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Abstract The influence of local surface heating and cooling on flow audan-
like roughness is investigated using large-eddy simutati®.ES). By adjusting the
incoming or outgoing heat flux from the ground surface, wasidegrees of local ther-
mal stratification, represented by a Richardson nunfRij,(were attained. Drag and
heat transfer coefficients, turbulence structure, intdgngth scales, and the strength
of quadrant events that contribute to momentum and heatsflwege obtained and
are compared with locally stable, neutral and unstable flovith increasingRiz, or
equivalently as the flow characteristics change from Ideairhal instability to sta-
bility, a gradual decline in the drag and heat transfer coefits is observed. These
values are found to be fairly independent of the type of tletmoundary condition
(constant heat flux or constant temperature) and domain®&ieemaps of anisotropy
invariants showed that for the valuesRi; considered, turbulence structures are al-
most the same in shape for neutral and unstable cases lartdiffhtly from those in
the stable case. The degree of anisotropy is found to deresid; increases from
—2 to 2.5. Compared to the neutral case, the integral lengtlesare shortened in
the streamwise and vertical direction by ground cooling gnihanced in the vertical
direction with ground heating. Quadrant analysis showadtliticrease in floor heat-
ing increases the strength of ejections above the canopyettsr, the contributions
of updrafts or downdrafts to heat flux are found not to be $icgmtly influenced by
the type of local thermal stratification for the valuesRif considered. The transport
mechanisms of momentum and heat above the canopy are fobed/&ry similar in
both locally unstable and stable flows.

Keywords Correlations Drag coefficient Heat transfer coefficientQuadrant
events Turbulent structures
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1 Introduction

Do the effects of thermal stratification have a dominant ooiehe structure of tur-
bulence and mechanisms of pollutant transport in and abmyghness canopies of
various morphologies? To investigate this, numerous figidd-tunnel and compu-
tational studies have been conducted, especially in théwaso three decades. The
field studies included several vegetation (e.g. Gao et@9)land urban (e.g. Chris-
ten et al., 2007) areas to understand the similarities affiekeinces in the transport
of momentum and heat over the two kinds of canopies. One dfithiarities that
was observed is that sweep events contribute most to the miamélux below and
immediately above the canopy height and ejection eventsrdaenfurther above the
canopy; these events are considered to be the signaturies lairge coherent struc-
tures. Li and Bou-Zeid (2011) discussed in detail the diganity of momentum,
temperature and water vapour transport with increasin@llgy from measure-
ments over a vineyard and a lake. However, it is difficult téagb comprehensive,
spatially detailed measurements from the field owing torimséent limitations and
the impossibility of obtaining repeated and controlled ditions; wind-tunnel and
computational studies can therefore be particularly dsefu

The simplest geometry, yet challenging if thermal straifiwn is included, is
two-dimensional (2-D) street canyons. Allegrini et al. 13D, Huizhi et al. (2003),
Kovar-Panskus et al. (2002), for example, have studied sashs in wind tunnels
and shown that surface heating greatly influences the nuamokintensity of vortices
within the canyon. Similar observations have also been rfradevarious computa-
tional studies (e.g. Cai, 2012; Kim and Baik, 1999; Park gt24l12). In the case of
3-D roughness morphologies, by adjusting the temperatirtbe approach flow and
the floor of a wind-tunnel, Uehara et al. (2000) created antladly stratified atmo-
spheric boundary layer over square arrays of roughnesaalest They showed that
a stable atmosphere results in weak cavity eddies whilsablesconditions enhances
the strength of cavity eddies. Using LES, Inagaki et al. @&Imulated a complete
day time atmospheric boundary layer over a square arraylwith ground and
roof heating and showed that the turbulent organized strestabove the canopy are
correlated to the strong upward motion that occurs witha dhvity of the arrays.
All these ‘generic’ urban canopy investigations clearlyplynthat the dispersion of
pollutants might be affected by surface heating. Compantatistudies on field sites
like DAPPLE (Dispersion of Air Pollution and its Penetratimto the Local Envi-
ronment) have certainly suggested that weak unstable tonslin the approach flow
have notable effects on scalar dispersion (Xie et al., 2013)

