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Abstract The local thermal effects in the wake of a single cube withrengt heated
rear face, representing a large building in an urban areastadied using large-eddy
simulations (LES) for various degrees of heating, whichclr@acterized by the lo-
cal Richardson numbeRi. New wall models are implemented for momentum and
temperature and comparison of the flow and thermal fields thétwind-tunnel data
of Richards et al. (Journal of Wind Engineering and Indastierodynamics, 2006,
94, 621-636) shows fair agreement. Buoyancy effects atte guident at lonRi and

a significant increase in the turbulence levels is obseroedich flows. Apart from
the comparisons with experiments, further analysis inetlithe estimation of the
thermal boundary-layer thickness and heat transfer caafti¢or all Ri. For suffi-
ciently strong heating, the heat transfer coefficient aleékwvard face is found to be
higher than the roof surface. This suggests that, beyondairt®i value, buoyancy
forces from the former surface dominate the strong streameonvection of the lat-
ter. Quadrant analysis along the shear layer behind theshdweed that the strength
of sweeps that contribute to momentum flux is considerabhaaned by heating.
The contribution of different quadrants to the heat flux isrfd to be very different
to that of the momentum flux for lowdRi.

Keywords Heat flux- Rough wall- Single cube Wall model

1 Introduction

Rapid increase in urbanization over the last few decadegivas rise to several
challenging problems in the field of Urban meteorology. Ohtne challenges is un-
derstanding and modelling the thermal effects in urban fldlsse can arise because
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the background atmosphere is non-neutral or because dizedaurface heating of
buildings in the urban canopy. This paper focusses on ther.lat

There have been various investigations of thermal effesitgyuwind-tunnel and/or
field experiments or numerical computations. Several ofettier have used Reynolds
Averaged Navier-Stokes (RANS) and large-eddy simulat{bES) of two-dimensional
(2-D) canyons in neutral atmospheres. These have showlotzdifferential heat-
ing within the urban canopy has various effects on the carilpan and pollutant
dispersion (Sini et al., 1996; Kim and Baik, 1999; Li et al01®; Cheng and Liu,
2011; Cai, 2012; Park et al., 2012). In these studies, it viseived that buoyancy
forces due to ground or leeward wall heating strengthenritemsity of the circula-
tion within the canyon, resulting in increases in the vaitexchange rates of passive
pollutants. In a three-dimensional (3-D) RANS study by Diowva et al. (2009) on
a geometry that resembles an urban area in Lisbon, Porttigeds observed that
the airflow within the canyon was significantly altered by #utar heating of the
building surfaces. These computations clearly indicated $urface heating has sig-
nificant impact on the flow inside the canyons. However, sorld fitudies (Louka
etal., 2002; Offerle et al., 2007; Idczak et al., 2007) swgteat the buoyancy effects
on the canyon flow are not as significant as those suggestée lspimputations. This
could be attributed either to inadequate numerical repitatien of flow or thermal
physics near the wall or too simplified a model geometryaithh it should be noted
that point measurements in the field are inevitably verytkohi A few field stud-
ies also suggest, firstly, that large horizontal thermatiignats exist in the vicinity
of walls heated by solar radiation (Louka et al., 2002) aedpgdly, that the heat
transfer is very intermittent within the wall boundary layé a leeward-heated wall
(Nottrott et al., 2011). This implies that grid resolutionthe computations has to be
very fine, or that sophisticated near-wall models need togveldped.

Therefore, with the broader aim of simulating canopy sigbéffects in urban
areas and obtaining accurate estimates of the heat flux fuddirig walls by resolv-
ing the thermal boundary layer, we first simulated disperéiom a passive scalar
area source in an array of roughness elements using LES éBami al., 2010). This
is analogous to dispersion from surface heat sources wieerelting temperature
differences are sufficiently small that they do not influetigeflow dynamics. These
simulations showed good agreement with the wind-tunne¢enrpents of Pascheke
et al. (2008). Our next step was then to use LES to simulatdulogancy effects
in urban flows — i.e. when temperature differendednfluence the flow dynamics
— and this paper presents the results. A wind-tunnel studyiblyards et al. (2006),
in which the leeward face of a cube was heated, was consideriee appropriate
for validation of our numerical methodology. Hereaftexperiments’ refer to this
wind-tunnel study unless specified otherwise.

The numerical details of the computational study are oadin Sect. 2. In Sect. 3,
results of computations from the heated cube are compatbdtvei experiments and
some details on the thermal boundary-layer thickness, theasfer coefficient and
guadrant analysis of momentum and heat fluxes are preséitedly, conclusions
are given in Sect. 4.
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2 Numerical Details and Settings
2.1 Governing equations and boundary conditions

The filtered continuity and Navier—Stokes equations gangransteady incompress-
ible flow are

oy
0_Xa_o’ (1a)
o dus 0 (pY, 0 (u, o
and —=+ ax % (p +0xj p+v0xj + f&s. (1b)

The resolved-scale velocity and pressure are respectingdyn byu; and p with u,
v andw the streamwise, lateral and vertical velocity componeaspectively.f d3
is the body force due to thermal buoyancy and is estimataayubie Boussinesq
approximationp andv are the density and kinematic viscosity of the fluigl;is the
subgrid-scale (SGS) Reynolds stress and was handled b&r&nmagorinsky model
in conjunction with a Lilly damping function near the walldle set Smagorinsky’s
constantCs = 0.1.

