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ABSTRACT

Reduced-scale experiments and full-scale field measurements show contradictory buoyancy effects from
heated windward walls. Reduced-scale experiments exhibit significant thermal effects, but full-scale field
measurements show a negligible thermal effect on the overall flow fields. This paper investigates this
discrepancy by using at both scales Computational Fluid Dynamics simulations with Reynolds-Averaged
Navier-Stokes (RANS) and Large Eddy Simulation (LES). Compared to experimental and field
measurements, RANS models perform well at reduced scale but over-predict the thermal effects of heated
windward walls at full scale. On the other hand, LES results agree well with measurements at both scales.
Therefore, LES should be used for full-scale simulations of street canyon flows with heated windward
walls. To date, there has been no explanation for the discrepancy of opposing thermal effects between
reduced-scale experiments and full-scale field measurements although Richardson number similarity is
satisfied. We provide an explanation by showing that in reduced-scale experiments with heated windward
walls, the assumption of Reynolds number independence is invalid. In canyon flows with thermally
induced buoyancy, unless the flow is proven independent of both Reynolds number and Grashof number,
we should not generalize results from reduced-scale experiments to full-scale street canyons.

Keywords: Urban street canyon, Large Eddy Simulation, Reynolds number independence, Dimensionless
group similarity, Full-scale simulation, Buoyant flow

Highlights

e Reynolds number independence assumption is invalid in flows with opposing buoyancy
e LES results match experiments at both reduced scale and full scale
¢ RANS results match experiments at reduced scale but not at full scale

Symbols

g [m/s?] gravitational acceleration

Gr[-] Grashof number

H [m] height of street canyon

k [m?/s?] turbulence kinetic energy

L [m] (span-wise) length of street canyon

Pr [-] Prandtl number

r[-] ratio of the size of the buoyancy-driven vortex to the canyon size
Re [-] Reynolds number

Ri [-] Richardson number
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Tret [K] reference temperature

Up [m/s] buoyant velocity

Unmag [M/S] velocity magnitude

Urer [M/s] reference velocity

wy [m/s] mean positive vertical velocity at the roof level
W [m] width of street canyon

X [m] horizontal distance from the mid-canyon axis
vy -] dimensionless wall distance

z [m] vertical distance from the ground

AT [K] temperature difference between a heated surface and the ambient air
e [m?s?] turbulence dissipation rate

v [mP/s] kinematic viscosity

7[s] advection time scale

1. Introduction

The buoyancy effects from heated surfaces (e.g., exterior building walls) on urban wind fields
remain a subject of debate. On one hand, some studies have claimed that buoyant flows induced by heated
surfaces could significantly alter the overall flow fields in street canyons [1-6]. For example, heated
surfaces are found to induce secondary vortices in street canyons [1-3] or eliminate a vortex that exists
under isothermal conditions [6]. On the other hand, other studies have found no significant effect from
heated surfaces on the overall flow fields [7—10]. For example, field measurements reveal that it is
“surprising that there is no obvious effect” from the heated wall on the overall airflow pattern [9], and the
thermal boundary layer thickness is on the order of 10 m, a few orders of magnitude smaller than the
widths of full-scale street canyons (10* to 102 m) [10]. The discrepancy of thermal effects arises from the
difference in scale: thermal effects are significant in reduced-scale experiments such as wind tunnel
experiments, but thermal effects are negligible in full-scale field measurements. To satisfy similarities
between these two scales, two dimensionless parameters, namely the Reynolds number and the
Richardson number, should be matched.

The Reynolds number, Re, is defined as HU /v, where H is the canyon height, Uy is a reference
velocity taken 2H or higher [11-13], and v is the kinematic viscosity. In full-scale built environments,
buildings have H on the order of 10* to 10> m. With a reference wind speed of 2 m/s, the corresponding
Re is on the order of 10° to 10”. On the other hand, in reduced-scale experiments, scaled-down models
representing buildings in a wind tunnel have H on the order of 102 to10™ m, which is two to four orders
of magnitude smaller than H of full-scale buildings. In order to satisfy Re similarity, the wind speeds
required in wind tunnel experiments are two to four orders of magnitude higher (200 m/s to 20,000 m/s),
no longer satisfying the incompressible regime. Hence, it is not feasible to satisfy Re similarity in
reduced-scale experiments. The mismatch of Re between reduced-scale experiments and full-scale field
measurements is often justified by the Re independence criterion. This criterion states that beyond a
critical Re, the overall flow pattern is independent of Re. Many studies of street canyon flows have
adopted a critical Re of 1x10* [12—15]. This means that reduced-scale experiments are expected to
reproduce the flow fields at full scale, as long as the Re exceeds 1x10%,



