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ABSTRACT: In this paper, the air exchange velocity between the urban canyon cavity and the air
layer above roof level is quantified, using a two-dimensional k-¢ model, and correlated with the air
cavity mean temperature, for two cases: leeward and downward wall heating. The spatial thermal
differences are evaluated by assuming a wall temperature higher than the air temperature, with this
difference ranging between 0 and 16 K. The undisturbed wind velocity above the roof level is varied
from 1 to 6 ms™ and the canyon aspect ratio is 1.5, which corresponds to a skimming flow regime.

The model predicts two situations, which correspond to air flow regimes where one or two eddies are
formed, respectively: (a) for high wind speed, the air inside the cavity is negligible affect by the
buoyancy effect and the air exchange velocity linearly increases with the increase of wind velocity;
(b) for low wind speed, when the buoyancy forces are stronger than the wind induced forces, the air
exchange velocity is not a linear function with the wind velocity. The transition wind velocity between
(a) and (b) is a function of the wall-air temperature difference. The situation of windward heated wall
and two eddies air flow regime is the most favorable to extract heat from the cavity. On the contrary,
the heated air is hardly extracted from the cavity when only the wind induced eddy is predicted and
windward wall is heated. In this situation an increase of 10 K on the wall temperature increases by
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1 K the in-cavity air temperature.
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1. INTRODUCTION

During a one day period, the urban canyon walls
have different temperature patterns, mainly due to the
sun incidence, which influence the air flow inside the
cavity [1-2]. For a skimming flow regime [3], the in-
cavity air is highly isolated from the external space by
the formation of one (or more) vortices, promoting the
accumulation of heat on the cavity, desirable on
winter but not in summer. In pollution studies the
removal rate of pollutant concentrations is measured
by the air exchange rate (ACH) [4] which quantifies
the air flux crossing the urban canyon top surface.

The spatial thermal differences among cavity
surfaces contributes to reinforce the existent vortices
or to form additional ones. These air flow exchanges
result from the balance between buoyancy and
advective forces.

In this paper the air exchange velocity is studied,
which is related to the ACH by the width cavity, using
the numerical predictions of a bi-dimensional k-¢
turbulence model. The goal of this study is twofold:
(1) estimating the air exchange velocity to analyse the
walls thermal difference influence on the air flow
regime inside the cavity; and (2) correlating it with the
mean temperature of the urban cavity air.

2. MODEL FORMULATION

The turbulent flow field inside the urban cavity is
calculated from the solution of the two-dimensional,
steady-state, = Reynolds-averaged  Navier-Stokes
equations by use of the original TEACH code [5],
where thermal effects are included. The momentum,
mass and thermal equations can be written in tensor
notation, respectively, by:
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where x; are the Cartesian coordinates (x,z), u; the
components of the mean velocity (u,w), ui the
fluctuations of the velocity components (u’,w’), gi the
components of the gravitational acceleration (0,-g), p
the mean pressure, T the absolute mean
temperature, T a reference temperature assumed
here by the inflow air temperature, p (= 1.18 Kgm™)
the air density at 300 K, v ( = 1.58x10° m?s™) the air
kinematic viscosity at the same temperature, and
ot (=0.90) the turbulent Prandtl number. The
Reynolds stress tensor components are estimated by
the Boussinesq eddy viscosity:
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where §; is the delta Kronecker function and v; the
turbulent eddy viscosity calculated by the Prandtl-
Kolmogorov relationship.
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In the above expressions c, is a model constant
(=0.09), k is the turbulent kinetic energy and ¢ its
dissipation rate which are calculated by solving the
semi-empirical transport equations:
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and ok (=1.0), o,(=1.3), ci (=1.44), c2(=1.92)
constants of the model [1,2].

3. AIR EXCHANGE VELOCITY

The numerical model estimates for each point of
the mesh the two mean air velocity x and z
components, respectively, u and w. The fluctuation air
velocity terms, v’ and w’, are obtained from the
Reynolds stress tensor by (4).