At the inlet, the inflow method proposed by Xie and Castro @0@as used as
the boundary condition. In the lateraj) (direction, a periodic boundary condition
was employed and at the outlet, a zero normal gradient,ferandw with a mass
balance correction was imposed. Stress free conditions wgrosed at the top of the
domain. The boundary condition for the bottom surface iat&e with a rough-wall
model, with details given in Sect. 2.3.

The filtered governing equation for temperature is

06 0uo 0 20
20T ox ox ((ks-i- k'“)d_xj) , )

where0 is the resolved-scale temperatukgis the subgrid turbulent diffusivity and
is given byvs/Prs, wherevs is the subgrid viscosity anBrs is the subgrid Prandtl
number whose value was set to k§.is the molecular diffusivity and is defined as
v/Prm. The gradient (normal to the boundary) of the temperaturesea to zero at
the top of the domain and at the outlet.

A finite volume approach was followed to discretize the flovd aemperature
equations. The monotone advection and reconstructiomself® with a blending
factor of 0.9 was used for the spatial convective terms ardctntral difference
scheme is used for spatial diffusive terms of (1) and (2). ¢osd-order backward
implicit scheme was used for discretizing the time-depehteyrm. The initial and
average durations of the simulations were approximatelyat®l 20Qy/ uref respec-
tively, whereLy is the streamwise domain length amgs is the time- and spatially-
averaged streamwise velocity at the top of the domain. ®siwed that this was
sufficient to produce statistically converged data. All doenputations were carried
out using? version 4.14.
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Fig. 1 Sketch of 3-D view of the computational domain with a singlee. The heated surfaces are shown.

2.2 Settings

In the wind-tunnel experiments, the cube heidhtyas 0.19 m; the cube was made
of plaster of Paris and an aluminium plate of 2 mm thickness fiteed on its lee-
ward face. This plate was heated from inside using a ceraadiamt heater that was
powered by an autotransformer. The leeward face thus héden&onstant temper-
ature nor constant heat flux. This imposed some difficultypec#fying the exact
heat boundary condition in our computations. However, ematre was measured
at two points approximately equi-distant either side of ¢katre point on the lee-
ward face in the experiments. The average of these measnreisaiven in Table
1 of Richards et al. (2006) and this value was specified asriferm temperature
on the leeward face in the present computations. In the awpats, thermocouples
were also mounted on the top surface, defined hereafter asdlie and two stream-
wise faces (also called ‘side’ faces) of the cube, and on tt®in floor behind the
cube. The measured values were again specified as uniforpetatare boundary
conditions in the computations (see later). Unlike the rad side faces, it is not
clear from Richards et al. (2006) at what location the terajppee was measured on
the bottom floor. We have assumed that the temperature orothrediécreases with
increasing distance from the leeward face. Therefore, aspanoximation of this,
different surface temperatures were specified uniformithathree regions of size
h x h shown in Fig. 1; the values are tabulated in Table 1. In theegmgents there
were no roughness elements positioned in the surroundiigref the cube; to sim-
ulate this, the third square region denoted by ‘floor 3’ in.Rigand a region of size
2h x 4h, positioned so that its upstream edge was a distance of Alahdad of the
cube’s front face, had no roughness elements and so wassnid@t remaining re-
gion of the bottom surface of the domain was treated as rdexgtept for the heated
regions on the bottom wall, an adiabatic boundary condiias specified on the
remaining surface. Possible implications of these varamssimptions are discussed
in due course. In all computations, the reference temper@&w was 293 K. The
Reynolds number based on the cube height and the streamsliszty at that height
was approximately 6000.
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Surface Bwan (K)

Leeward 445 Ri g

Roof 319 0.00 9.81
Side wall 307 -0.02 0.38
Floor 1 321 -024 350
Floor 2 307 -066 9.81
Floor 3 300 —-2.00 29.02

Table 1 Specified temperature on different surfaces. Table 2 Variation ofg with Ri.

The domain size for these computations wals £®.2h x 6h because this proved
sufficient in previous related studies (e.g. Lim et al., 20xcept for the uniform
resolution ofh/19 in thex andy directions on the cube surface, the rest of the do-
main had non-uniform spacing that followed a geometric peegion. In thec and
y directions, the resolution was of sibg¢19 near the cube and expanded to a reso-
lution of h/7 at the boundaries, such that the mesh expansion ratio didxceed
1.04. In the vertical direction, the resolution decreasethth/35 at the cube height
to h/7 atz/h ~ 0, such that the mesh expansion ratio was 1.13; the resolagjain
decreased from the cube height to the domain FY with a mesh expansion ra-
tio of 1.02. The resolution has to be relatively coarse abibigom wall because the
rough-wall model requires the first wall grid to lie withinetlinotional) logarithmic
layer i.e. 30< z} < 200 (wherez] = u;z1/Vv, u; is the wall friction velocity and;
is the distance from the wall to the centre of the first grid).