The Richardson number, Ri, is defined as (gHAT/Tr)/(Urer)?, where g is the gravitational
acceleration, H the canyon height, AT a temperature difference, Trr and Urer the reference temperature and
velocity. The inverse of Ri, which is sometimes called the Froude number, is also commonly used in the
literature [3,9,16]. In the definition of Ri, AT could be the temperature difference between: the leeward
and windward walls [4,17]; the air at the roof level and the air at the street level [18,19]; or a surface and
the ambient air [20,21]. Since we are interested in the effect of a heated wall on the ambient air, we define
Ri with AT as the temperature difference between the ambient air and the heated wall. This definition of
Ri compares the mechanical driving force to the buoyant driving force. For “skimming flow” across two-
dimensional (2D) canyons [22], the mechanical force from the freestream wind drives a quasi-steady
rotating vortex, as shown in Fig. 1(a). This mechanical force is proportional to Re. On the other hand,
when an exterior building wall is heated by solar radiation, the buoyancy force drives an upward flow
near the heated wall, as shown in Fig. 1(b). This buoyancy force is proportional to the Grashof number,
Gr, which is defined as (gH3AT)/(v*Trer). Since the buoyant velocity, Uy, scales with (gHATITrer)¥2, Gr =
(UpH/)?, which is the square of an equivalent Reynolds number in natural convection flows [23]. If we
combine the flow fields in Fig. 1(a) and Fig. 1(b), where the windward wall (the wall facing the incoming
wind) is heated, the mechanical force from the freestream wind drives a downward flow near the
windward wall, but the buoyancy force drives an upward flow. These two forces thus oppose each other.
Ri is the ratio of the thermal force to the mechanical force, or simply Ri = Gr/Re?. When Ri is on the order
of one, we expect both forces to be important. Although we cannot match the Re between reduced-scale
and full-scale studies, Ri can often be matched. For example, in a full-scale street canyon with H = 10 m,
AT =10 K, Tret = 300 K, and Uyt = 5 m/s, the corresponding Ri = 0.83. To match this Ri with a reduced-
scale model of H = 0.2 m while maintaining T at 300 K, we can set A7 = 80 K and Urer = 2 m/s. Both are
achievable in wind tunnels.
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Fig. 1. (a) Freestream wind drives a quasi-steady rotating vortex, where the flow near the windward wall is directed downward.
(b) When the windward wall is heated, buoyancy drives an upward flow near the windward wall.

This paper focuses on the flow fields in street canyons with opposing buoyancy effects, where the
windward walls are heated. There are three common methods to study flows across street canyons,
namely reduced-scale experiments, full-scale field measurements, and Computational Fluid Dynamics
(CFD) simulations. The first two methods have led us to very different conclusions: the buoyancy effect
is important at reduced scale [1-6] but not at full scale [7-10]. As discussed, only the Ri but not the Re
(and Gr) can be matched between reduced-scale experiments and full-scale field measurements. The third
method, CFD simulations, has the strength to model any Ri and Re. There are two major approaches to
model street canyon flows with CFD, namely Reynolds-Averaged Navier-Stokes (RANS) and Large
Eddy Simulation (LES). RANS is much more commonly used in urban wind field simulations due to its
low computational cost, but LES produces results that are more accurate [24-29]. Most studies have used
RANS, but it has a major drawback: while it correctly predicts significant thermal effects in reduced-scale
canyons, it also predicts significant thermal effects in full-scale canyons that are inconsistent with field
measurements. For example, no buoyancy-induced secondary vortices were observed in field
measurements [8,9], but RANS simulations at full scale have predicted large buoyancy-induced
secondary vortices [8,30]. Although comparisons between RANS and LES are available in the literature
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[27,31,32], we have not found such a comparison for street canyon flows with opposing buoyancy effects.
There is also no explanation for the discrepancy of opposing thermal effects between reduced-scale
experiments and full-scale field measurements although Ri similarity is satisfied. In this paper, we
investigate the accuracy of LES and RANS (both steady RANS and unsteady RANS or URANS) to
simulate these flows by comparing their results to experimental data. We also attempt to provide an
explanation for the discrepancy of opposing thermal effects at different scales. Section 2 outlines wind
tunnel experiments and field measurements used to compare with CFD simulations. Section 3 describes
the CFD models. Section 4 compares the simulation results to experiments, followed by discussion of the
results in Section 5. Section 6 summarizes the conclusions.

2. Wind Tunnel Experiments and Field Measurements

This section provides a brief description of the wind tunnel experiments and field measurements
used for CFD model evaluations. For the reduced-scale case, the wind tunnel experiments in Allegrini et
al. [3] were used. The street canyon model had height H = 0.2 m, width W = 0.2 mand length L = 1.8 m,
with a unit aspect ratio, H/W. The case with the most profound thermal effect had a reference velocity
(Urer) of 0.68 m/s and a reference temperature (Trer) of 296 K. All surfaces were maintained at 296 K
except the windward wall, which was heated to 403 K. The Re was 9,000 and the Ri was 1.54 (note that
Allegrini et al. [3] adopted the inverse of Ri, which is the Froude number, in their study). An isothermal
(i.e., Ri = 0) flow with the same Re was run as a control case. Particle image velocimetry was used to
measure the flow field with a sampling frequency of 4 Hz and sampling time of 75 s.

For the full-scale cases, the field measurements in Offerle et al. [9] and Louka et al. [8] were
used. The street canyon in Offerle et al. [9] is located in Gothenburg, Sweden. It has H=15.0m, W =7.1
m, and L =50 m, with H/W = 2.1. This case has Uy = 2.71 m/s with a corresponding Re = 2.7 x 10°, and
Tret = 293 K. Taking an average windward wall temperature of 306.5 K, the corresponding Ri is 0.59.
Sonic anemometers were used to measure the wind speeds and directions at eleven locations, while
thermocouples were used to measure surface temperatures. A corresponding study of isothermal flow
across the same street canyon is presented in Eliasson et al. [33]. The field measurement in Louka et al.
[8] was conducted in a street canyon in Nantes, France. It is slightly asymmetrical, flanked by a 19.4 m
tall west building and a 22.8 m tall east building. The mean H=21.1 m, W = 14.85 m, L = 800 m (note
that L is not given in Louka et al. [8] but they referred the readers to Vachon et al. [34] for the canyon
dimension), and H/W = 1.4. This case has Ure = 1.44 m/s with a corresponding Re = 2.1 x 10° and Ty =
289 K. Taking an average windward wall temperature of 301.6 K, the corresponding Ri is 4.42. Sonic
anemometers and propellers anemometers were used to measure the wind speeds and directions at six
locations, while thermocouples were used to measure surface temperatures. There is no corresponding
measurement of isothermal flow for this case.

The parameters of the three cases are summarized in Table 1. Case 1 has an Ri on the order of 1.
Case 2 has an Ri about three times lower than Case 1, while Case 3 has an Ri about three times higher
than Case 1. The difference in Re is much larger: Case 2 and Case 3 have Re two orders of magnitude
larger than Case 1.