The mean air flux, ®,, crossing the cavity top
surface (surface S of Figure 1) is given by:
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Because of mass conservation this term is
numerically close to 0, thus, the air flux which enters
(or exits) the cavity is defined by:

®;=;£(ww+w'w')1/2dx (11)

The fluctuating term of (11) is obtained by one of

the components of the turbulent stress tensor:
wwi=2k.2v, W (12)
3 for4

Numerically, each one of the terms w, k and ¢ is
estimated for the surface S from the vertical average
of the closest nodes j and j+1. The vertical gradient of
w is estimated by:
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The air exchange velocity is calculated from the
ratio between the air exchange rate entering the
cavity and the cavity width (W):

u =P (14)
W

Because the model mesh is uniform in the cavity
area (see Figure 1), the difference between the air
cavity mean temperature and the inflow air, AT, is
calculated by the numerical average of the
temperature difference on each node. The air velocity
close to the wall, Uy, is calculated from the numerical
average of U = (u2+\/\/2)1/2 for the set of nodes closest
to the wall.

4. MODEL CHARACTERIZATION AND
BOUNDARY CONDITIONS

The model calculates the air flow variables and
the temperature for the geometry depicted on
Figure 1 which dimensions are set to: building height
(H) 60, cavity width (W) 40 and height of the roof level
layer (z5) 100. The mesh, also depicted in Figure 1, is
composed by two zones: the lower has a grid of
126x149 nodes and the upper 126x51.

The wind velocity at the inflow, ui,, in the region
above z (=10) is set with an undisturbed wind
velocity value, Uy, which is a variable parameter
ranging from 1 to 6 ms™'. Below that level, uin (Win = 0)
at the inflow varies with z according to:

H 0.299
u, (2)=U, {ZJ if zH<z (15)
Zr

At the inflow, the turbulent kinetic energy and its
dissipation rate were set to:

K,, =0.003u,’ (16)
0.75 1.5
g = K (17)
" KZ

with « ( = 0.40) the Von Karman constant.

No-slip boundary conditions are applied to
building surfaces (roof, floor and walls) [6]. At the
outflow, and upper boundary, the gradient of any
variable is set to zero.

w
geometry and mesh

Figure 1: Model
characterization.

In terms of spatial thermal differences, three
cases are considered: (1) inflow air and surfaces at
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the same temperature (T =293K); (2) leeward
surface temperature above inflow air temperature
(Figure 2a); and (3) windward surface temperature
above inflow air temperature (Figure 2b). The wall-air
temperature difference (AT,) ranges between 2 and
16 K, by steps of 2 K.

(a) (b)
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Figure 2: Solar incidence on urban cavity for
(a) leeward heated wall and (b) windward heated wall.

5. AIR FLOW REGIMES AND AIR EXCHANGE
VELOCITY

5.1 Case 0: Isothermal surfaces

For the studied geometry where the urban cavity
has an aspect ratio (H/W) of 1.5 and both the air and
surfaces are in isothermal conditions, only one eddy
is formed inside the cavity and the air exchange
velocity increases linearly with the undisturbed wind
velocity, at a 4.1% rate (see 0 K line in Figure 3). The
air velocity close to the surface, Uy also increases
linearly with Ug at a 22% rate, not shown here.

5.2 Case 1: Leeward heated surfaces

When leeward surface temperature is higher than
air, the air close to the surface is heated and moves
upwind, reinforcing the existent eddy. Thus, the air
velocity close to the surface increases with the
undisturbed wind velocity, as in isothermal surfaces
case.

For the air exchange velocity, however, the
increase is not linear and for wall-air temperature
differences above 6 K a decrease is verified from 1 to
1.5 ms"1, due to the fact that, for Uy values below a
transition air velocity U;, which is a function of wall-air
temperature difference (Table 1), the turbulence term
is small compared to the advective and the advective
flux decreases with Uo.

To illustrate this situation Figure 4 is presented,
where ATy, is the same (14 K) and Uy increases, from
left to right, from 1 to 1.5 ms™. For a lower U
(Figure 4a), the buoyancy forces are stronger than
the wind induced forces, increasing the vertical mean
flux comparatively to a higher Up (Figure 4b).
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Figure 3: Air exchange velocity variation with
undisturbed wind velocity for different leeward wall-air
temperature difference.