In order to understand the local thermal effects on the flopeaments were
conducted for variouRli, defined as

_ Bt~ ) -

ref

Ri

Here 3 is the coefficient of thermal expansianjs the acceleration due to gravity
and By, is the mean wall temperature on the leeward fate.order to maintain
consistency in comparisons for different casefpf6,q and 6.s were fixed andy
was changed accordingly; the resulting values are showalieT2.

2.3 More details on wall boundary conditions
2.3.1 Rough-wall momentum model

In the experiments, sharp edged roughness elements (admakdr to vertical flat
plates) comprising two different heights/@.375 andh/3.8) were arranged in the
form of an aligned array on the bottom floor of the wind tun&eich an arrangement
crudely represents the urban roughness. In the currentuatigns, the turbulence
created by these roughness elements was represented bytawali model devel-
oped by Xie et al. (2004). This model is based on the prinaplmjecting energy

1 Note that in the experiments, the reference velocity Rirwas taken as the mean velocity at
(x/h,y/h,z/h) = (—1.5,0,1.25), rather than outyef.
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into the resolved velocity field. According to this modek tbcal wall shear stress is
given by

Tx 1

w2 U,

_ _ 2 _ |
- ) (B 250 00 +...+B|'”u¢>],

U, u2 g
(4)

where( ') represents averaging in the horizontal plamés the streamwise velocity
at the first grid point from the wallJ; is the mean streamwise velocity at the same
location,u, is the friction velocity ang3 (wherek =0, 1...1) is the damping factor
that ranges between 0 and 1. The valugofan be obtained from the similarity laws
or measurements. A similar relation can be written for instaeous shear stress in
the spanwise directionr4y). Unlike Xie et al. (2004), who estimated the value of
B2 from wind-tunnel near-wall data, such data are not knowmftbe experiments
of Richards et al. (2006) and therefore the choic@pofemains an issue. However,
we tested various values f by assuming that the contribution from oth&terms
are small.3; = 0.01 seemed to be reasonable (Wsh= 0), as values larger than
this yielded steep gradients in the turbulent kinetic epeear the wall and smaller
values did not yield sufficient turbulence to represent adégly the ‘very’ rough
wall.

2.3.2 Smooth-wall momentum model

The logarithmic law is commonly employed to incorporateriar-wall shear stress
if the near-wall grid lies in the logarithmic region. But $uan approximation does
not yield accurate skin-friction coefficients, especiallycomplex flow regions. In
an attempt to address such issues, Cabot and Moin (1999pgedea wall model
that includes solving boundary-layer equations on an ehsgfiner mesh between
the wall and the near-wall grid, thereby improving the neatt modelling. Such a
method was implemented successfully on various complexX@nas such as boundary-
layer flows past an aerofoil trailing edge (Wang and Moin,20ind backward fac-
ing step flow (Rani et al., 2009). A brief description of thigtmod is given here;
for more details, refer to Wang and Moin (2002). The wall stetgess is obtained
by solving the following turbulent boundary-layer equasdor the two tangential
velocity components on an embedded mesh between the wathaffidst grid point.

0 dui
a—xn(erVt)a—Xn—H, (5)
10p ou 0
Iwhere Hzﬁd_m_fds+ﬁ_'[|+a_><juiuj’ )

forgivenne J, Vi € J\{n}, Vj €J whereJ={1,2,3}.

Heren denotes the wall-normal direction. Wang and Moin (2002) potad the eddy
viscosityw; using the mixing-length model with near-wall damping, satth
WVt

o =Kz (L e W) @)
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wherez,, is the distance to the wall in wall unité,= 19 andk is the model coeffi-
cient. If the transient and convective terms are ignoredgné; Eq. 5 reduces to an
ordinary differential equation, which upon integratioarfr the wall to the first grid
point yields the following.

ou; P { /’7
Twi = U—— =——Jup —F
wi IJ(?Xn - 7 dx, ni |O
OV+V’[

Xn
), ®

wheren is the first wall-normal grid point.

In the current computations, the wall shear-stress compeneere calculated
using Eg. 8w was obtained from the mixing-length model given by Eq. 7 inclih
K was set to a constant value of 0.4. Similar to Wang and Moi®Z20the local
friction velocity u; at each timestep was obtained from the previous timestey usi
the term((tw1/p)?+ (twa/p)?"/%.

2.3.3 Smooth-wall temperature model

Similar to the momentum wall model above, a wall model fortdraperature can be
derived from the temperature transport equation given by Bgnoring the transient
and convection terms and integrating the diffusion terncévgives the wall heat flux
Qw as

L Y < NP
Ow = Prom 0% - = 7 dx, (9,7 G\Na”)a (9)
0 ke +km

wherecy is the specific heat capacit§, and 68, are the temperatures at the near-
wall grid point and the wall, respectively. Such a wall models also derived and
implemented by Rani et al. (2009). In the current compuetier, (= 1 /k; ) was set

to a constant value of 0.9 and the heat transfer coefficiesttifipd at the wall was
given by Eq. 9.