Table 1. The parameters of the three cases: canyon height, H; height-to-width aspect ratio, H/W; reference (freestream) velocity,
Urer; reference (freestream) temperature, Trer; Reynolds number, Re; and Richardson number, Ri.

Case Reference H(m) | HW | U (M/s) Trer (K) Re Ri
1 Allegrini et al. [3] 0.2 1.0 0.68 296 9,000 1.54
2 Offerle et al. [9] 15.0 2.1 2.71 293 2.7 x 10° 0.59
3 Louka et al. [8] 21.1 1.4 1.44 289 2.1 x10° 4.42




3. Computational Fluid Dynamics Models

For each case in Table 1, we conducted three sets of simulations with RANS, URANS, and LES.
All simulations were conducted with the finite-volume solver ANSYS Fluent (version R17.2). The
standard k-¢ turbulence closure scheme was used for the RANS and URANS simulations. The standard k-
¢ scheme does not resolve the turbulence but parametrizes the turbulence generation and turbulence
dissipation to model the turbulence viscosity [35]. Following the best practice guidelines for LES in
Menter [36], the SIMPLEC (Semi-Implicit Method for Pressure-Linked Equations-Consistent) algorithm
was used for pressure-velocity coupling. For discretization, the Least Squares Cell Based method was
used for gradients, the PREssure STaggering Option (PRESTQ!) scheme was used for pressure, and the
Bounded Central Differencing scheme was used for convection terms. The Bounded Second Order
Implicit scheme was used for transient formulation. The Boussinesq approximation was used to model
natural convection, where the density is a constant except for the body force term. The same schemes
were used for the RANS and URANS simulations, except for convection terms, where the second order
upwind scheme was used.

The initial temperature was set according to the freestream air temperature (Trer) in each case (296
K, 293 K, and 289 K), while all other variables had zero initial conditions. Air properties at their
respective Trer were used in each case. The tolerance settings were as follows: 107 for continuity; 10 for
velocities, turbulence kinetic energy (k), and turbulence dissipation rate (¢); and 10 for energy. These
tolerance settings were verified to be sufficient by a sensitivity test with one order of magnitude smaller
settings (10 for continuity; 10 for velocities, k, and ¢; and 107 for energy).



Table 2 lists the boundary conditions at all boundary surfaces. A constant temperature was
prescribed at the inflow surface. For Case 1, the profiles of momentum were given in Allegrini et al. [3],
so we matched the inflow profiles in our CFD model to their experimental profiles. For Case 2, the
freestream momentum profiles were not measured in Offerle et al. [9], but the wind speed 2 m above the
roof level was measured. To obtain the inflow profiles for the CFD model, a 2D RANS simulation of the
same canyon was conducted with a periodic inflow and outflow boundary condition, i.e., there is an
infinite number of identical canyons in the stream-wise direction. This generates a realistic inflow
boundary condition, as there are many buildings upstream of the target canyon in the field measurement
site. The velocity was adjusted such that the stream-wise velocity matched the measured stream-wise
wind speed 2 m above the roof level. For Case 3, the wind speed 5.3 m above the mean roof level was
reported. Similar to Case 2, we obtained the inflow profiles for the CFD model in Case 3 with a 2D
RANS simulation with periodic inflow and outflow and matched the measured stream-wise wind speed
5.3 m above the mean roof level. For the LES, the vortex method [37] was used to generate inflow
turbulence. The outflow surface has the “outflow” boundary condition. The top surface is an adiabatic,
moving shear-free wall (i.e., free-slip wall). All walls (roof, leeward wall, windward wall, and ground)
have a no-slip momentum boundary condition. The span-wise surfaces have a periodic boundary
condition, i.e., the canyons are infinitely long in the span-wise direction. The roof and ground surfaces are
adiabatic. In Case 1, the leeward wall is adiabatic and the windward wall is prescribed a constant
temperature of 403 K (similar to the wind tunnel experiment). In Case 2, the temperature profiles along
both the leeward and windward walls were measured in the field experiment. The leeward wall
temperature is nearly constant while the windward wall temperature is approximated with a linear line, as
shown in Fig. 2(a). In Case 3, we matched the temperature profiles suggested by Louka et al. [8] in their
field measurement, as shown in Fig. 2(b).



Table 2. Boundary Conditions (B. C.) at all boundaries.

Boundary Momentum B. C. Energy B. C.
inflow prescribed profiles constant temperature
outflow outflow outflow
top moving shear-free wall adiabatic
roof no-slip wall adiabatic
windward wall no-slip wall prescribed profile
leeward wall no-slip wall prescribed profile or adiabatic
ground no-slip wall adiabatic
span-wise faces periodic periodic
(a) o Exp (leeward) (b) o Exp (leeward)
e Exp (windward) e Exp (windward)
---CFD (leeward) ---CFD (leeward)
—CFD (windward) —CFD (windward)
15 4 : 20 A !
15 - E
10 ;
z (m) z (m) o
10 :
‘?
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290 300 310 280 290 300 310
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Fig. 2. The temperature profiles at the leeward and windward walls in (a) Case 2 and (b) Case 3. The circles represent point
measurements (labeled “Exp”’), while the lines represent the prescribed temperature profiles (labeled “CFD”) in the CFD models.

The characteristic advection timescale, z, is defined as H/U et [38], where Uy is the reference
freestream velocity taken at z/H = 2.5, following the recommendation in the literature [11-13]. For the
URANS simulation and LES, the time step size was fixed at 0.017 [18,39]. The simulations were ramped
up for 100z before starting statistical averaging [39]. For Case 1, the averaging period was 250z to match
the averaging period in the wind tunnel experiments. For Case 2 and Case 3, the averaging periods were
100z [39]. All three cases have Courant numbers < 1 in the canyons.