Itis necessary to quantify the effects of such thermalifitration on street and/or
neighborhood scale flows in order to provide required patarador city or regional
scale modelling. For this purpose, we first performed coljiuis to simulate pas-
sive scalar dispersion from a surface area source in an aftayiform and random
height blocks (Boppana et al., 2010), followed by simulatad heat transfer from
the strongly heated leeward surface of a large building (Bojg et al., 2013). These
computations showed good agreement with the wind-tunmeréxents of Pascheke
et al. (2008) and Richards et al. (2006) respectively. Tmmés LES study had no
buoyancy and the latter included its effects on the surrounfliow. These previous
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investigations led naturally to the current LES study wherstead of heating a sin-
gle surface of an isolated obstacle, the entire groundseifee. all streets, in direct
contact with the atmosphere) is uniformly heated (see Bigr tooled and the re-
sulting buoyancy effects are included to model the flow oveaaay of staggered
cubes. It is to be noted that, in this study, thermal stratiiox in a fully-developed
boundary layer is a result of surface heating or cooling withe bottom canopy,
which is rather different to the case of a thermally strafifigproach flow over an
unheated region (e.g. Xie et al., 2013).

The overall goal of the present paper is to obtain insightherffects of uniform
ground heating or cooling on the flow over an array of uniforeight staggered
buildings. To address this, the following objectives werafulated: (1) to quantify
the effects of thermal stratification on the surrounding fliowluding the turbulence
structure, and (2) to determine the similarities and/died#nces in momentum and
heat transport for stable, neutral and unstable stratif@ésiVia assessment of the
affects of stratification on surface drag and heat transgfefficients. We present the
numerical description in Sect. 2, followed by the resultd aanclusions in Secs. 3
and 4 respectively.

2 Numerical Details and Settings

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

dui

2 _0 la

3% =C (12)
and,

oup duuj 1 /0p o(P) Jd [T oui
at " ax (a{rdl o ) Tax \p TVax )T (D)

The resolved-scale velocity and pressure are respectingdyn byu; and p with u,
v andw the streamwise, lateral and vertical velocity componeespectively. The
flow was driven by a constant mean streamwise pressure gtadie) /dx andd is
the Kronecker-deltaf. &3 is the body force due to thermal buoyancy and is estimated
using the Boussinesq approximatignandv are the density and kinematic viscosity
of the fluid. 1j; is the subgrid-scale (SGS) Reynolds stress and was hansiiegl u
the Smagorinsky model in conjunction with a Lilly dampingétion near the walls.
We set Smagorinsky’s constads = 0.1 since this was found to provide satisfactory
results in our earlier computations (Boppana et al., 2010).

In the streamwiseq and lateraly) directions, periodic boundary conditions were

employed. Stress free conditions were imposed on the tdpeaddmain, i.e.,
Jdu ov
223, % w=0. (2)

No slip conditions were set on the bottom surfaze=(0) and on all faces of the
roughness elements.
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Fig. 2 Plan view of computational domain.

Fig. 1 Sketch of 3-D view of computational do- The four typical locations, $ 3 are identi-
main. All the bottom surface between cubes is fied by ‘circles’ and data at ‘dots’ P D;, Dy
heated or cooled. are used for quadrant analysis in Sect. 3.5.