In order to assess the performance of the above mentiongzbtatare and mo-
mentum (Sect. 2.3.2) wall models for the smooth wall, theyeniaitially imple-
mented on flow past four staggered cubes with a passive swaldre bottom wall
surface. The details on geometry and boundary conditiengiaen in Boppana et al.
(2010). The resulting time and spatial average scalar aedrstvise velocity profiles
were then compared with fine resolution LES (this is closeitectlnumerical simu-
lations at the wall) and coarse resolutidr 16) with the standard logarithmic law at
the wall. With the above smooth wall models, although 6% imwpment is observed
at the bottom wall streamwise velocity, approximately 3#8piovementis observed
in the near-wall scalar. Therefore, in the current set afdagddy simulations, these
smooth wall models are used on the cube and heated floor sarfac

3 Results

As mentioned in Sect. 2.2, for the flow past a heated cubevarneough wall, the
thermal effects were investigated fBf = 0, —0.02, —0.24, —0.66 and—2.0. This
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range ofRi includes forced and mixed convection in the flow around thgec@The
approach flow is maintained similar to experiments and itdeliimg details are given
in the Appendix. The flow and thermal fields behind the cubecarepared with the
experiments in Sect. 3.1 and further analysis on these fiefoi®sented in Sect. 3.2.

3.1 Comparisons with experiments

Results are shown with the experimental data mostlyRiict —0.66; where neces-
sary, the results for othé®i cases will be explained. The normalized time-averaged
streamwise velocity, kinetic energy and temperature m®fiehind the cube and at
two different spanwise locations are shown in Figs. 2, 3 arespectively.

The streamwise velocities obtained from LES are found tontfair agreement
with experiments for botlRi = 0 and—0.66. However, a notable observation is that
the computed velocities above the cube height are lowertti@mexperimental data
at all locations. The measured velocity profilexah = —3.5 follows approximately a
power-law behaviour and the experimental data slightleexs the power-law values
in the region 06 < z/h < 1.6. This could partly explain the differences seen in Fig. 2.
It is observed that below the cube height, heating enharteedntagnitude of the
streamwise velocity, especially beyond the recirculatégion &/h = 1.5).

Figure 3 shows that the turbulent kinetic energy from sirioihe is also in fair
agreement with the experiments. Heating causes a notatrleaise in the kinetic
energy, especially far/h < 1. Above the cube height, the LES shows higher kinetic
energy than experiments at all downstream locations. Tdugdcbe due to slightly
larger TKE than the experiments at the inlet #3h < 2 (not shown here). Contours
of the normalized TKE and mean velocity vector field behine tube and at the
symmetry plane (i.g//h = 0) are shown in the Fig. 4 for four different cases of
heating. The figure clearly shows the increase in TKE withitherease iRRi, and this
behaviour is not limited to the wake of the cube but extendatds the shear layer
and above, especially fd®i = —2. In the cube wake, increasing buoyancy clearly
leads to increase in velocity vector magnitude.

The simulations foRi = —0.66 in Fig. 5 show lower values of normalized tem-
peratures than the experiments at all downstream locatiorept ak/h = 0.55. The
difference between simulation and experiment is large belgw the cube height. It
cannot be entirely attributed to the small differences mftbw field between sim-
ulations and experiments, for reasons explained below.fifjuee also shows the
temperatures that were obtained by not using the temperand momentum wall
models described in Sect. 2.3. Clearly, the temperatumna&ion is improved with
these wall models and so they were used in all the subseqomiLtations.

It was mentioned in Sect. 2.2 that the heating in the experisitead neither con-
stant heat flux nor constant temperature on the leeward fatteecube; the total
input heat flux was also not measured. This imposes a challenghaking appro-
priate comparisons of simulated temperature field with tkgeements. However,
with only marginal differences seen in the velocity field, #e& assume that the total
heat flux must be the same far downstream of the cube in bothaln@Svind-tunnel
experiments (and of course equal to the total input heat fltheavarious heated sur-
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Fig. 2 Normalized mean streamwise velocity profiles at differemwstream locations behind the cube
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Fig. 3 Normalized mean turbulent kinetic energy profiles at déferdownstream locations behind the
cube forRi = 0 and—0.66: Top row aty/h = 0, bottom row - average of datayth = +0.25.

faces). Since the data available from the experiments wstsficient to allow direct
estimation of this total heat flux, we attempted to match émeperature profiles in
the wake of the cube in order to estimate the total heat flulkérexperiments.

Let g be the total (input) heat flux obtained from LES with the canstempera-
ture boundary conditions (detailed earlier). Normalizing mean temperature using
this heat flux yields profiles shown in Fig. 6. Since the heatifiithe experiments is
unknown, several trials have shown that the total heat flukénexperiments could
beqgest= 1.89. This is because, reasonable agreement between expesiamehtom-
putations can be seen in Fig. 6 when the former is normalizédoas:. Therefore, an
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LES was performed in order to check the sensitivity of thetypheat boundary con-
dition andgeston the flux normalized temperature profiles. The resultingnadized
temperature profiles shown in Fig. 6 confirms the reasonabteaf the estimate of
Jestfor the experimental heat flux and insensitivity to the typbeat boundary con-
dition. In order to assess the importance of heating the lodaces shown in Fig. 1,
additional computations were done by heatimdy the leeward face of the cube. In
the resulting normalized temperature profiles (not showae)hthe near-wall temper-
atures were found to be severely under-predicted, therestifpyjing the bottom floor
heating in the current set of computations .