Fig. 3 shows the canyon in Case 1 modeled with ANSYS DesignModeler. The canyon has H = W
= 0.2 m. The origin is located in the mid-canyon (x = 0) at the ground level (z = 0), where X is the distance
from the mid-canyon while z is the distance from the ground. The upstream and downstream roof width is
0.5H. The top boundary is 5H above the ground. The model was meshed with ANSYS Meshing and
consisted of orthogonal cells with near-wall cell refinement. The smallest cells had a cell size of 0.02W.
The cell expansion ratio was smaller than 1.2. A similar approach was used to model and mesh the
canyons in Case 2 and Case 3. For brevity, only the mesh of Case 1 is shown in Fig. 3. The total numbers
of cells are 54,000, 84,600, and 86,500 in Cases 1-3, respectively. The three cases were tested on their
respective refined meshes with 96,000, 133,600, and 163,440 cells. We use the normalized mean-square
error (NMSE) in Hanna and Chang [40] to evaluate the differences between the normal and fine mesh
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models. NMSE = (u,, — us)?/(u, X Ur), where un and us are the stream-wise velocities taken at the mid-
canyon lines from the normal and fine mesh models. The over-bars represent the spatial average of the
mid-canyon line profiles. Table 3 summarizes the NMSE for each case. All three cases have small NMSE
(<0.01), confirming that the normal mesh resolution is sufficient to resolve the flow features.

top
inflow outflow
roof .
leeward [ i windward
wall wall

ground

Fig. 3. The boundary names and mesh resolution of the model in Case 1 with H =W = 0.2 m. In the span-wise direction (into the
page), L = 0.2 m and has 20 uniform cells.

Table 3. The normalized mean-square error (NMSE) between the normal mesh and fine mesh

Case | NMSE (RANS) | NMSE (LES)
1 0.00013 0.0011
2 0.0033 0.0081
3 0.000085 0.0076

4. Simulation Results
4.1 Case 1: Wind Tunnel Experiments of Reduced-Scale Canyon

The dimension of the canyon is the same as that in the wind tunnel experiments, except L. Since L
is much larger than both H and W, we modeled the canyonas H=0.2m, W=0.2 mand L = 0.2 m with a
periodic span-wise boundary condition to simulate an infinitely long canyon in the span-wise direction.
This reduced-scale case has a relatively small length scale so the average dimensionless wall distance, y*,
was small at 3.6. No wall function was used for the LES simulation. For the RANS and URANS
simulations, the recommended Enhanced Wall Treatment [41] was used. The z for this case is H/Uy =
0.2/0.68 =~ 0.3 s. The URANS simulation and LES for this case had a fixed time step size of 0.01z = 0.003



s. The ramp up period was 100z (30 s). Statistical averaging started at 30 s. We matched both the
sampling frequency (4 Hz) and averaging period (75 s) in the wind tunnel experiments, so the statistical
averaging was performed between 30 s and 105 s.

Fig. 4 compares the simulation results from RANS, URANS, and LES to the wind tunnel
experiments. Isothermal flows were also simulated to compare with the experiment with no heated walls.
For the isothermal flows, Fig. 4(b)-(d) show that RANS, URANS, and LES performed equally well in
predicting the flow field observed in the wind tunnel experiment in Fig. 4(a) (note the different scale bar
for the measurements). All CFD models predicted a single major vortex, consistent with the wind tunnel
experiment. On the other hand, for the simulations with the windward wall heated, the experimental result
in Fig. 4(e) shows that the large vortex observed in the isothermal flow has disappeared. Most of the
canyon is stagnant or has very low flows (light purple and dark purple), except near the roof level and
windward wall, where the flows are strong (black and light green). This suggests that the thermal effect is
strong enough to counter the mechanical effect from the freestream. Overall, Fig. 4(f)-(h) show that all
CFD models produced satisfactory results compared to the wind tunnel experiment. All models predicted
significant thermal effects, which induce secondary vortices near the windward walls. LES performed the
best by predicting a larger region of stagnant air observed in the wind tunnel experiment.

isothermal
(a) measurement (b) RANS (c) URANS (d) LES

0.75

$os
0.25
0
windward wall heated
5 (f) RANS (g) URANS
0.75
Z 05
0.25
0
o oo S o 01 o2 o3 o8 o5

Fig. 4. Comparison of wind tunnel experiments and simulation results of Case 1 with H=W = 0.2 m, Re = 9,000, and Ri = 1.56.
(a) Normalized velocity contours of isothermal flow from wind tunnel experiment in Allegrini et al. [3]; normalized velocity
magnitude contours and vectors of isothermal flows from (b) RANS, (c) time-averaged URANS, and (d) time-averaged LES. (e)
Normalized velocity contours of windward-wall-heated flow from wind tunnel experiment in Allegrini et al. [3]; normalized
velocity magnitude contours and vectors of windward-wall-heated flows from (f) RANS, (g) time-averaged URANS, and (h)
time-averaged LES.



4.2 Case 2: Field Measurements of a Full-Scale Canyon in Sweden

For Case 2, the dimension of the canyon in the CFD model is the same as that in the full-scale
street canyon in Offerle et al. [9], except L, which is set to 7.1 m with a periodic span-wise boundary
condition to simulate an infinitely long canyon. This full-scale case has an average y* of 145, which is
sufficiently large to employ wall functions. The Werner and Wengle wall function [42] was used for the
LES, while the standard wall function [43] was used for the RANS and URANS simulations. The z for
this case is H/Uref = 15/2.71 = 5.5 s. The LES and URANS simulations for this case had a fixed time step
size of 0.01z = 0.055 s. Both LES and URANS simulation were ramped up 100z to 550 s. Statistical
averaging started at 550 s. The sampling frequency and sampling period were not given in the field
measurements, so the averaging was performed for every time step in the CFD simulations for 1007z (i.e.,
550 s t0 1,100 s).

