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Abstract Micrometeorological conditions in the vicinity of urban buildings strongly
influence the requirements that are imposed on building heating and cooling. The goal of the
present study, carried out within the Advance Tools for Rational Energy Use towards Sus-
tainability (ATREUS) European research network, is the evaluation of the wind field around
buildings with walls heated by solar radiation. Two computational fluid dynamics (CFD)
codes were validated against extensive wind-tunnel observations to assess the influence of
thermal effects on model performance. The code selected from this validation was used to
simulate the wind and temperature fields for a summer day in a specific region of the city
of Lisbon. For this study, the meteorological data produced by a non-hydrostatic mesoscale
atmospheric model (MM5) were used as boundary conditions for a CFD code, which was
further applied to analyze the effects of local roughness elements and thermodynamic con-
ditions on the air flow around buildings. The CFD modelling can also provide the inflow
parameters for a Heating, Ventilation and Air Conditioning (HVAC) system, used to evaluate
the building energy budgets and to predict performance of the air-conditioning system. The
main finding of the present three-dimensional analyses is that thermal forcing associated with
the heating of buildings can significantly modify local properties of the air flow.
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224 R. Dimitrova et al.

1 Introduction

The influence of air flow around buildings and the effects of urban heating on local
micro-climate (i.e. the urban heat island effect) have been addressed in numerous stud-
ies, with a limited number focussed on the thermal effects related to the wall heating on
the flow regime in close proximity to buildings (Nakamura and Oke 1988; Oke 1988; Ruck
1993; Mestayer et al. 1995; Sini et al. 1996; Kim and Baik 1999, 2001; Santamouris et al.
1999; Uehara et al. 2000; Louka et al. 2001; Kovar-Panskus et al. 2002a,b; Huizhi et al. 2003;
Bohnenstengel et al. 2004; Xie et al. 2007). The numerical results obtained until now remain
predominantly inconsistent with field and laboratory experiments, which investigated the
influence of thermal wall effects on the flow pattern around buildings.

Numerical studies of solar radiation effects on the modification of classical isothermal
flow within street canyons show that the flow pattern primarily depends on the wind speed
at the roof-top level, the exposure of the heating wall(s), and the canyon aspect ratio H/W ,
where W is the street canyon mean width and H is the characteristic height of buildings.
Previous studies were mainly focused on two-dimensional flows under a wide variety of
street canyon aspect ratios, covering different types of flow regimes: skimming flow, wake
interference flow and isolated roughness flow (Oke 1988). For canyons with an aspect ratio
H/W ≈ 0.5, the disturbed air flow has insufficient distance to readjust before encountering
the downwind building, resulting in wake interference flow. In the case of regular canyons
(H/W ≈ 1), the bulk of the large-scale flow glides over the street producing a skimming
flow, which is characterised by the formation of a single vortex within the canyon (Hunter
et al. 1992). In the skimming flow regime, which appears in relatively deep street canyons
(H/W > 1), the transition from a one-vortex to a two-vortex regime, and from a two-vortex
to a three-vortex regime, occurs as the aspect ratio increases. Different street canyon aspect
ratios that influence the flow, together with the heated walls, depend on the wind direction, i.e.
leeward or windward. The impact of the vortices inside the canyon depends on the wind speed
at the roof-top level, but their shape and strength can be affected by thermal effects induced
by differential heating of the walls and/or the bottom of the canyon (Mestayer et al. 1995;
Sini et al. 1996; Kim and Baik 1999, 2001; Louka et al. 2001; Xie et al. 2007). It has been
shown that the thermally-induced air flow in close proximity to a heated vertical surface either
strengthens or weakens a mechanically forced flow, producing a single vortex (H/W = 1)
or two counter-rotating vortices (H/W = 2). Note that in deeper canyons (H/W > 3) the
flow modification is more complex. In this case, the horizontal flow speed at the ground level
is too low and therefore thermally-driven upward motion splits the lowest vortex in the flow
forming two adjacent counter-rotating vortices (Kovar-Panskus et al. 2002a; Xie et al. 2007).
Other studies show that increases of the wall-air temperature difference produces, in some
cases, additional vortices. These results are related to the ground level or windward wall heat-
ing (Mestayer et al. 1995; Sini et al. 1996; Kim and Baik 1999, 2001), and clearly suggest
that the cross-canyon vortex structure is influenced by canyon heating, which depends on
the heating wall exposure, the canyon ratio, and the difference between the wall and ambient
temperatures.