Figure 7 shows the contours of the flux-normalized mean teatpe for differ-
entRiatz/h=0.5. There are two striking features in this figure. Firstlith decrease
in Ri the normalized temperatures in the vicinity of the leewackfdecrease. This
is because of the strong updrafts due to buoyancy (also seEig.i 4), especially
close to the leeward face. Secondly, the strong updrafixrRi decreases the heat
transport in the streamwise direction. It can be seen in thedithat the stream-
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wise convection of heat is much strongeRat= —0.02, thereby suggesting that, for
weakly unstable flows, heat is predominantly convected dtream.
The above comparisons with experiments suggest that ourdfE#& flow and

thermal fields are reasonably good. Further analysis of #a¢ fnansport processes
was performed to better understand the variations witledfitRi. This was all based
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20 0N data from the computations with fixed temperature boyndanditions and is

w0 presented and discussed below.

s 3.2 Further analysis

sz 3.2.1 Fluxes

In order to understand how the vertical distribution of H&ates vary withRi, each
of its components i.e. advective, turbulent and diffusivedk are calculated. These
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are defined as:

1 Xy 1 Xy (10a)
(LXLy//dedy)(LxLy//wdxdy)},
00 00
¢ | f
Tt = turbulent heat flux= ﬂ//6’\/\/’dxdy, (10b)
LxLy
00
o | / 6
Ds = diffusive heat flux= PCp //(ks+knﬂ—dxdy. (10c)
XLyO " 0z

Note thatA; andTs are resolved quantities, and tkgerm inD+ is the subgrid-scale
modelled contribution of the total turbulent heat flux. Theet variables are the de-
viations from the spatial mean of the time-average valugs)gd variables are the
fluctuations from the respective time-averaged values ardbar denotes the time
averagely andLy are the respective domain lengths in the streamwise and span
wise directions. (Note, however, that to avoid the influenfitbe zero-gradient outlet
boundary condition, we used an integration domain a litilerter tharlLy.) The first
term in the advective flux is called the dispersive flux anddbetribution from the
second term is found to be very small and hence is not showigirBFThe disper-
sive, turbulent and diffusive heat flux components shownign & are normalized
by the total downwind convective heat flux obtained far dawa@n of the cube. It

is observed that decreasifjleads to an increase in vertical dispersive flux and its
maximum value gradually shifts towards the cube height. ©uke strong buoyancy
effects atRi = —0.66 and—2.0, the dispersive flux at the cube height is positive,
in contrast to the negative valuesRit= —0.02 and—0.24. Below the cube height,
the vertical turbulent flux values are very small and diffelyanarginally for allRi,
suggesting that the fluctuations of the vertical velocity smperature difference are
poorly correlated. It can be observed that the maximum vafule turbulent heat
flux decreases gradually and slightly shifts above the cudighlh with decrease in
Ri, again due to the stronger buoyancy effects at IdRieDue to a reasonably good
mesh resolution, the diffusive heat flux contribution fdr Rl is found to be small
compared to the other fluxes.

3.2.2 Thermal boundary-layer thickness

In the field study of Louka et al. (2002), it was observed thiarge horizontal ther-
mal gradient (at the vertical wall of the building) extengista approximately 0.2 m
from the wall and has a greater intensity at 0.02 m from thé; we mean building
height was 21 m. Their measurements thus suggest that thmahlkeoundary layer
is relatively very thin. However, it would be quite challéng to determine its pre-
cise thickness both in the field and in wind-tunnel models théeefore estimate the
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thermal boundary-layer thicknesgyf,) in this section for variou®i and on differ-

ent surfaces of the cube, whedg, is defined as the distance from the wall where
(6 — Bref)/ (Ball — Bref) = 3. The thickness therefore depends on the threshold value,
3, and for comparison purposes, the threshold values chage@.@5 and 0.025.
With this definition,dgy was estimated at different locations and for differ@nt~or
brevity purpose, only the data that correspondRite —0.24 and—2.0 are shown

in Fig. 9. Atz/h=0.5 and 0.84 the ‘side’ wall data correspond to the averaeeg
from two sides of the cube. Similarly the datayah = 0.4 correspond to the average
of values aty/h = 0.4 and—0.4. Details of the thermal thickness variations on each
surface are explained below.

1. Side wallsThe dyy variation along the side wall is shown at two different heésgh
At the cube’s mid-height, it can be observed thgf/h decreases with decrease
in Ri. This is due to the increase in buoyancy at lowRér The larger thermal
boundary-layer thickness Bi = —0.24 also indicates that the lateral dispersion
of temperature is larger. This is also seen in Fig. 7. Towtrel$op of the cube i.e
atz/h=0.84,0yy is almost the same for &Ri due to stronger streamwise velocity
at that height. The presence of the recirculation regiorherstde walls, whose
size decreases with decreasiRg might be responsible for the slight bulging
behaviour oBgy in the range-0.5 < x/h < 0 atz/h=0.5. Such bulging behaviour
is very clear withd = 0.025. It is to be noted that by decreasihdrom 0.05 to
0.025, the thermal boundary-layer thickness increasedoappately by 01h.
This indicates the sensitivity of the thermal thicknessothreshold value.