Fig. 5 compares the simulation results from RANS, URANS, and LES to the field measurements.
This canyon has a high aspect ratio of 2.1, which is categorized as a “deep” canyon [44]. Although deep
canyons are generally understood to induce two or more vortices [14,39,45], the multiple-vortex flow
pattern is observed only in reduced-scale experiments. In full-scale canyons, only one vortex is expected
at sufficiently high Re [46]. In fact, the full-scale field measurement assuming no thermal effect in Fig.
5(a) reveals that there is only one vortex in this deep canyon [33]. Fig. 5(b)-(d) show that under
isothermal conditions, all three simulations (RANS, URANS, and LES) predicted a flow field with one
vortex, consistent with the field measurement. Note that to illustrate more clearly the wind fields in the
field measurements (which have only ten data points), the vector lengths in Fig. 5(a) and Fig. 5(e) have a
different scale from the simulation results in Fig. 5(b)-(d) and Fig. 5(f)-(h).

When the windward wall is heated, Fig. 5(¢) shows that a single vortex is observed in the field
measurement [9]. Comparing the measurements between the windward-wall-heated flow in Fig. 5(¢) and
the isothermal flow in Fig. 5(a), the heated wall seems to have no effect on the overall flow field.
However, the RANS result in Fig. 5(f) and the URANS result in Fig. 5(g) show significant thermal
effects, where the clockwise rotating vortex driven by the freestream wind shrinks and occupies only the
top part of each canyon. Both RANS and URANS predicted very weak flow below the vortex. Near the
windward wall, an upward flow is predicted by RANS and URANS at the bottom half of the canyon,
indicating relatively strong buoyancy effects. On the other hand, Fig. 5(h) shows that LES correctly
predicted one major vortex, which is consistent with the single-vortex flow field observed in the field
measurement in Fig. 5(e). Comparing Fig. 5(h) with Fig. 5(d), the near-ground flow in Fig. 5(h) is
weaker, suggesting the heated windward wall could reduce near-ground wind speeds. Unfortunately, both
field measurements [9,33] in Fig. 5(a) and Fig. 5(e) do not have data near the ground level to verify this.
Overall, comparing Fig. 5(e)-(h), only the LES model predicted the flow pattern observed in the field
measurement. Both RANS and URANS over-estimated the thermal effects and predicted a flow pattern
significantly different from the field measurement. Some studies suggest that RANS with modified k-¢
turbulence schemes such as the Renormalization Group (RNG) and the realizable k-¢ could perform better
[20,47-49]. We repeated the RANS simulations with both the RNG and realizable schemes. Both
predicted significant thermal effects, similar to the results obtained from the standard k-¢ scheme.
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Fig. 5. Comparison of field measurements and simulation results of Case 2 with H=15m, W=7.1 m, Re = 2.7 x 105, and Ri =
0.59. (a) Velocity vectors in field measurement assuming isothermal condition in Eliasson et al. [33]; normalized velocity
magnitude contours and vectors of isothermal flows from (b) RANS, (c) time-averaged URANS, and (d) time-averaged LES. (e)
Velocity vectors in field measurement with the windward wall heated in Offerle et al. [9]; normalized velocity magnitude
contours and vectors of windward-wall-heated flows from (f) RANS, (g) time-averaged URANS, and (h) time-averaged LES.
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4.3 Case 3: Field Measurement of a Full-Scale Canyon in France

For Case 3, the dimension of the canyon in the CFD model is the same as that in the full-scale
street canyon in Louka et al. [8], except L, which is set to 14.85 m with a periodic span-wise boundary
condition to simulate an infinitely long canyon. The average y* was 258, so the Werner and Wengle wall
function [42] was used for the LES, while the standard wall function was used for the RANS and URANS
simulations. The 7 for this case is H/Uret = 21.1/1.44 = 15 s. The LES and URANS simulation for this case
had a fixed time step size of 0.01z = 0.15 s. Both LES and URANS simulation were ramped up 100z to
1,500 s. Statistical averaging started at 1,500 s. The sampling frequency and sampling period were not
given in the field measurement, so the averaging was performed for every time step in the CFD
simulations for 100z (i.e., 1,500 s to 3,000 s).

Fig. 6 compares the simulation results to the field measurement in Louka et al. [8]. From Fig.
6(a), the field measurement suggests a flow field with a single vortex. The RANS and URANS in Fig.
6(b) and Fig. 6(c) show weak overall flows and large regions of nearly stagnant air. The velocity vectors
near the windward wall point upward, indicating a strong buoyant flow along the windward wall. This
strong buoyant flow opposes the freestream wind and shrinks the clockwise rotating vortex driven by the
freestream wind. The flow fields shown in Fig. 6(b) and Fig. 6(c) are significantly different from the flow
field observed in the field measurement in Fig. 6(a). This indicates that RANS and URANS failed to
predict the correct flow field when the windward wall was heated. On the other hand, Fig. 6(d) shows that
LES predicted a flow field with a large clockwise rotating vortex, consistent with the single-vortex flow
field observed in the field experiment. From the LES result, the velocity vectors near the windward wall
point downward (except near the ground), indicating that the downward flow driven by the freestream
wind dominates over the buoyant flow. Overall, comparing Fig. 6(a)-(d), only the LES model predicted
the flow pattern observed in the field measurement. Both RANS and URANS over-estimated the thermal
effects and predicted a flow pattern significantly different from the field measurement. For isothermal
flow, although there is no corresponding field measurement under isothermal conditions reported in
Louka et al. [8], we expect the flow field to not differ much from that in Fig. 6(d), as shown in Fig. 6(e).

(a) measurement (c) URANS (d) LES (e) LES - isothermal

—_— e - Umag/uref

0 0.1 0.2 0.3 0.4 0.5

Fig. 6. Comparison of field measurement and simulation results of Case 3 with H=21.1 m, W = 14.85 m, Re = 2.1 x 105, and Ri
=4.42. (a) Velocity vectors in field measurement with the windward wall heated in Louka et al. [8]; normalized velocity
magnitude contours and vectors of windward-wall-heated flows from (b) RANS, (c) time-averaged URANS, (d) time-averaged
LES, and (e) time-averaged LES for isothermal flow.