Validations of most numerical studies against laboratory and field data are limited. Kim
and Baik (2001) used the wind-tunnel observations of Uehara et al. (2000) to validate model
performance only for a limited combination of parameters, such as H/W = 1 and temper-
ature difference �T = 2◦C. The predictions of the normalised potential temperature and
horizontal velocity profiles were in fair agreement with the observed flow structure and its
modification due to the thermal effects. However, the model was not tested for various heating
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Influence of Thermal Effects on the Wind Field Within the Urban Environment 225

configurations, while the thermal flow predictions of Mestayer et al. (1995), Sini et al. (1996)
and Kim and Baik (1999) also remain untested.

Wind-tunnel experiments also showed further inconsistency with numerical predictions;
the experiments of Kovar-Panskus et al. (2002b) and Huizhi et al. (2003) are the only exper-
imental studies directly related to the wall heating thermal effects on the flow dynamics
within street canyons, though they are not directly comparable. Kovar-Panskus et al. (2002b)
conducted measurements in a wind tunnel using a two-dimensional square-section canyon
model, applying heating to a windward wall. Huizhi et al. (2003) used a water tank with
ground-heated flow in non-symmetrical urban street canyons, and found that under near-zero
ambient wind the flows in the street canyon are completely driven by thermal effects. Horizon-
tal and vertical motions were also generated above the buildings roofs. In a two-dimensional
cavity with H/W = 1, Kovar-Panskus et al. (2002a) observed a cross-canyon circulation
with no significant alterations of the flow structure generated by the windward wall heating
(the initial conditions were U = 0.5–1 m s−1, temperature difference �T ≈ 50◦C, which
equates to �T ≈ 5◦C for a full-scale case with H = 20 m). While the equivalent full-scale
�T is comparable to that used in the windward wall heating numerical experiments, the
modified flow structure appeared to be clearly inconsistent with the laboratory results of
Kovar-Panskus et al. (2002b).

In a combined numerical and field study, Louka showed that the CHENSI numerical model
[that used by Mestayer et al. (1995) and Sini et al. (1996)] overestimated thermal effects of
the windward wall heating, predicting two counter-rotating vortices when only one recircu-
lation vortex was observed during the field experiment (H/W = 1.4,�T = 18◦C). The
quantification of thermal effects on the airflow dynamics close to the wall (within 1.5 m) was
incomplete because of a lack of velocity measurements at the locations of the temperature
sensors and traffic effects. During the field measurements in a 14.85-m wide canyon, a sharp
horizontal temperature difference (�T = 10.7◦C) was observed within 20 mm of the build-
ing wall; the temperature difference remained high (2.9◦C) within the next 0.2 m, but then
fell sharply as distance from the wall increased. These observations implied the presence of
a very thin thermal wall boundary layer.

As was already stated, numerical models overestimate the influence of wall-heating ther-
mal effects and predict significant changes in flow regime compared to the experimental
studies. This disagreement with experimental data is believed to be due to inaccurate repre-
sentation of the near-wall thermal conditions in numerical models. The standard wall function
(Sini et al. 1996) has been validated for a thick thermal boundary layer (Lévi Alvares 1991)
and is widely used in different CFD models. The atmospheric (Louka et al. 2001) and wind-
tunnel (Richards et al. 2006) observations showed, however, a very thin thermal boundary
layer, which required a modification to the wall function. The standard wall function provides
a good shape for the temperature profile, but overestimates the magnitude close to the heated
wall (Dimitrova et al. 2007).

In the present study, within the scope of the ATREUS Project, two CFD numerical
models (microscale models) were tested against observations from the controlled wind-
tunnel experiments of Richards et al. (2006). The experimental data helped to optimize
the effect of a thin thermal boundary layer in numerical models and further demonstrate
the ability of CFD codes to simulate three-dimensional flow and improve results of the
Heating, Ventilation and Air Conditioning (HVAC) system ENER-WIN (Degelman Engi-
neering Group Inc., 2005: http://members.cox.net/enerwin), providing more detailed inflow
conditions.
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2 Wind-Tunnel Experiment

The wind-tunnel experiments were designed to validate CFD microscale numerical models,
with a single building with leeward wall heating (Fig. 1) used. This simplification is essential
for understanding the influence of heating by solar radiation on the flow dynamics around
an obstacle and with careful consideration of the conditions described above, a 1:100 scale
model of a single building (a cube) was designed.

The cube was placed in a multi-layered wind tunnel where the upstream flow was gener-
ated using a large number of a sharp-edge roughness elements, and upstream vortex genera-
tors were used to produce a turbulent boundary layer. The inflow profile for the subsequent
numerical simulations was measured at a distance of four cube heights (4H ) upstream.

