulent kinetic energy budget.
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Figure 1. Plan view of the computational domain of the obstacle-resolved simulation

3 Results and discussion

3.1 Obstacle-resolved LES compared with DNS, LES and mea-
surements from the literatures

In the following, u, v, w denote the stream-wise, spanwise and vertical velocity components, respec-
tively. The vertical profiles of the time-averaged stream-wise velocity u over four typical locations P,
P, Ps and P, (Figure 1), normalized by the friction velocity u, are plotted in Figure 2 and compared to
wind tunnel measurements [8], DNS data [1, 2] and LES data [3]. In the present study, u. is computed
from the average drag force acting on the cubes.
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The computed profiles of obstacle-resolved LES are in satisfactory agreement compared to the results
from wind tunnel experiment [8] both within and above the canopy. Note that besides a coarser mesh
(h/32) the present LES results are in very good agreement compared to the DNS from Coceal [1] where
a h/64 mesh is used and Coceal [2]. Mean velicity profiles are in good agreement compared to LES
data from Xie et al. [3].
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Figure 2. Vertical profiles of streamwise mean velocity u over four locations indicates in Figure 1.

Figure 3 presents the vertical profiles of the standard deviation of the longitudinal and vertical velocity
components at positions P; (a, ¢) and P> (b, d) normalized by the friction velocity u.. Compared to
DNS data [2] and wind tunnel data [8], the present study gives good results above the canopy but always
underestimates the velocity fluctuations inside. This is particularly the case for w;,s at P». Observations
are in agreement to the observations of Coceal et al. [2] who found differences up to about 20%.

Figures 3 (e, f) present the Reynold shear stress uw profiles. Results show a good agreement compared
to DNS data [2] and measurement data [8] both within and above the canopy. A peak at the height of
z = 0.1h is observed in the present LES results. This is was also observed in DNS results [1]. Following
the argument of Xie et al. [3] this is presumably due to the resolution of a part of the boundary layer

between two cubes.
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Figure 3. Vertical profiles of velocity standard deviation and Reynolds stress behind a cube at P; (a, c,
e) and in front of a cube at P (b, d, f)

3.2 Drag-porosity compared to obstacle-resolved approach

In this section, results from the drag-porosity simulation are presented and compared to the obstacle-
resolved simulation. The drag coefficient used in the drag-porosity approach is calculated from the
obstacle-resolved simulation by:

Cp(z) =2 Ap(2)/U?(2) ©)

where Ap(z) is the mean of the laterally integrated pressure difference between the front and back

faces of a cube and U (z) is the spatially-averaged stream-wise mean velocity. Figure 4 shows the Cp
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profile extracted from the present obstacle-resolved LES and from Maché [6] used in the drag-porosity
approach and hereafter called "Cp-resolved" and "Cp-Mache", respectively. The "C'p-Mache" profile
was optimized in order to model as closely as possible the mean velocity profile inside the canopy [6].
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Figure 4. Vertical profile of drag coefficient Cp extracted from Maché [6] and from the obstacle-
resolved LES.

The spatial and temporal stream-wise mean velocity u resulting from the drag-porosity LES performed
with "Cp-Mache" and "Cp-resolved" (called "Porosity C'p-resolved"”, "Porosity C'p-Mache, respec-
tively ) are compared to obstacle-resolved LES in Figure 5. For all approaches, u g is the mean velocity
at z = h, u, is calculated from the drag force: u, = %’1 with F'p the drag force of a unit area and
A the horizontal unit area. Mean profiles from the obstacle-resolved simulation are calculated using an
horizontal space average, a discontinuity appears at z = h because the average is performed only on

fluid regions.

To assess the performance of the drag-porosity approach inside the canopy, Figure 5a shows the mean
velocity profile normalized by the stream-wise mean velocity at z = h. In this graph, the C'p profile from
Maché [6] fits the obatcle resolved profile better than another porosity result. On Figure 5b, the mean
velocity profiles of both porosity approaches show a good agreement to the obstacle-resolved simulation
above z = h, but different flow behavior inside the canopy. In gigure 5c, profiles are plotted in semilog
axis and normalized by u. from the drag force, d as the mean height of momentum absorption by the
surface [2], and by zg, the roughness length calulated from a log-law profile fitting. For z > 1.5h results
from the drag-porosity approach are in satisfactory agreement with the obstacle-resolved LES proving
the reasonable choice of normalization for the upper flow. However, within the canopy, the drag-porosity
approach seems to strongly reduce the mean velocity and deviate from the obstacle-resolved results.