5. Discussion
5.1 Performance Comparison among RANS, URANS, and LES

The wind tunnel experiments in Allegrini et al. [3] show that the thermal effect is significant at
reduced scale, as depicted in Fig. 4(e). On the other hand, the field measurements in Offerle et al. [9] and
Louka et al. [8] show a negligible thermal effect on the overall flow fields at full scale, as depicted in Fig.
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5(e) and Fig. 6(a). Comparing the simulation results to measurements, RANS and URANS correctly
predicted the flow fields with significant thermal effects at reduced scale, but failed to predict the correct
flow fields at full scale. On the other hand, LES correctly predicted the flow fields at both scales. The
results suggest that when the windward wall is heated, we can use RANS or URANS to model flows only
at reduced scale, but not at full scale. LES should be used to predict the overall flow fields in full-scale
canyons with heated windward walls. However, due to its high computational cost, LES is not always
feasible, especially in simulations of large domains with many street canyons. Under such circumstances
where RANS is the only viable option, simulations of isothermal flows are preferable. Although

RANS simulations of isothermal flows do not provide the temperature fields, they predict the overall flow
fields correctly. In contrast, full-scale RANS simulations with heated windward walls predict the wrong
flow fields. Consequently, other variables that depend on the flow fields will also be incorrect. We will
illustrate this with a calculation of air exchange rate (AER).

AER quantifies the ventilation performance at the roof level [50,51]. AER can be partitioned into
air exchange due to mean and fluctuating vertical velocities. Fig. 4 to Fig. 6 plot the mean velocity
contours so we will calculate only the mean component of AER. The total mean AER at the roof level,

(AER) = ffvmf/zz w, dx, where wy is the mean positive vertical velocity at the roof level [50,51]. The

integration is performed over the canyon width W (from x = -W/2 to x = W/2, see Fig. 3 for the coordinate
system). The (AERY) is then normalized by dividing it with Uy and W. Table 4 summarizes the normalized
(AER) in each case and the difference between isothermal flows and flows with heated wall. For Case 1,
the experimental results show very different flow fields between isothermal flow (Fig. 4(a)) and flow with
heated wall (Fig. 4(e)), therefore a large difference of (AER) is expected. LES predicted a larger
difference than RANS, showing its superiority over RANS. For Case 2, the field measurements show
similar flow fields between the isothermal flow (Fig. 5(a)) and the flow with heated wall (Fig. 5(¢)),
therefore a small difference of (AER) is expected. LES predicted only 14% difference, while RANS
predicted 184% difference, again showing that LES is more accurate than RANS. For Case 3, no field
measurement of isothermal flow was reported, but the trend is similar to Case 2, where LES predicted a
small difference at 7%, while RANS over-predicted the difference at 177%.

Table 4. Normalized {AER) and the percentage difference between isothermal flow and flow with heated wall.

Case RANS LES
Isothermal | Heated Wall | Difference (%) | Isothermal | Heated Wall | Difference (%)
1 0.0086 0.0127 48 0.0074 0.0152 107
2 0.0025 0.0072 184 0.0070 0.0060 14
3 0.0060 0.0166 177 0.0088 0.0082 7

Why does RANS fail to predict the overall flow field at full scale when the windward wall is
heated? We propose two hypotheses: flow separation and the Boussinesq approximation of the turbulence
generation by buoyancy. Flow separations can occur when the forced convection flow opposes the natural
convection flow [23,52]. To visualize such complex interactions involving flow separations, Fig. 7 shows
five snapshots of instantaneous velocity magnitude contours and vectors from LES of Case 3. The time
interval between each frame is 9 s (67). At 1521 s, an upward flow is developing at the bottom right
corner, while a strong jet induced by the freestream is flowing downward along the windward wall. At
1530 s, this strong downward flow collides with the developing upward buoyant flow. The opposing
interaction weakens both the downward and upward flows, as shown at 1539 s. At 1548 s, the upward
flow has completely lost its momentum while the downward flow occupies the bottom right corner, and
another strong downward jet is observed. This strong downward jet temporarily suppresses the
development of the upward buoyant flow, so no upward flow is developed at the bottom right corner at
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1557 s. Throughout the whole simulated period, there are many other such cycles of opposing interactions
and flow separations. A video showing these cycles is included in the supplementary material, which can
be found at https://doi.org/10.1016/j.buildenv.2018.09.026. The video shows the instantaneous velocity
contours and vectors from 1500 s to 2250 s (real time, not CPU time), which corresponds to 100z to 150z.
Fig. 7 proves that the flow with opposing buoyancy effects is highly unsteady with flow separations.
Clearly, the steady-state solver RANS could not reproduce such unsteady flow features. Being an
unsteady solver, can URANS resolve the unsteady flow features? The answer is no, as shown in the
instantaneous velocity contours and vectors in Fig. 8. Comparing Fig. 8 with Fig. 7, the time instances are
similar, but the flow fields at each frame are very different. URANS simulation in Fig. 8 does not resolve
the flow separations. In fact, URANS solves for the unsteady mean flow but the turbulence is modeled
[25] (e.g., the k-¢ model used in our simulations). This brings us to the second hypothesis, which is the
modelling of turbulence generation by buoyancy using the Boussinesq approximation.

U mag/ Uref

I 0.5
0.4

time=1521s 1530s 1539s 1548 s 1557 s

Fig. 7. Instantaneous velocity contours and vectors at different times from LES of Case 3 showing the interaction between the
mechanical-driven flow and the buoyancy-driven flow. Near the heated windward wall, the opposing downward flow induced by
the freestream wind and the upward flow induced by buoyancy cause flow separations.