2. Roof The thermal thickness on the roof is smaller than on thensitle due to
a larger streamwise velocity above the boundary layer ordbé Because of
the presence of a thin recirculation region which extend®ugh = 0 from the
leading edge and whose length is almost same fdRiathe thermal thickness is
larger aty/h =0 than itis aty/h = 0.4. The sensitivity of the thermal thickness to
2 is found to be similar to that of side walls.

3. Leeward The thermal thickness far/h < 0.2 is not shown here as it is influ-
enced by the floor heating. Due to stronger vertical convactt lowerRi, a clear
trend of decreasing thermal boundary-layer thickness dettreasindri can be
observed. Fo = 0.05 and 0.0250gy/h is larger aty/h = 0.4 than it is at the
symmetry plane. The downstream convection of heat/at= 0 is affected by
the two counter rotating vortices on either side of the sytnynglane. There-
fore dgx/h is smaller aty/h = 0 than aty/h = 0.4 and this is also very evident in
Fig. 7. With decrease i to 0.025,0y/h increased by almost a factor of two,
indicating the sensitivity of the thickness to the threshalue. It also suggests
the presence of steeper horizontal thermal gradients,sesadd in the field stud-
ies of Louka et al. (2002). Because of the wake flow behind tioe cthe thermal
boundary-layer thickness is greater on the rear wall thahesidewalls and roof
surfaces.

4. Windward In order to estimate the thermal boundary-layer thickioeste wind-
ward face, an additional computation that includes somaérigean the windward
face was done foRi = —0.66. This implies that the whole cube is heated, but
with different temperatures on each face (the sidewallsveindward face had
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Fig. 10 Heat transfer coefficient at cube surfaces.

the same temperature in this case). The thermal boundagy isyfound to be
thinner than QLh for 3 = 0.025 and not measurable (i.e. thinner than the distance
to the first grid point away from the wall) fdt = 0.05. These relatively very thin
boundary layers (compared to those on the other surfaces)lmost certainly
caused by flow impingement on the windward surface.

3.2.3 Heat transfer coefficient

The convective heat transfer coefficie@t) is an important parameter in urban mi-
croscale modelling. It's applications include assessnoémnergy performance of
buildings, estimation of convective moisture transfenfriouilding surfaces etc. There-
fore, it would be useful to know the variation 6f, for different heated surfaces of
the cube and also for differeRt. Here, it is defined as

_ Owall
Cn= PCpUp(Bwanl — Brer)” 1

wherequa is the heat flux from each heated surface agds the bulk velocity of
the mean flow. Recall tha,, varied on each heated surface (Table 1). We observe
in Fig. 10 that, except for the leeward wallRt= —2, the heat transfer coefficient
at the roof surface is larger than sidewalls and leeward; W& must be a result
of strong streamwise convection. For the same reason, thesvafC;, are almost
constant for allRi on the roof surface. A marginal increaseGp can be seen at
Ri= —2 on side walls. On the leeward wdll, is smaller than the roof and sidewalls
for Ri = —0.02 and—0.24. But forRi = —0.66, C;, for leeward wall is larger than
on the sidewalls but smaller than on the roof. This sugghatdte buoyancy effects
are smaller than the streamwise convection on the roof eairfaut larger than the
sidewalls. FoRi = —2, in contrast(;, on the leeward wall is larger than on the roof,
indicating that the buoyancy effects are now dominant tharstreamwise convection
on the roof.
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The weighted average of the heat transfer coefficient atehé&ld surfaces of the
cube is also shown in the same figure for eRci he average heat transfer coefficient
for Ri= —0.02 is found to be approximately half of that observed in thedatunnel
experiments by Meinders and Hanjali¢ (1999). In the COSINOnjprehensive Out-
door Scale MOdel) field experiments by Kanda and Moriizundi0@), the value of
Ch is estimated to be between 0.01 and 0.02 which is approxiynate 4 times
larger than the current computations. These differencaekidee a result of all or
some of the following: (i) both these experimental studiessisted of flow past an
array of aligned cubes whereas the current LES computes #istagsingle cube; (ii)
the domain height in our LES is nearly three times larger thathe Meinders and
Hanjali¢ (1999) (channel) experiments, which implies ghteir bulk velocity; (iii) to
obtain the values df;, in the COSMO field experiments, surface radiative tempera-
ture was used (a/h = 3), which is different from the local surface temperatute. |
could also be possible thRi was very large in the COSMO experiments.

3.2.4 Quadrant analysis

A simple statistical tool that measures the contributiomlifferent kinds of events

arising from the large-scale coherent structures is ‘qastchnalysis’. This technique
has been used extensively in vegetation canopies and dedataview by Finnigan

(2000) shows that sweeps contribute more to the momentunafluxell as the heat
flux within and just above the canopy. In the case of urbanmoegs, studies (e.g
Rotach, 1993; Castro et al., 2006) also showed that momeingunsfer close to and
within the canopy is dominated by sweep events. Quadrahtsisdy Christen et al.

(2007) showed that the turbulent momentum and heat fluxepradominantly by

sweeps in most regions of the urban street canyon and closeots whereas ejec-
tions were found to be slightly dominating at higher measmet locations. In con-
trast, Shiau and Hsieh (2002) found that for a shallow (ltvps) trapezium-shaped
body in a wind tunnel, ejections were stronger than sweepéat 1.2.