An important governing parameter in this flow is the Richardson number Ri, and in thermal
convection studies the Richardson number can be presented as a combination of the Grashof
(Gr) and Reynolds (Re) numbers, which are the ratios of buoyancy and viscous forces, and
inertial and viscous forces, respectively. Here

Ri = Gr

Re2 = βgH(T w − T re f )

U
2
re f

, (1)

where β is the of thermal expansion coefficient, g is the acceleration due to gravity, H is the
building height, T w is the mean wall temperature, T re f is the upstream ambient temperature,
and Uref is the reference wind speed upstream of the model domain. When Gr/Re2 ≈ 1, the
flow is controlled by both thermal and mechanical effects; for Gr/Re2 >> 1, the buoyancy
effects dominate the flow formation.

The experiments were performed for flow parameters representative of a combination
of free and forced convection (the mixed case, Gr/Re2 ≈ 1.6 and 0.9) and for a pure
forced convection

(
Gr/Re2 ≈ 0.1

)
and low wind speed conditions were employed in order

to maximise thermal effects. The mean flow speed around the cube was measured using a
two-dimensional fibre-optic laser Doppler anemometer with 0.05 m s−1 accuracy. The mean
(3-min averaging) longitudinal, lateral and vertical velocity components were recorded along
with their root-mean-square values, while Reynolds shear stresses were calculated for the
same time intervals. The mean temperature was measured using E-type thermocouples. A
series of experiments were conducted, including measurements of the velocity field around
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Fig. 1 The experimental set-up in the wind tunnel
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the non-heated cube and measurements of the mean temperature and velocity in the wake of
the cube under different thermal conditions. The experimental details and main results can
be found in Richards et al. (2006).

3 Model Validation

CHENSI (Sini et al. 1996) and VADIS (Martins and Borrego 1998) CFD research codes
were used in this study, both employing the steady-state Reynolds-averaged Navier-Stokes
(RANS) equations for the balance of momentum and mass conservation, with the Bous-
sinesq eddy-viscosity approximation and the k-ε turbulence closure to calculate the mean
and turbulence flow patterns around the cube.

CHENSI was developed in the Laboratory of Fluids Mechanics at Ecole Centrale de Nan-
tes, France, and solves the governing equations for three-dimensional flows and a transport
equation for the mean concentration of a passive pollutant. A finite volume method is applied
on a non-uniform staggered grid. The Reynolds stress, the heat fluxes and the concentration
fluxes were estimated using the Boussinesq eddy-viscosity and eddy-diffusivity schemes.
The popular two-equation k-ε model (Jones and Launder 1972), which refers to the balance
of turbulent kinetic energy (TKE) and its dissipation rate, was implemented; the commonly
accepted values for empirical modelling constants used for industrial flows (Launder and
Spalding 1974) were assigned. A mediocre performance of this model is often attributed to
the modelling of the dissipation rate equation and progress is usually achieved by modifying
this equation. Chen and Kim (1987) suggested adding an additional time scale to the dissipa-
tion equation, which enables more effective energy transport from large-scale to small-scale
components of the flow. This extra term, along with an additional modelling constant, was
added to the standard k-ε model implemented in CHENSI. A comparison of the results using
both turbulent models showed that the modified scheme gives a better prediction specifi-
cally in the impingement region (Dimitrova et al. 2007). The described CFD code was used
to simulate air flow and traffic pollutant dispersion at microscales, as well as to analyse the
thermal effects of solar radiation on the airflow (Kim and Baik 1999, 2001; Louka et al. 2001;
Kovar-Panskus et al. 2002b). CHENSI has been employed also in several intercomparison
studies (Ketzel et al. 2001; Sahm et al. 2002; Vardoulakis et al. 2006).

VADIS was developed at the Department of Environment and Planning, University of
Aveiro, Portugal as a tool to estimate the dispersion of pollutants in the atmosphere, and
consists of two modules FLOW (CFD model) and DISPER (Lagrangian dispersion model).
FLOW uses a numerical solution of the three-dimensional RANS equations and the k-ε
turbulence closure to calculate wind, turbulent viscosity, pressure, and temperature fields.
VADIS has a capacity to support a multi-obstacle and multi-source environment, as well
as non-stationary flows and emissions. The evaluation of maximum short-term local con-
centrations for urban geometries, especially under low wind speed conditions, can be simu-
lated (Martins and Borrego 1998). The simulation results were validated using wind- tunnel
measurements (Borrego et al. 2000). More recently VADIS has been applied to the Lisbon
downtown area, demonstrating good performance for the flow patterns and dispersion around
obstacles under variable wind conditions (Borrego et al. 2003, 2004, 2007). VADIS also has
been used in previous model intercomparison studies (Sahm et al. 2002; Vardoulakis et al.
2006).