Umag/Uref
I 0.5
0.4

0.3

time =1521s 1530s 1539 1548 s 1557 s

Fig. 8. Instantaneous velocity magnitude contours and vectors from URANS simulation of Case 3. The unsteady flow features
including the flow separation observed in LES (see Fig. 7) were not captured by URANS.

In flows with heat transfer, turbulence can be generated by density difference and shear. As
discussed in the previous paragraph, RANS models (but does not resolve) the turbulence. The general
turbulence generation by density difference includes the horizontal gradients of pressure and density
(temperature) [53]. In the RANS model adopted in our study, the turbulence generation by buoyancy
neglects the horizontal gradients and is estimated by the Boussinesq approximation as wg(A7T/H)/(T rPry),
where Pry is the turbulent Prandtl number (=0.85) [35]. Near the wall, the horizontal gradients are
significant, invalidating the Boussinesq approximation employed by RANS. This could be the reason why
RANS failed to predict the flow fields in Case 2 and Case 3. Another consequence of using the
Boussinesq approximation in RANS is that the relative importance of the turbulence generation by
density difference to the turbulence generation by shear is reduced to a constant (Ri). The turbulence
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generation by density difference scales with g(47/H)/(TPr:), while the turbulence generation by shear
scales with u(Ure/H)? Taking the ratio of the turbulence generation by buoyancy to the turbulence
generation by shear, we get gHAT/(TrePri(Urer)?) = Ri/Pr = Ri for Pr, = 0.85. In other words, Ri measures
the relative importance of turbulence generation by buoyancy to turbulence generation by shear. If Ri <<
1, turbulence generation by buoyancy is negligible; if Ri >> 1, turbulence generation by shear is
negligible. In Section 4, we have shown that the discrepancy between reduced-scale experiments and full-
scale field measurements cannot be determined by Ri alone, as the thermal effects are significant at low
Re but negligible at high Re. We will discuss the roles of Re in the next section.

5.2 Reynolds Number and Richardson Number Similarities

This subsection revisits the concept of Re and Ri similarities. Referring to Table 1, all cases have
Ri near the order of one, but the full-scale Case 2 and Case 3 have Re two orders of magnitude higher than
the reduced-scale Case 1. Case 2 and Case 3 indicate a negligible thermal effect on the overall flow fields,
while Case 1 shows significant thermal effects. Since Ri similarity is satisfied, the assumption of Re
independence, where a flow field does not change with increasing Re beyond a critical Re (usually taken
to be on the order of 10%), must be invalid. We believe that the critical Re of 1x10*, originally derived for
isothermal flows [54], has been incorrectly generalized to street canyon flows with heat transfer. For
isothermal flows, the thermal force is absent so Gr = 0. Correspondingly, Ri = Gr/Re? = 0, regardless of
the Re. For flows with heat transfer, Ri similarity requires the coupling of Gr and Re. When Re is
increased, Gr needs to be increased, too. However, there is no Gr independence criterion, so increasing
Gr (although Ri is maintained) could alter the overall flow fields. In other words, the Re independence
criterion derived from isothermal flows should not be generalized to flows with heat transfer.

Let us quantify the thermal effect as a dimensionless ratio, r, of the size of the buoyancy-induced
vortex to the size of canyon. From dimensional analysis, r = f(Re, Ri, Pr, H/W), where f is an unknown
function and Pr is the Prandtl number. Since we use the same fluid (air) at both scales and since
geometrical similarity is satisfied, we can drop the dependence on Pr and H/W. Furthermore, if Re
independence is valid, we can drop the dependence on Re, so r is a function of only Ri, or simply r =
f(Ri). However, the comparison between reduced-scale experiments and full-scale field measurements in
Section 4 proves that r = f(Ri) is incorrect, because when Ri is on the same order of magnitude, r is
significant at Re on the order of 10* (Case 1) but nearly zero at Re on the order of 10° (Case 2 and Case
3). This means that the flows are a function of Re, at least in the studied range between 10* and 10°. In
other words, the Re independence assumption is not valid for Re between 10* and 10°. We must retain the
dependence on Re while studying the thermal effects on the flow fields, so r = f(Re, Ri), or more
generally, r = f(Re, Ri, Pr, H/W) to account for different fluids and canyon aspect ratios used in
experiments.

One may argue that the significant thermal effect at reduced scale is caused by a large absolute
AT (107 K in Case 1), not the mismatch of Re. In other words, even if Re is matched, a large 4T could still
induce significant thermal effects at full scale. We conducted a set of LES to test this hypothesis. From
the literature, the maximum recorded AT in full-scale canyons are 9 K [10,55], 14 K [7,56], and 18 K [8].
It is unlikely that a building surface could reach 18 K higher than the ambient air. We took a higher upper
limit of AT of 20 K. A full-scale canyon with H = W = 20 m was modeled (equivalent to the canyon in
Case 1 scaled up by 100 times). Trr and Urer were 300 K and 2 m/s. Both were realistic in a real built
environment. The windward wall had a constant A7 of 20 K. The corresponding Re and Ri were 2.6x10°
and 3.27, close to those of Case 3. The numerical schemes outlined in Section 3 were used for the LES.