To find which kind of events dominate in the current simulasiavhere the lee-
ward wall of the cube was strongly heated, quadrant analessscarried out on both
momentum and heat transport. The natural classificatioruaflgant events is used
and is given below.

EjectionE) : uU<0Ow>0;, 6>0w>0
SweelS) : uU>0wW<0; 6<0w<0
Outward interactiof®): U >0,w >0; 6 <0,w >0
Inward interactiofl) : uU<0ow<0; 6>0w<0

The primed quantities (i.er,w, 8’) denote fluctuations from the respective time-
mean values. Analogous to the momentum flux, the removaltodihérom the cube
wake to the flow above is called an ‘ejection (E)’ and the iskrof cold air upstream
of the cube to its wake is called a ‘sweep (S)'. The momentudnheat fluxes corre-
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sponding to different quadrant events are given by

@W)o=1 [EW®Ig® (122)
T

@W)o=1 [0 OW DI a (12b)
T

whereQ denotes the quadrant event i.e. ‘'S’, ‘W', ‘O’ and ‘Ig(t) is an indicator
function and is given by

1if (U,w) is in quadran
lo(t) = if (6/,w) isin quadran®
0 otherwise

The event frequency and the stress and heat flux fractiorislmated by the individ-
ual events are then given by

Fo= %/'o(t)dt, (13a)
T

Sy = (ul;\,':,)Q, (13b)

Shy = % (13¢)

Momentum flux contributions from the four quadrant evenéssirown along the
shear layer and at the symmetry plane fygh, z/h) = (0,1) in Fig. 11a. It is ob-
served that sweep (‘S’) and ejection (‘E’) events occur niaquently than outward
(‘O’) or inward (‘I) interaction events in the case of montam transport. With de-
crease irRi, a gradual increase in the frequency of ‘O’ and ‘I’ eventsliserved,
but these are still dominated by the frequency of ‘'S’ and "#ms. Although ‘E’
events occur more frequently than ‘S’ events, the lattetrdmrtes more to the mo-
mentum flux. Also, this contribution increases with deceeesRi and this can be
seen in Fig. 11a. This could be due to the displacement of deldser air flowing
from upstream by the thermal plume emanating from the leg\isoe. The former
is then subjected to stronger fluctuations in the downwarettion thereby yielding
stronger sweeps. This can be seenin Fig. 12b and for coropanisposes the neutral
case is shown in Fig. 12a. Although, this figure pertains ®specific time instant, a
snapshot of the time series fidr= 0 and—2, shown in Fig. 12¢, confirms that heating
enhances the sweep strength considerably in the shearTaydarify the behaviour
of the momentum flux along the shear layer with decrea&¥, it is normalized with
respect to the neutral case data and this is shown in Figltlisevident that heating
increases the normalized momentum flux, but in a non-momnoteay.

Unlike momentum, the frequency of the events that corredporS’ and ‘E’ in
the heat flux transport dominate ‘O’ and ‘I’ events only Ri= —0.02 and—0.24. For
lower Ri this behaviour changes and, as an example, the frequendpudti®n of the
eventsfg, is shown folRi= —2 in Fig. 13c. In comparison withg for momentum in
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Ri= —2. Note that the signs of stress fractions of outward andidivderactions for momentum and heat

in (b) and (d) are reversed for better comparison with thetieje and sweep events.

Fig. 13a where the frequencies of ‘E’ and ‘O’ are the highestlawest respectively,
the Fg of heat in Fig. 13c shows the opposite behaviour. As expethedheat flux
fraction of the ‘E’ events$tg) is higher in the vicinity of the leeward wall. The larger
values ofShs for x/h > 1 in Fig. 13d could indicate a strong in-rush of cold air into
the shear layer. Unlike the momentum flux distribution in.Bigb, where the ‘O’ and
‘I events are weaker than the ‘E’ and ‘'S’ events all along shear layer, Fig. 13d
shows that the strengths of ‘O’ and ‘I lie between those dfdRd ‘S’ events for
x/h> 1; forx/h < 1 the strengths of ‘O’ and ‘I’ events are found to be largetthis
suggests that the contributions to net heat flux from thedfit quadrants are very
different to those of shear stress.

The normalized vertical turbulent heat flux variations aldhe shear layer for
variousRi are shown in Fig. 14. We observe that with increase in heatirggnor-
malized turbulent heat flux decreases and reaches a consiartas the distance
from the leeward face increases. This decrease is caused ingr@ase in the heat
flux contribution from the ‘O’ and ‘I’ quadrant events with ctease irRi.

The above observations are valid within thery thin shear layer at the cube
height. Corresponding quadrant analysis was also dopeyar) ~ (0.75xr, 0, Zrke,, )
wherexr is the recirculation length argkg,, is the height at which turbulent kinetic
energy is maximum; both these values vary vt This analysis showed that the
strength of ejections dominates that of sweeps, but onlygimalty for momentum
transport. This is in contrast to the above observation nfadéhe shear layer re-
gion. However, in the case of heat flux, sweeps continueditunkite ejections, with
increasing strength for decreasiRj The above quadrant analysis gives a general
overview of the kind of events that arise in thin shear laggiion behind the cube,
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Fig. 14 Variation of normalized turbulent heat flux along the sheget.

with strong leeward wall heating. The findings are found tcsineilar to those ob-
served in field and wind-tunnel studies mentioned earlatjqularly for momentum.