CHENSI and VADIS were tested for a non-uniform inlet flow and thermal coupling
against wind-tunnel observations discussed by Richards et al. (2006), to assess these codes
for predicting wind and temperature fields around a three-dimensional obstacle.
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3.1 Computational Domain

The size of our computational domain exactly matched the dimensions of the laboratory
experiment, which was 2.1 m × 1.6 m × 1.1 m (see Fig. 2). A uniform grid with a resolution
of 0.0095 m (20 times less than the cube size H = 0.19 m) was chosen for VADIS and a
non-uniform stretched grid with the highest resolution of 0.0095 m close to the walls was
used for CHENSI.

3.2 Isothermal Case: Results and Discussion

Non-uniform inflow fields were used for the calculations to account for the flow inhomogene-
ity observed in the laboratory experiment. A linear space interpolation was applied between
the available experimental data for velocity (u) and turbulent kinetic energy (k) at the location
x/H = −4, where the upstream vertical boundary profiles were measured at three different
horizontal levels: y/H = −1.5, 0.0, and 1.5.

Several statistical metrics were calculated to quantify the performance of both models
against the experimental data, viz.
the normalized mean bias:

NMB =

N∑

i=1

(Pi − Oi )

N∑

i=1

Oi

, (2a)

the normalized mean error:

NME =

N∑

i=1

|Pi − Oi |
N∑

i=1

Oi

, (2b)

where P is the predicted value, and O is the observed value.
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Fig. 2 A sketch of the computational domain
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Fig. 3 The observed and calculated vertical profiles of the non-dimensional longitudinal velocity component
and turbulent kinetic energy at different locations in the cube centre plane

The comparisons of the vertical profiles of the u component and the energy k were taken
at different locations, which are shown in Fig. 3 for various distances x/H from the cube
centre. The agreement between numerical and experimental results is reasonable for the lon-
gitudinal velocity, except downstream of the cube, where VADIS simulates the reattachment
point closer to the obstacle, while CHENSI predicts a more distant position of this point
(the reattachment point xS is the point where flow impinges on the surface and separates
in opposite directions along the wall). At the location x/H = 1.5, CHENSI tends to pro-
duce a negative u near the ground (NMB = −0.21), while VADIS computes a positive u
(NMB = 0.25), indicating a different size of the predicted recirculation vortex. Both models
overestimate the turbulent kinetic energy (NMB is about 0.7) in the impingement region
x/H = −0.625 and fail to predict strong vertical shear at the top of the obstacle x/H = 0
(NMB = 0.09 for CHENSI and −0.27 for VADIS). VADIS simulates the TKE in better
agreement with the experimental data near the re-attachment point x/H = 1.5 compared to
CHENSI (NMB = 0.004 and −0.12 respectively), but CHENSI gives a better prediction close
to the leeward cube side within the cavity zone x/H = 0.625 (NMB = 0.64 for CHENSI
and 0.32 for VADIS).

The horizontal distributions of the normalized u and TKE values are shown in Fig. 4 at
z/H = 0.5 for the impingement region x/H = −0.625, the cube centre x/H = 0 and near
the experimentally obtained reattachment point x/H = 1.5. The models reproduce well the
horizontal velocity field observed in the wind tunnel upstream and around the obstacle, with
NMB in the range −0.09 to 0.12. The main difference appears downstream of the cube, beyond
x/H = 1.5. CHENSI underestimates the longitudinal velocity component (NMB = −0.27)
while VADIS gives better agreement with the measured values (NMB = 0.09). There is a
discrepancy between the calculated and observed values of turbulent kinetic energy, where
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Fig. 4 Horizontal distributions of the non-dimensional velocity and turbulent kinetic energy at z/H = 0.5

the peak values predicted by the models are at the line of the cube lateral edges. In the
impingement area x/H = −0.625 the observed maxima, however, are shifted away from
the obstacle (NMB = 0.17 for CHENSI and 0.4 for VADIS). Both models fail to predict
the observed values of TKE very close to the obstacle at x/H = 0. The calculated turbu-
lent kinetic energy again significantly differs from the observations downstream of the cube,
at x/H = 1.5, with VADIS overestimating (NMB = 0.12), and CHENSI underestimating
(NMB = −0.25) the measured values.

The mean normalized errors and bias calculated for the vertical profiles (Table 1) and
horizontal distributions (Table 2) of the u velocity component and turbulent kinetic energy
k are presented at different locations corresponding to the same locations as those shown
in Figs. 3 and 4. The largest discrepancies between the calculated and measured velocity
profiles for both models was found close to the re-attachment point x/H = 1.5, while a
large disagreement for k is shifted to the impingement region x/H = −0.625. Both models
produced largest errors in the horizontal distributions of u downstream of the cube, while for
the turbulent kinetic energy, the biggest disagreement with the experimental data is located
upstream of the obstacle.