The filtered governing equation for temperature is

oT ouyiT 0 T
E+0—)(j_0_)(j<(ks+km>a_xj>’ (3

whereT 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 Okg. is the molecular diffusivity and is defined
asv/Prm, wherePrp, is the molecular Prandtl number whose value was set to 0.71
in our computations. Periodic boundary conditions wereiigel in the streamwise
and spanwise directions. The stable stratification in themdational domain was
obtained by specifying a negative heat flux at the bottomaserfind the same was
set to enter through the top surface. Similarly, the unstafshtification was obtained
by specifying a positive heat flux at the bottom surface ofcthmputational domain
and the same was set to leave through the top surface. Thegautaiions were
done on a domain size @f x Ly x L, = 4h x 4h x 6h (D4), whereh = 0.2 m is the
cube height. Whilst this domain is probably too small to captadequately the long
streamwise rolls known to exist in the outer flow, earlier koas demonstrated that it
is sufficient for domain-independent mean flow fields, patéidy within the canopy
region. For example, based on two-point measurements omanat the same con-
figuration, Castro et al. (2006) showed that the integrajtieiscales are constant in
the region 2< z/h < 4 and are B, 0.8h andh in X, y andz directions respectively.
Also, the DNS study by Coceal et al. (2006) showed that thennfleav field is in-
dependent of the domain sizels 4 4h x 4h, 8h x 8h x 4h and 4 x 4h x 6h. 3-D and
plan views of the computational domain are shown in Figs.d Znespectively. A
finite volume approach was followed to discretize the flow &ewperature equa-
tions. The monotone advection and reconstruction sche&RSCD, 2007) with a
blending factor of 0.9 was used for the spatial convectimaseand the central differ-
ence scheme was used for the spatial diffusive terms of @)3n A second-order
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backward implicit scheme was used for discretizing the tdependent term. The
computational domain D4 consisted of hexahedral cells hadjtid resolution was
h/16. The driving force was the constant streamwise pressacdient in Eq. (1) on
every cell and is given by ,

9(P) _ puz

X L—z 4)
whereu; is the total wall friction velocity. The Reynolds numbdRe) based on
the total wall friction velocity andh was approximately 1200. The Reynolds number
(Re based orn and the streamwise velocitylataried from 3000 to 5000. The initial
duration of most of the simulations was approximately&@@theree = h/u; is the
eddy turn-over time. The averaging duration varied frome2@400s depending on
how rapidly the shear and dispersive stresses convergketheAtomputations were
carried out using STAR-CD version 4.14 (STAR-CD, 2007).

Sensitivity tests were done by conducting a further fouepehdent sets of com-

putations. They are

1. DAT - constant temperature instead of constant heat flsxspecified on the top
and bottom surfaces of the computational domain D4.

2. D4S - As an alternative means of achieving steady staterfergy in the compu-
tational domain, constant heat sink (source) for unstaédb(e) stratification was
specified in all computational cells in D4 instead of a comtsteat flux boundary
condition on the top surface.

3. D16 - the domain size wa$i& 8h x 10h with constant heat flux on the top and
bottom surfaces of the domain. The vertical resolutionechgeometrically from
h/64 atz= 0 toh/16 at the building height i.e= h, and in the remaining parts
of the domairh/16 was used.

4. D64 - the domain size was & 16h x 10hwith constant heat flux on the top and
bottom surfaces of the domain. A uniform resolutiorhg16 was set throughout
the domain.

A summary of all computations is given in Table 1.

3 Results

The first objective stated at the end of the Sect. 1 is addidsg@etermining the
drag and heat transfer coefficients, displacement heigiitd roughness length
for variousRi; in Sect. 3.1 and 3.2 respectively. By analysing the Reynsidss
anisotropy map, spatial correlations, quadrant and octemnts for stable, neutral
and unstable cases, the second objective is addressedeathet#lils are presented in
the latter subsections.

3.1 Drag and heat transfer coefficients

The degree of thermal heating or cooling can be charactebyethe Richardson
numberRi; defined as
gh(Tb - TZ:O)

Ri; =
't Tbu$

()



171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

Type of L Type of thermal Oz—0 (Wm~2) or .
instability Domain size boundary condition T—0 (K) Rir G G
-3 0.8775 0.0739 0.0066
-8 2.5099 0.0645 0.0057
Stable 4h x 4h x 6h constant -10 3.1986 0.0662  0.0057
(D4) heat flux —-125 4.1042 0.0628 0.0054
-15 4.9978 0.0618 0.0053
-18 6.1868 0.0569 0.0049
-25 8.9943 0.0552 0.0046
1 —0.2737 0.0758 0.0071
3 —0.7909 0.0779 0.0075
8 —2.0472 0.0812 0.0079
Unstable 4" X(SZ)X 6 constant 1255 _30069 0.0856 0.0084
25 —6.0259 0.0959 0.0091
50 —116382 0.1158 0.0104
100 —223893 0.1552 0.0125
293.35 —0.2703 0.0765 0.0072
Unstable 4h x 4h x 6h constant 294 —0.7788 0.0796 0.0074
(D4T) temperature 297 —3.1465 0.0868 0.0084
307 —11.0886 0.1155 0.011
Unstablé 3 —0.7343 0.0761  0.008
4h x 4h x 6h constant 8 —1.9416 0.0811 0.0083
Stablé (D4S) heat flux -8 2.0722 0.0688 0.0072
-125 3.2955 0.064  0.0068
Unstable 8hx 8hx 10h constant 8 —1.504 0.0791 0.0106
(D16) heat flux 25 —4.1804 0.0862 0.0125
Unstable 16hx 16hx 10n constant 3 -0.75 0.0814 0.0081
(D64) heat flux 8 —1.9387 0.0817 0.0084
D4 0.0759
Neutral D16 - - 0 0.0762 -
D64 0.0816