Figure 5d shows that the Reynolds shear stress is better represented by the drag-porosity approach using
"Cp-Mache" than using "C'p-resolved" profiles. The latter is overestimating the shear stress above the
canopy and underestimating the shear stress inside the canopy.

Stream-wise and vertical standard deviation of the velocity, normalized by w,, are shown in Figure 5e
and Figure 5f. The drag-porosity simulation using "C'p-resolved" gives comparable w,,, s profiles above
the canopy whereas "C'p-Mache" leads to an underestimation. Below the canopy, both drag-porosity
approches are under-estimating u,,s. This may be due to a too high drag force. For w;,s, using "Cp-
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Mache" gives a good agreement above z = h and "C'p-resolved" over-estimates the vertical turbulence
intensity. Similarly to s, inside the canopy, w,,s is too low for both approaches. The systematic
over-estimation of turbulence above the canopy with the "C'p-resolved” may be the reason for a too high

Reynolds shear stress (Figure 5d).

In general, the drag-porosity approach models reasonably well the air-flow above the canopy but results
inside are poorer. The parametrized drag force coming from [6] gives the best fit inside the canopy.
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Figure 5. Vertical profiles of (a) spatial and temporal stream-wise mean velocity w within the canopy,
normalized by w7, (b) spatial and temporal stream-wise mean velocity u, (c) Log law profile of w, (d)
spatial shear stress u'w’, (e) spatial stream-wise turbulence intensities 1,5, (f) spatial vertical turbu-
lence intensities w,.,,s, from (c) to (f) normalized by u., comparison between drag-porosity LES and
obstacle-resolved LES.
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3.3 Turbulent Kinetic energy budget

To investigate further the energy transfers within and above the canopy, the turbulent kinetic energy
(TKE) budget is computed [9, 10]. From the filtered Navier-Stokes equations (1)-(3) and assuming that
the turbulent flow has reached a steady state, the TKE budget writes :

N a 1 T 7T 1 8 AN 8 77 8 7 (9
0= _“jaixjiuz‘ui —U;U, Sij _§%j“iuiuj _Tmuip "‘8755]_2”%‘5 —2v Szgsw or ]“sz +7 wSm
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where A represents advection by the mean flow, P is the production by shear, T, is the transport by
resolved velocity fluctuation, 7}, is the transport by pressure fluctuation, D, is the viscous diffusion, €,
is the resolved dissipation, T, is the SGS transport, and €45 is the SGS dissipation, which represents
the transfer of energy from resolved to subgrid scales trough the cut-off. All these contributions to the
TKE budget are directly computed from simulation results. Figure 6 shows these contributions for the
obstacle-resolved simulation at two locations: P; in the wake of a cube, P in the recirculation zone
upstream of the cube.

I ICRC RS
§1 7S

915 —10 ‘ ‘ 15 20 25 915 —10 t : ‘ 15 20 25
TurbuIence klnetlc energy budget P, Turbulence klnetlc energy budget P,

Figure 6. Vertical profiles of TKE budget terms, normalized by 2 /h, in obstacle-resolved LES for
locations (a) P; and (b) Ps.