Figure 4: Air flow inside the cavity with leeward
heated surface (ATw=14K) and Uq: (a) 1 ms™" and (b)
1.5ms™.

5.3 Case 2: Windward heated surfaces

Windward wall heating causes the formation of a
counter rotating eddy, which is annulled for Uy above
the transition air velocity. This fact explains the non
linearity of the air exchange velocity as a function of
Uop shown in Figure 5, in the transition zone the air
exchange velocity decreases for an increase of Uo.
This is caused by an exchange of air flow regime from
two counter rotating eddies (Figure 6¢) to only one
eddy (Figure 6d).

For an heated windward wall with an wall-air
temperature difference of 14 K, when Ug is below U
(Up<2.75 ms'1), the wind induced eddy remains at
the upper region and a counter rotating eddy is
formed by the buoyancy forces in the center of the
cavity (Figure 6a and 6b). For Uy at the transition
velocity (Figure 6¢), the counter rotating eddy is
restricted to the lower region and it disappears for
higher Uy (Figure 6d). This transition scheme is
similar for other wall-air temperature differences, but
occurs at a different U;. The values of the transition
velocity are presented in Table 1.
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Table 1: Transition velocity, U [ms'1], as a function
of wall-air temperature difference for leeward and
windward heated wall.

wall-air temperature difference [K]
2 4 6 8 10 12 14 16

CASE1 15 15 20 20 20 20 20 20
CASE1 12 15 20 22 25 25 28 3.0
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Figure 5: Air exchange velocity variation with
undisturbed wind velocity for different windward wall-
air temperature difference.
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Figure 6: Air flow inside the cavity with windward
heated surface (ATw=14K) and Uy (a)2ms”,
(b) 2.5 ms™, (c) 2.75ms™ and (d) 4 ms™.

6. AIR CAVITY MEAN TEMPERATURE

6.1 Case 1: Leeward heated surfaces

For a leeward heated wall where only the main
eddy is predicted (vortex | in Figure 7a) it is expected
that an increase of the eddy velocity promotes a
higher heat extraction from the heated wall to the
cavity air, since the heat transfer coefficient is directly
proportional to air flow velocity [7]. On the other hand,
an increase of air exchange velocity would increase
the extraction of the heated air from the cavity to the
above roof layer.

(@) (b)
U, U,

Figure 7: Air flow and heat extraction from the urban
cavity with (a) leeward heated surface and
(b) windward heated surface.

With this study it is verified that the air cavity
mean temperature increases with the wall-air
temperature difference and slightly decreases with Uy
(Figure 8). To test the variables which influence the
air cavity temperature, the ratio between the air cavity
mean temperature and the wall-air temperature
difference (ATJ/AT\y) is plotted in Figure 9 against the
ratio between air exchange velocity and the air cavity
mean velocity (Us/Uy). If a power function defined by
(18) is fitted to the points above U; of Figure 9 the
following parameters are found: o = 0.008, B =-1.045
andy =1.014.

ATc=ocUeBUWVATW (18)

Thus, it can be concluded that the mean
temperature of the air cavity is correlated, for this
range of Uo, with the inverse of U¢/Uy, ratio, because y
is numerically close to 1 as well as the symmetric of
B. Furthermore, the increase of the mean temperature
of the air cavity is mainly due to:

. increase of wall temperature;

. decrease of the Ue/Uy

For Uy below Ui, however, it is verified that the air
cavity mean temperature slightly increases with
Ue/Uw. For this range of Ug, the air cavity mean
temperature is about 0.08 the wall-air temperature
difference.

The air cavity temperature distributions, which
correspond to in-cavity air flows of Figure 4, are
depicted in Figure 10. When the leeward wall is
heated and Up increased from 1 to 1.5 ms'1, it is
verified that the air cavity mean temperature slightly
decreases (AT decreases from 1.1 Kto 1.0 K).
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Figure 8: Air cavity mean temperature variation with
undisturbed wind velocity and leeward wall-air
temperature difference.
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Figure 9: Ratio between the air cavity mean
temperature and the wall-air temperature difference
against the ratio between air exchange velocity and
the cavity air velocity close to the leeward surface.
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Figure 10: Temperature distribution inside the
cavity with leeward heated surface (ATw=14 K) and
Uo: (a) 1 ms™ and (b) 1.5 ms™.