Table 3 summarizes important characteristics of the flow around the obstacle predicted by
CHENSI and VADIS codes and those obtained in the laboratory measurements. Both models
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Table 1 The mean normalized and fractional errors of the calculated velocity and turbulent kinetic energy
vertical profiles at different non-dimensional locations x/H (see Fig. 3)

x/H u velocity component Turbulent kinetic energy k

NME NMB NME NMB

CHENSI VADIS CHENSI VADIS CHENSI VADIS CHENSI VADIS

−0.625 0.125 0.068 −0.119 −0.037 0.819 0.755 0.743 0.730

0.0 0.156 0.171 0.021 0.071 0.441 0.358 −0.088 −0.271

0.625 0.125 0.068 −0.119 −0.037 0.188 0.544 0.064 0.316

1.5 0.213 0.297 −0.205 0.252 0.289 0.144 −0.116 0.004

Table 2 The mean normalized and fractional errors of the calculated u velocity component and turbulent
kinetic energy horizontal distributions at different non-dimensional locations x/H (see Fig. 4)

x/H u velocity component Turbulent kinetic energy k

NME NMB NME NMB

CHENSI VADIS CHENSI VADIS CHENSI VADIS CHENSI VADIS

−0.625 0.165 0.133 −0.087 0.116 0.386 0.589 0.166 0.399

0.0 0.105 0.124 −0.089 0.116 0.340 0.201 −0.340 −0.201

1.5 0.274 0.227 −0.274 0.087 0.250 0.161 −0.250 0.116

Table 3 Characteristic scales of
the flow

Characteristic scales CHENSI VADIS EXPERIMENT

Stagnation point zS/H 0.8 0.8 0.7

Reattachment length xR/H 1.89 1.23 1.34

Separation length xS/H −0.77 −0.53 −0.75

predicted a higher value for the height of the stagnation point zS (where the upcoming flow
approaches the windward side of the obstacle and separates); CHENSI overestimated the
re-attachment length xR while VADIS underestimated it; CHENSI made a better estimate of
the upwind vortex length (xS) than VADIS.

3.3 Thermal Case: Results and Discussion

Different values of the governing parameter Gr/Re2 were selected in order to assess the influ-
ence of thermal effects on the flow patterns. The simulations were performed for Gr/Re2 ≈
0.9 and Gr/Re2 ≈ 1.6, corresponding to the experiments described above (see Sect. 2).
Figure 5 shows the non-dimensional temperature profiles (T/Tre f ) observed in the wind tun-
nel and those predicted by CHENSI and VADIS at the cube central plane for Gr/Re2 ≈ 1.6.
The simulated temperature profiles are significantly different especially close to the heated
wall. VADIS overestimates temperature near the heated cube face (x/H = 0.55), but model-
ling results are closer to the measurements in the wake of the cube (x/H = 0.625). A tendency
for amplification of buoyancy effects can be seen in the vertical temperature profiles produced
by VADIS; a disagreement with the experimental data is also found downstream above the
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downstream locations for Gr/Re2 ≈ 1.6

Table 4 The mean normalized
and fractional errors of the
calculated temperature at
different non-dimensional
locations x/H for Gr/Re2 ≈ 1.6
(see Fig. 5)

x/H NME NMB

CHENSI VADIS CHENSI VADIS

0.55 0.115 0.283 −0.071 0.264

0.625 0.195 0.082 −0.195 0.066

1.0 0.104 0.110 −0.104 −0.007

1.5 0.073 0.071 −0.073 −0.012

cube height. The normalized mean and fractional errors, calculated for both models against
experimental data, are shown in Table 4. The errors are less than 0.2, except for VADIS
results in close proximity to the heated wall, where the errors are up to 0.28.

Figure 6 compares experimentally and numerically obtained contour plots of T/Tre f at
the cube centre plane, with the velocity vectors superimposed for strong thermal conditions.
A thermal plume that results from the air heating close to the cube surface is clearly detectable
in the experimental data. As this warmer, less dense, air interacts with the cooler mechanically
driven flow from the top of the cube it is washed downstream, producing the elongated tem-
perature distribution at the upper trailing edge of the cube, where the maximum temperatures
are observed. The result implies that the heated air is mainly transported vertically to the
top of the cube and then advected horizontally by the thermal plume, with no re-entrainment
into the wake through the recirculation region. The temperature field predicted by CHENSI
shows disagreement with the experimental data mainly within the cavity zone close to the
ground; this significant difference seems to be associated with strong upward flow within
a vertical circulation induced by the heated cube face. The spatial temperature distribution
produced by VADIS shows the over-production of buoyancy, as the warmer air plume is
raised over the top of the cube, which disagrees with the experimental results. The heated
air flows downstream from the leeward cube face mainly above the cube height, z/H = 1,
and a strong upward flow, produced by the air heating near the cube face, is directed towards
the top (and above) of the leeward side. We see that higher temperatures are observed in the
recirculation bubble close to the ground (T/Tre f ≈ 1.25 at x/H = 1), and probably due