The TKE production reaches a maximum value just above the top of the canopy where the shear is the
strongest (Figure 3). The maximum of Production decreases with the distance from the upstream cube
while the shear layer becomes thicker. The Transport terms (7. plus Ts4,) have negative value in the
shear layer, but positive value below (at P; and ) and above (at P;). It means that TKE is removed from
this layer to be transferred downward and upward. The Transport by pressure fluctuations (7},) acts in the
same way as the transport by velocity fluctuations. However, this contribution is much more significant
in front of a cube (at ;) than behind (at P;). The Advection term is also significant in the upper part of
the canopy and in the shear layer. Depending on the location inside the wake or the recirculation it may
be positive (at P») or negative (at P;) and reverse sign in the lower part of the canopy. An analysis of
the different terms contributing to the Advection in the upper part of the canopy shows that at P; (resp.
P»), the advection is linked with upward (resp. downward) mean flow.
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As expected, above the roughness sublayer (z/h > 2), production and dissipation balance each other.
In the vicinity of the canopy top, production and advection are compensated by transport and viscous
dissipation at P, while the large production at P; is compensated by all other contributions. The balance
is not exactly reached inside the roughness sublayer and a negative residual is observed (denoted sum
on the figure). When the SGS contributions on transport and dissipation are omitted in the TKE budget
(Figure 7), the residual becomes positive all over the domain height. The SGS transport is shown to
have little influence on the total transport (expect in the thin shear layer at P;). On the contrary, the
SGS dissipation appears to be larger than the resolved dissipation. From these results, one can infer
that the Smagorinsky model is well adapted to model SGS processes above the roughness sublayer but
overestimate the TKE dissipation in regions where large instantaneous gradients occur.
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Figure 7. Effect of the SGS model on the TKE budget normalized by u2/h in obstacle-resolved LES
for locations,(a) P; and (b) Ps.

Figure 8 a and b present the spatially-averaged TKE budget(a) from the obstacle-resolved LES and (b)
compared to the drag-porosity approach using "C'p-Maché". Figure 8 a differs from Figures 6 a and b
as the production and dissipation balance down to z = h with a rather sharp peak at that hight. The
Advection term, of negative sign at z = h, shows the predominance of situations similar to P; where an
upward flow is dominant. The pressure transport is, with the space-average, positive at z = h. Above
z = 2h, both TKE budgets are presenting similar features with a balance between Production and
Dissipation. Below z = 2h, Productions from both approaches are comparable, that suggests the drag-
porosity approach succeeds well in reproducing TKE Production. On the other hand, the drag-porosity
approach is completely underestimating Dissipation from z = 2h down to the ground. This observation
may be due to the poor reproduction of the shear layers developed on all sides of the cube, especially
at z = h and below, leading to a lack of small-scale structures dissipating TKE. Below z = 1.5h, the
TKE budget is in large excess. Compared to the obstacle-resolved results, the Pressure transport term of
the drag-porosity approach is reversed but the turbulent transport is rather similar. It can be also noticed
that the Advection term is almost inexistent in the drag-porosity approach.
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Figure 8. Vertical profiles of spatial averaged TKE budget normalized by u2/h, (a) obstacle-resolved
LES and (b) drag-porosity approach LES.

4 Conclusion

In sum, the obstacle-resolved LES over staggered cube arrays using Smagorinsky SGS model is in a
very satisfactory agreement with both simulation data (DNS and LES) and measurement data from the
literature. Based on the previous analysis, it confirmed that within the canopy, the mesh is fine enough
to capture the detail of the flow, whereas above z = 2h, the coarser mesh is adapted and able to save
computational cost.

The drag-porosity approach, tested for its limited computational cost, provided satisfactory results con-
cerning the stream-wise mean velocity, the stream-wise and vertical turbulence intensities, and Reynolds
shear stress above the canopy. However, developments are still needed to improve the performance of the
drag-porosity approach to capture more detailed information, especially inside the canopy. The study
also underlined the high influence of the drag coefficient profile.

TKE budgets are very different after a cube P, compared to before a cube P» especially concerning
Advection, Turbulent transport and Pressure transport terms that are of invert sign. A peak of production
is observed at P; due to the shear layer from the cube. Observations suggest that the SGS model is too
dissipative for the obstacle-resolved simulation. The TKE budget of the drag-porosity approach leads
to a correct representation above z = 2h but differs from the obstacle-resolved simulation by the large
lack of dissipation, the reversed sign of pressure transport and the almost null advection.

Observations made on mean velocity profiles, turbulence profiles and TKE budgets will be further ana-
lyzed to propose improvements to the drag-porosity approach.
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