Fig. 9(b) shows the time-averaged normalized velocity contours and vectors for this test case with
a canyon of H = 20 m. The flow field shows a single major vortex analogous to the flow field observed in
an isothermal flow. Therefore, the thermal effect is insignificant in this test case. This is expected, since
Case 3 with about the same Re and Ri as this test case reveals that the thermal effect is insignificant. In
the next test case, H was halved to 10 m. To satisfy Re similarity, Urs was doubled to 4 m/s. To satisfy Ri
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similarity, 47 was increased by eightfold to 160 K, because A7 scales with square of Urs and 1/H. Fig.
9(a) shows the normalized flow field. Although the absolute A7 = 160 K is large (even larger than AT =
107 K in the reduced-scale experiment in Case 1), the flow field in Fig. 9(a) is similar to that of Fig. 9(b).
This confirms the applicability of dimensionless group similarities. In addition, the difference between the
flow field in Fig. 9(a) to that of Fig. 4(h) further confirm that the magnitude of 47 alone cannot determine
the significance of thermal effects (in fact, the test case in Fig. 9(a) had a larger AT than the case in Fig.
4(h)). Lastly, we repeated the test case on a canyon with H = 40 m. To satisfy Re and Ri similarities, Uy
was reduced to 1 m/s, and 47 was reduced to 2.5 K. Fig. 9(c) shows a similar normalized flow field as
those in Fig. 9(a) and Fig. 9(b). This is expected, since both Re and Ri similarities were satisfied.

(@ H=10m (b) H=20m (c) H=40m

AT =160 K AT=20K AT=25K
Uref=4 m/s Uret =2 m/s Uref =1 m/s

5 Umag/Uref

I 0.5

0.4
0.3
0.2

0.1

Fig. 9. Normalized velocity magnitude contours and vectors from LES of full-scale canyons with (a) H=10 m, (b) H=20 m, and
(c) H =40 m. All cases have Re = 2.6x10° and Ri = 3.27. Trer was fixed at 300 K in all three cases, while Urer and 47 were
adjusted in each case to match Re and Ri.

To summarize, we have shown that the thermal effect from a heated windward wall is a function
of both Re and Ri, or simply r = f(Re, Ri). The Re independence criterion, where the critical Re (= 1x10%)
derived from an isothermal flow across a surface-mounted cube [54], is invalid. Although this is a simple
proof that thermal effects are a function of both Re and Ri, many reduced-scale studies that include
thermal effects have overlooked it and assumed Re independence in their experiments. We hope that we
have provided a strong argument to reconsider the Re independence criterion in designing reduced-scale
experiments of street canyon flows with heat transfer. Note that in general, r = f(Re, Ri, Pr, H/W). The
function f remains unknown. There may exist a dimensionless parameter z (as a combination of Re, Ri,
Pr, and H/W) such that r = f(z) will collapse to a single curve. The search for = and f, if they exist, could
be an interesting future work.

5.3 Limitations of Current Study

This study focuses on perpendicular winds across 2D-like canyons (i.e., canyons with large span-
wise lengths). Although the CFD simulations were conducted with 3D models, the mean span-wise
velocity is nearly zero. In addition, the canyons in this study have an idealized geometry with smooth
walls. In a real canyon, complex geometry and 3D features could change the local flow fields. Therefore,
care must be taken to generalize the results from this study to 3D canyons.

Depending on the local time and the solar angle, the surface temperatures could differ
significantly throughout a day. Under the same wind direction, either the leeward wall, the windward
wall, or both walls could be heated by solar radiation. This study investigates the opposing buoyancy
force (windward wall heated). In the case of assisting buoyancy force (leeward wall heated), since the
mechanical and buoyant flows are in the same direction, no flow separation is expected. Although
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opposing thermal effects are negligible on the overall flow fields at full scale, we should not generalize
that assisting thermal effects are negligible.

As discussed in Section 5.1, turbulence modeling by the Boussinesq approximation in RANS is
over-simplified, as the horizontal gradients of pressure and density (temperature) are neglected. This
could be the reason RANS failed to predict the flow fields in the full-scale cases with the windward wall
heated. We have not repeated the simulations by retaining the gradient terms, and this could be an
interesting future work.

6. Conclusions

We conducted CFD simulations with RANS, URANS, and LES in both reduced-scale and full-
scale canyons and compared the results with experimental data from wind tunnel experiments or field
measurements. Under isothermal conditions (when no surface is heated), RANS, URANS, and LES
predicted accurate flow fields at both reduced scale and full scale. However, with the windward wall
heated (opposing buoyancy force), only LES accurately predicted the flow fields at both scales. RANS
and URANS performed well at reduced scale but not at full scale.

Due to its superior performance over RANS, LES is recommended for full-scale simulations
with heated windward walls. Nevertheless, LES may not be feasible to simulate such large domains as a
whole city. Furthermore, Blocken [25] has highlighted that RANS will continue to remain the most
common CFD approach to simulate urban wind fields. In full-scale simulations with heated windward
walls, RANS overestimates the thermal effects and may fail to predict accurate wind fields.
Consequently, other variables such as the air exchange rate and the temperature fields that depend on the
wind fields (e.g., advection of heated air) will also be wrongly predicted. Therefore, if RANS were to be
used for full-scale simulations, we recommend simulations with isothermal conditions, even in scenarios
where building surfaces are heated. Obtaining a correct wind field without the temperature field is
preferable to incorrect wind and temperature fields.

We revisited the Reynolds number and Richardson number similarities. The Richardson number
similarity can be satisfied at reduced-scale experiments but not the Reynolds number similarity. The latter
is often circumvented by the Reynolds number independence criterion, where a critical Reynolds number
of 1x10* is “sufficiently” high to ensure flow invariance with increasing Reynolds number. The above
critical Reynolds number was originally derived from an isothermal flow across a surface-mounted cube
[54]. Although Snyder [54] has warned that “tests to establish Reynolds number independence should be
an integral part of any model study,” this critical Reynolds number has been incorrectly generalized to
other flows (including flows with heat transfer) without questioning its validity. Reduced-scale
experiments and full-scale field measurements show that at the same order of Richardson number, the
thermal effects are significant only at reduced scale. This means the flow remains a function of Reynolds
number, so the Reynolds humber independence criterion is invalid. Therefore, in canyon flows with
thermal-induced buoyancy, unless the flow is proven independent of both Reynolds number and Grashof
number, we should not generalize results from reduced-scale experiments to full-scale street canyons.
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