Table 1 Summary of computational cases.
a — To establish a steady state for energy, constant heassiplecified throughout the domain.
b — To establish a steady state for energy, constant heatesmuspecified throughout the domain.

whereg is the acceleration due to gravity amglis the bulk temperature, which is the
average temperature over the whole domain. It is to be nbtdR{; is not knowna
priori, but is an outcome of the computation that depends on théfiggelsoundary

conditions. The values &i; along with the resulting coefficients are listed in Table 1.
Instead of using the bulk or gradient Richardson numberspoeisent the degree of
thermal stratification, a frictional Richardson numbersed here because the former
two depend on domain size and particularly good accuracetarthination of the
flux gradients, respectively. In the conventional defimtid Ri;, which is often used
in (open) channel flows (e.g. Armenio and Sarkar, 2002; Dorlal, 2005; Garcia-
Villalba and delAlamo, 2011), the density or temperature difference betvilkee two
surfaces and channel half height are used. This definitionodified here for two
reasons: (i) because a roughness height is a more appeophiatacteristic length
and (ii) similar to the bulk velocity, temperature distritoun inside the domain also
depends on domain height. Therefore, the temperatureeifte between the ground
surface and bulk temperature instead of that at the topciifaused.
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The thermal impact on the surrounding flow can be quantifiéagudrag Cyq)
and heat transfeX)) coefficients defined here as

u?
Cd = ngh (6)
0z=0 @

CpPUzh(Tp— Tr—0)
wherecy, is the specific heat capacity at constant pressuregangis the heat flux
at the ground surface. Note that when constant heat flux wesfigal on the bottom
surface,T,—g is the spatially and temporally averaged non-uniform sugrf@mpera-
ture. Similarly when constant temperature was specifiedhergtound surface,—g
is the spatially and temporally averaged non-uniform sigrfeeat flux. The procedure
for obtainingT,—g or g,—o (STAR-CD, 2007) was as follows:

T+ Prmzt if z8 <zf ®)
| (Prs+Pry) (ut +P) if z" > zf
where
T+ — Cpp (Tzqo ; Tzl)u* (9)
7—
and ” e
if z8 <

ut = { T (10)

linEz") if 2" > 7.

Herez" = zu. /v, T, is the temperature at the near-wall grid pomtis the distance
from the wall to the centre of the near-wall grid point, is the near-wall friction
velocity determined by Spalding’s law (Shih et al., 1999) &nis the sub-layer re-
sistance factor (Jayatilleka, 1969]). andzf satisfy the following equations:

2~ (E7) =0 (11)
Prmzf — (Prs+ Prm) Bln (EZ)+ P} =0 (12)

whereE is an empirical coefficient whose value was set to 9. It wagdesl in our
computations that most of the near-wall grid points lie wittihe viscous sublayer.

For the basic case, D4, Figs. 3a and b show an increa€g emdC;, as the
thermal stratification changed from stable to unstable Rtpk 0, a similar increas-
ing trend was also found by Cheng and Liu (2011) and Kanda. ¢2@07) in 2-D
street canyons and the COSMO (Comprehensive Outdoor Saadellexperiments
respectively. Such an increase is due to a gradual incradke istrength of the tur-
bulence motions, as illustrated by the data in Fig. 8a (dised later). In comparison
with the flow over smooth terrain, stability effects on theaflover a rough surface
are likely to be lower because of the dominant influence ofiteehanical turbulence
generated by the roughness elements. However, the assartipt urban flows may
be considered as neutral or nearly neutral in urban dispersiodels (Britter and
Hanna, 2003) is probably invalid, as the results preseriiedeasuggest that stratifi-
cation effects are not negligible.
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Fig. 3 Variation of (2)Cq and (b)C;, with Ri;. For the legend details, see Table 1.