123



Influence of Thermal Effects on the Wind Field Within the Urban Environment 233

Temperature
scale T/Tref

2
1.9
1.8
1.7
1.6
1.5
1.45
1.4
1.35
1.3
1.25
1.2
1.15
1.1
1.05
1

0.5 1 1.5
0

0.5

1

1.5

1.2
1.2

5

1
.3

1.
35

1.35
1.

4

1.45

1.5

1.5

0.5 1 1.
0

0.5

1

1.5

0.5 1 1.5 2

0.5

1

1.5

z/H
0.5 m s-1

Temperature
scale T/Tref

2
1.9
1.8
1.7
1.6
1.5
1.45
1.4
1.35
1.3
1.25
1.2
1.15
1.1
1.05
1

Temperature
scale T/Tref

2
1.9
1.8
1.7
1.6
1.5
1.45
1.4
1.35
1.3
1.25
1.2
1.15
1.1
1.05
1

0.5 1 1.5
0

0.5

1

1.5

1.2
1.2

5

1
.3

1.
35

1.35
1.

4

1.45

1.5

1.51.
6

1.7

0.5 1 1.
0

0.5

1

1.5

0.5 1 1.5 2
0

0.5

1

1.5

0.5 1 1.5 2

0.5

1

1.5

0.5 1 1.5 2

0.5

1

1.5

0.5 1 1.5 2

0.5

1

1.5

0.5 1 1.5 2

0.5

1

1.5

z/H z/H

z/H
0.5 m s-1

x/H

x/H

1 8.

1
.7

Fig. 6 The non-dimensional temperature and velocity fields at the cube centre plane y/H = 0.0 for
Gr/Re2 ≈ 1.6

more to heat conduction from the cube to the ground than to heat convection in the wake.
This effect was not taken into account in the numerical simulations.

Figure 7 shows the horizontal structure of the temperature field obtained experimentally
and numerically at the non-dimensional height z/H = 0.7, where CHENSI predicts a very
similar temperature pattern that was observed in the wind tunnel. The maximum temper-
atures appear near the lateral cube faces, although this numerical model overestimates the
temperature close to the heated cube face. This may be associated with the conduction heat
losses at the boundary in the laboratory experiment. For numerical simulations, a uniform
initial temperature distribution was prescribed, although this was not, however, the exact case
in the experimental set-up, where a constant heat flux produced a non-uniform temperature
distribution due to heat loss close to the cube face boundary and heat conduction in the
ground. The differences in simulated and measured temperatures can be found far from the
heated cube face along the cube centre plane due to high horizontal velocity of the calculated
reversed flow. VADIS predicted a more uniform temperature distribution in the horizontal
plane and failed to produce the temperature maxima close to the lateral cube boundaries.
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Fig. 7 The non-dimensioned temperature and velocity fields for Gr/Re2 ≈ 1.6 at the vertical level z/H = 0.7

3.4 Section Summary

Both models utilized the same RANS equations, with a uniform grid used for VADIS sim-
ulations and a non-uniform grid with the same mesh size close to the walls employed by
CHENSI. CHENSI exploited a modified k-ε model, while VADIS implements the standard
scheme. This can produce the difference in the flow patterns obtained by both models for the
isothermal case. The modification of the turbulent model reduces disagreement with experi-
mental data, specifically in the impingement region, where the standard k-ε model tends to
overproduce turbulent kinetic energy.

Overall differences between the VADIS and CHENSI simulations for the thermal case
were fairly significant. A large amount of heat is advected to the cube top creating notice-
able differences between the two models for the temperature field. The main reason for this
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discrepancy is that VADIS used the standard wall functions, which led to a higher temperature
close to the heated cube face producing a stronger buoyancy force at the top of the cube. The
CHENSI performance was in better agreement with the wind-tunnel temperature field due
to the modified wall function, having lower mean normalized bias and errors compared to
VADIS. Because of this, we only used CHENSI for further calculations in the Lisbon street
canyon.