4 Conclusions

The heat transfer from a single building with strong heatngts leeward surface
and surrounded by an urban roughness array has been ststigd_&S for various
degrees of thermal forcing ranging from neutral to weaklgtahle to highly unsta-
ble flows around the building. The (neutrally stable) tuemilatmospheric boundary
layer consists of a constant shear-stress region up to tthk @oundary-layer depth.
It is quite challenging, both in the wind tunnel as well as imrerical simulations,
to generate such a deep surface layer. But with the inflow datyrcondition devel-
oped by Xie and Castro (2008), it is possible to generate ancipproach flow in
the LES. Three sets of wall models are used: (i) a rough-watlehto represent an
aligned array of roughness elements on the floor of the windelj (i) a momentum
wall model, and (iii) a temperature wall model to improve flosv and temperature
estimation near the smooth wall surfaces on a relativelyssomesh. The resulting
flow and thermal fields showed fair agreement with the winthal experiments.
The buoyancy effects are found to be significant in the wakbefttube, especially
at lowerRi. At higherRi, the heat emitted from the cube is found to be concentrated
at the leeward wall and convected downwind.

The thermal boundary-layer thickness and heat transfdficieat are estimated
for each heated surface of the cube and forRalllt is observed that the thermal
boundary layers on the side and leeward walls become thwitlea decrease iRi.
However, compared to the side walls and roof surface, thehlboundary layer on
the leeward wall is found to be larger because of the weaksingse convection. Ir-
respective of the variation iRi, the stronger streamwise convection on the top of the
cube yielded a thinner boundary layer compared to the othéaees. For the same
reason, the heat transfer coefficient is found to be largett@ roof surface, except
for Ri= —2 where the buoyancy effects resulted in the largest heatfEacoefficient
at the leeward wall. This suggests that, at suchRivbuoyancy dominates the effects
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of the strong shear layer normally present at roof level séhgetails should be use-
ful in the development or improvement of empirical model$eét transfer around
buildings in urban areas. The quadrant analysis perforfuedjdhe shear layer be-
hind the cube showed that the momentum flux is mostly due bmgér sweeps and
that heating increases the sweep strength consideraldyiesto ejections). In the
case of heat, the quadrant analysis showed a similar balrdgimomentum only for
relatively highRi = —0.02 and—0.24. Unlike the momentum flux, the frequency and
strength of the heat flux from the outward and inward intéoactjuadrants are not
small. This suggests that at lowlerthe contribution of these events to the heat flux
is very different to that for the momentum flux.

Whilst this investigation has focussed on the flow and théfiglals in the wake
of a single heated building, partly because of the avaitgf a corresponding ex-
perimental dataset, extension to arrays of urban-likemoegs elements with heating
analogous to, for example, the incidence of solar radiatitirclearly be important.
This will be the subject of future work, in which we hope to e the integrated
effects of surface heating on momentum transfer and tunloele urban-like areas.
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A Appendix: Modelling the approach flow in a channel

In the experiments, the model scale of the cube was 1:100rbAilent atmospheric boundary layer was
simulated such that the turbulent energy and shear stresshoth essentially constant to a height equal to
one half of the boundary-layer height. In the computatid@ris,crucial to maintain the approach flow used
in the experiments but it is equally challenging to creat @yaintain a developed boundary-layer profile
with the necessary constant turbulent energy and sheasstre deep surface layer over an axial fetch
significantly larger than the cube dimension. Initial cotgpions were performed with a bottom rough
wall and without the cube, to check that the required flow ditl change significantly with an upwind
fetch.

The computational domain size of the channel flow was>»38h x 6h. A height of h was deemed
sufficient, since that is similar to the boundary-layer khiess in the experiments. The inlet velocity profile
in the experiments followed a power-law and the same wasfsgbm the computations. Reynolds normal
stress components were specified at the inlet such thatrih@ént kinetic energy (TKE) agreed with that
of the experiments. The Reynolds shear stress specifiec anltt had a constant value in the surface
layer with a decreasing linear profile above. Cyclic boupdamditions were employed in the spanwise
direction. The bottom rough wall was represented by themeuall model described in Sect. 2.3.1. Stress
free conditions were specified on the top surface and, atutietpthe axial gradient of the velocity field
was set to zero followed by a mass balance correction. Thtiresprofiles of time-averaged normalized
streamwise velocity and TKE are shown in Fig. 15. It can be $kat the streamwise velocity increases
only marginally with increasing downstream distance. Havethe turbulent kinetic energy profiles at
various downstream locations indicate that the flow is dgpiab, although very slowly (especially when
compared to RANS computations not shown here). The shatfgspeahe kinetic energy at the second
wall grid point in Fig. 15b could be due to the injection of emeinto the resolved velocity field at the
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Fig. 15 (a) Normalized mean streamwise velocity and (b) turbulénetic energy profiles at various
downstream locations.

wall surface by the rough-wall model. Despite these smaliarfections, it is clear that an approach flow
similar to the experiments can be adequately representbdive inflow and rough-wall models.
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