6.2 Case 2: Windward heated surfaces

For a windward heated wall, one or two vortices
are formed inside the cavity, depending on the
undisturbed wind velocity and the wall-air temperature
difference. For undisturbed wind velocity below
transition velocity, the secondary counter rotating
vortex (vortex Il of Figure 7b) extracts heat from the
wall, depending on the vortex velocity. Afterwards the
heated air is removed from the right upper side of the
cavity. In this case, it is difficult to predict which
variables influence the heat extraction from the cavity.

For undisturbed wind velocity above the U; value,
which corresponds to the one eddy air flow regime,
Figure 11 shows that the air cavity mean temperature
is almost unchangeable with an increase of Ug, even
if Ue increases in that region (see Figure 5). Instead,
for Up values below Uy, it is verified that the air cavity
mean temperature increases significantly with an
increase of Up. For a wall-air temperature difference
of 14 K, the increase is of about 0.2 K, from 2 to
25ms”, and 0.6 K from 2.5 to 2.75ms™. The air
temperature distributions for these situations are
depicted in Figure 12, corresponding to the air flow
regimes of Figure 6.
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Figure 11:  Air cavity mean temperature variation
with undisturbed wind velocity and windward wall to
air temperature difference.

The power function fitting parameters (Eq. 18) for
the points where Ug is below Ui are o = 0.656,
B=2.122 and y = -2.322. So, it is concluded that, for
this range of Uy values, the air cavity mean
temperature increases with the quadratic function of
Ue/Uy as Figure 13 shows. When Uy is above U,
ATJ/AT,, varies between 0.09 and 0.11 K, which
means that for a 10K increase on the wall
temperature it is predicted that the temperature inside
the cavity increases about 1 K.

From Figures 9 and 13, it can be concluded that
the highest heat accumulation is verified when
windward wall is heated and Uy is above the transition
velocity, Ui. In fact, for an air flow regime where the
advective vortex is dominant, the in-cavity air is like
‘isolated’ from the above roof level and the downward
air is heated when it contacts with the windward
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surface. The heated air is then transported inside the
cavity by the main air flow vortex (Figure 12c and
12d). On the other hand, the air flow regime where
the main vortex is caused by buoyancy, which occurs
when windward wall is heated and Uy is below Uy, is
the most favorable case to the heat extraction from
the cavity (Figure 12a and 12b). The upward air
movement extracts the heated air close to the
surface, with little influence on the air cavity
temperature.
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Figure 12: Temperature distribution inside the
cavity with windward heated surface (ATw=14 K) and
U (@2ms' (b)25ms", (c)2.75ms”’ and
(d)4ms™.
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Figure 13: Ratio between the air cavity mean

temperature and the wall-air temperature difference
against the ratio between air exchange velocity and
the cavity air velocity close to the windward surface.

7. CONCLUSIONS

This study evidences that thermal spatial
differences among surfaces can be determinant for
the air flow regime inside the urban cavity, caused by
the balance between buoyancy and advective forces,
which depends on the undisturbed wind velocity and
the position of the heated wall.

When the heated wall is facing the wind direction
(windward heated wall), two different air flow regimes
are predicted by the model. Below the transition
velocity, which is a function of wall-air temperature
difference, two eddies are formed. This case is
favorable to extract heat from the cavity and the air
cavity mean temperature increases with an increase
of the ratio between the air exchange velocity and the
air velocity close to the heated surface. Above the
transition velocity, only the wind induced eddy is
predicted and the heated air is hardly extracted from
the cavity. For each 10K increase of the wall
temperature, an increase of 1 K is verified in the in-
cavity air. On the other hand, when the heated wall is
facing the opposite direction to the wind (leeward
heated wall), independently of the undisturbed wind
velocity value, only the wind induced eddy is formed,
induced by the upward heated air. In terms of air
cavity mean temperature, this case is intermediate
relatively to the other two. An increase of 10 K in the
wall temperature results in an increase from 0.5 K to
0.8 K'in the in-cavity air.
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