4 CFD Modelling of the Thermal Effects: “Lisbon Case”

The CFD code CHENSI was used to predict the flow field (including the thermal effects
of solar heating) within a complex array of buildings with modelling geometry based on an
urban block in the city of Lisbon, Portugal.

4.1 Modelling Approach

The computational domain included a group of 26 obstacles with a simplified uniform build-
ing height of 15 m, and a domain orientation 16◦ east of north. A stretched grid (with the
highest space resolution of 2 m close to the obstacles) was used for the street canyon modelling
(Fig. 8), and a two-building configuration (the lower panel of Fig. 8) within the computational
domain was used further for the building modelling. The profiles produced by CHENSI at
point A (see the lower panel of Fig. 8) were used as the input conditions for the HVAC
simulation model (these results are not included in this study).

4.2 Input and Boundary Conditions

The mean wind velocity, turbulent kinetic energy and temperature profiles were produced by
the non-hydrostatic mesoscale model MM5 (http://www.mmm.ucar.edu/mm5) at a coarse
resolution (1 km×1 km) grid (Fig. 9). The profiles served as input conditions for the CHEN-
SI model so as to simulate the airflow dynamics in Lisbon for a typical summer day (July
9, 2000) at 0100, 0800, 1500, and 2200 local time; an extreme thermal condition was used
at 1400 local time. The terms “typical day” and “extreme thermal conditions” are based
on preliminary statistics over long time series of meteorological data for the Lisbon region
(Oxizidis et al. 2008); a “typical day” refers to the most frequently occurring circulation and
diurnal temperature variations in July. The classification system, developed by H. Lamb,
was used to classify the weather types on a daily basis (Kelly et al. 1997). The “extreme
thermal conditions” refer to strong solar radiation [the daily global radiation is approxi-
mately 28,000 kJ m−2 (24 h)−1], which leads to a maximum energy consumption for the air
conditioning of buildings.

Upscaling was used to specify the temperature distribution at the walls. The boundary
conditions were obtained by HVAC with the inflow conditions generated by MM5, and the
temperature at the boundaries of selected buildings nested within the computational domain
was calculated for a typical street canyon aspect ratio H/W = 1 (the domain is shown in
the lower panel of Fig. 8) depending on the sun exposure. A sketch showing the consecutive
steps of our modelling approach and the corresponding feedbacks is given in Fig. 10.
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Fig. 8 The computational grid used for microscale numerical simulations

4.3 Results and Discussion

The inflow profiles of the velocity components, turbulent kinetic energy, and temperature
are shown in Fig. 11 and the CFD simulated profiles are presented in Fig. 12. The inflow
velocity (Fig. 11) did not change significantly during most of the day, except at 2200 local
time. Relatively strong uniform winds (u ≈ 10 m s−1, direction ≈340–350◦) characterized
the overall meteorological conditions. The CDF profiles (Fig. 12) signify the flow properties
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Fig. 10 Methodological parameters used in the study

at the centre of a narrow street canyon between two selected buildings (point A in Fig. 8),
and will be further used as the new inflow conditions for the HVAC model to account for the
microscale urban effects.

The CFD horizontal velocity component declined within the street canyon cavity contrary
to the vertical velocity, which showed a maximum at the building roofs. The TKE decreased
within the cavity zone with its maximum predicted by CHENSI at approximately two build-
ing heights. In contrast, the MM5 vertical profiles show a steady increase of TKE upwards.
The temperature profiles within the street canyon simulated by CHENSI show an increase of
temperature during the hours of high solar radiation (1400–1500 local time) in contrast to the
uniform MM5 temperature profiles. A local temperature maximum within the canyon cavity
and a strong vertical gradient near the building roofs can be seen in Fig. 12 (specifically at
1400, 1500, and 2200 local time). The vertical profiles predicted by CHENSI, compared to the
MM5 results, show a significant influence of thermal building effects leading to the increase
of flow inhomogeneity, due to direct solar heating of the street canyon during the day or its
cooling at night. Because of the reduced turbulence and lower wind speeds within the street
canyon cavity with regard to the inflow profiles, different wall heating significantly increased
the temperature within the street canyon, particularly at 1400 and 1500 local time, when the
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Fig. 11 Inflow profiles produced by the non-hydrostatic mesoscale model MM5 at different times of the day
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Fig. 12 The velocity components, TKE, and temperature profiles simulated by the CFD model accounting
for local urban effects at the different times of the day

temperature difference between the heated surface (≈40◦C) and ambient air (≈24◦C) was
large.

A comparison between the isothermal case (without building heating) and the thermal
case at 1500 local time (with the same inflow conditions) demonstrates strong thermal influ-
ence on flow dynamics. The results are presented in Figs. 13 and 14 for the street canyon
with the aspect ratio H/W = 1, where the velocity vectors and contours are shown. A dif-
ference between the isothermal and thermal cases is found for the vertical and horizontal
velocity components, when the vector of the reference velocity is not parallel to the street
axis (section A). A weak flow modification was observed for a nearly parallel reference flow
(section B). Both A and B cross-sections show one dominant vortex within the canyon, and
for the almost perpendicular reference flow (section A), the vortex centre is shifted to the
top of the building (see arrow in Fig. 14-A). A strong temperature gradient was generated
between the building surface and the ambient air. The dynamic and buoyancy factors act
in opposite directions and therefore the intensity of the single vortex decreases in compari-
son to the isothermal flow. The heated air close to the windward building face upwells and
interacts with the dynamically-induced downward flow, which leads to a net decrease of the
vertical velocity magnitude (from 0.5 to 0.2 m s−1). The wall heating can largely influence
the intensity of the vertical flow.

The modelling results for the street canyons with different aspect ratios (between regular
canyons H/W = 1 and the avenue canyons H/W ≈ 0.5) are shown for different flow char-
acteristics at 1500 local time in Figs. 15, 16 (velocity components), 17 (TKE), and 18 (the
temperature difference between local and reference values). A clear distinction should be
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made between the synoptic wind conditions above the roof-top level and local winds within
the cavity of the canyon. A near-parallel synoptic airflow with strong winds (approximately
8 ms−1) was simulated by MM5 for this case. All three-dimensional flows considered in our
calculations for different aspect ratios are characterized by a single clockwise rotating vortex
(Fig. 15), which is formed due to the deflection of the airflow from the windward wall of the
canyon. For oblique roof-level winds this deflection may induce a spiral wind flow through
the canyon, while other complex channelling effects could be produced by winds parallel
to the street axis. A complex influence of the above mentioned factors on the street canyon
wind flow is shown in Fig. 16.
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Fig. 18 Temperature difference between the local and reference value for different aspect ratios H/W = 0.6,
1.0, and 0.5 at 1500 local time

Figure 17 shows typical patterns of the turbulent kinetic energy with low values within
the canyon cavity and a maximum in the impingement regions. Low turbulent kinetic energy
is found close to the leeward face of the obstacles, especially within narrow streets with the
canyon aspect ratio H/W = 1, where calm conditions were predicted near the ground for
all street canyon cavities.

The patterns of the temperature differences between local and reference values are depen-
dent on the in-street flow formation. Significant differences in the temperature field can
be seen for a regular H/W = 1 and the avenue canyons H/W = 0.5 and 0.6 (Fig. 18).
Heated air accumulates within the cavity in the areas with little turbulent transport and low
wind speeds, specifically for H/W = 1. A temperature plume is well displayed close to
the leeward side of the obstacles, due to the enhanced vertical flow resulting from additional
buoyant forcing.

4.4 Section Summary

High-resolution CFD modelling can reproduce detailed structure of the flow field in the urban
environment, which is not achievable by the use of the mesoscale model MM5, for example.
The important effects of the microscale urban environment cannot be captured in mesoscale
meteorological models. The simulations showed a distinctive influence of urban geometry
and thermal effects on the flow dynamics in a standard street canyon (H/W = 1). Important
flow features include a strong vertical motion induced by the drag force at the obstacles and
a maximum of the turbulent kinetic energy at a height of approximately two buildings. The
temperature within the street canyon increases and a strong vertical gradient is generated
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near the top of the buildings, especially at the times of enhanced solar heating. Modelling
results produced by mesoscale models can be improved using the output profiles from CFD
local-scale simulations, enabling a more realistic representation of local urban effects. The
results of microscale numerical simulations of the Lisbon domain using the CHENSI code
show significant flow modification due to thermal effects within the street canyons with dif-
ferent aspect ratios. For example, thermal forcing as a consequence of the windward wall
heating acts against dynamical forces destroying a conventional single clockwise vortex. A
comparison was made between an isothermal case (without building heating) and a thermal
case (with building heating) for a typical summer day in Lisbon. A significant change in the
flow structure was observed for a background wind perpendicular to the obstacle.

5 Overall Conclusions

The experimental laboratory observations were successfully used to validate the microscale
CFD numerical models CHENSI and VADIS. CHENSI performed better in replicating the
experimental results because a modified temperature wall function has been implemented.
The model can be successfully used in cases when the heat transfer substantially influences
the dynamics of the flow. A considerable flow modification caused by solar heating of build-
ing walls within the street canyons was found, and showing that microscale CFD models
such as CHENSI are helpful in understanding and correctly simulating micrometeorological
conditions in urban environment.
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