3.1.1 Sensitivity checks

As mentioned in Sect. 2, the sensitivity tests were done bippaing computations
on different domain sizes and grid resolution. In Figs. 3dlathe values o€y and
C;, from D16 and D64 are also shown. It can be observedGhditom D4 and D16
are in good agreement. Both D4 and D16 show gradual incra&ewith Ri;, while
the drag coefficient from D64 remains constanRasdecreases from 0 te 1.94 but
is anyway quite close to the results from the smaller domé&iiggire 3(b) shows that
the values ofZ, from D64 are approximately 7% larger and those from D16 are ap
proximately 41% larger than D4. The significant increase $e®16 can perhaps be
partly attributed to domain size effects but, much more irtgrdly, is a direct result
of the much finer resolution near the ground surface. Altlnowg have shown that
it is necessary to employ fine resolution near the surfaceadiqt scalar transfer co-
efficients very accurately (Boppana et al., 2010), to savexpensive computational
time (which would be particularly demanding for D64) an iteal uniform resolu-
tion of h/16 was enforced in all D4 and D64 cases. These computati@ve thtat
Cy is fairly insensitive to both domain size and resolution et estimation o€, is
indeed significantly affected by the mesh resolution. Tieeg the variation oG,
with Ri; shown here should be considered as a qualitative indicatgr o

Figures 3a and b also show that the two types of thermal bayrdaditions, i.e
constant heat flux (D4) and constant temperature (D4T) ctotmoand top surfaces
of the computational domain, yield very similar valuesGafandC;,. Even though
a constant heat flux (temperature) boundary condition abdt®m of a rough wall
yields a non-uniform distribution of temperature (heat flaxound the obstacles,
this study confirms that the integral quantities are noticantly affected by the
different physics at the ground surface.

To establish a steady state for energy, all D4 unstablel&@tabmputations had
constant heat flux entering (leaving) through the groundaserand leaving (en-
tering) through the top surface of the computational domBirt this can also be
achieved by specifying constant sink (source) in all cdlthe computational domain
for unstable (stable) cases and these simulations aréigddss D4S. The differences
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in the vertical distribution of turbulent heat flux for D4 abdS are shown in Fig. 4c
for both stable and unstable cases. Figure 3a shows thatdlgecdefficient is not
affected by the way in which steady state for energy is aeugbut the values @iy,
from D4S in Fig. 3b are found to be 25% larger than in D4 for tiadle case, while
only 5% larger in the unstable case. The reason for suclrélifées can be explained
from the temporal and spatial mean of the temperature difie, shown in Fig. 4b. It
can be observed that the temperature variation with heigheriy much dependenton
the way in which steady state for energy is achieved. Thigrimaffects the flow field
and can be seen in the spatial and temporal mean profileseaihsivise velocity in
Fig. 4a. This brief numerical test suggests that heat teamsfefficients are sensitive
to the way in which steady state for energy in the computatidomain is realised.
It would be quite challenging if not impossible to set up h&aks or sources away
from boundaries in a wind-tunnel experiment, and in any sash sources or sinks
are not possible physically without the action of additidiav variables, like mois-
ture content. Further analysis in this current study isdftge restricted to cases with
constant heat flux boundary conditions on the top and bottofaces.

3.1.2 A note on domain size and its influence on dispersiges&s

Dispersive stresses, denoted {oy) in the case of shear stress, arise due to spatial
inhomogenities in the flow. Therefore, their presence isetgrl below the canopy
but not far above. In the case of D4, the dispersive stredsmgeahe canopy were
very small. But in the case of D64, it was observed that theedsve stresses above
the canopy persisted even after a time average duration@igl0r his is because
D64 is conducive to the development of streamwise rollsdhatarger in scale than
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t €t

are allowed by domain D4. Such slow evolving mean longitabinlls are clearly
shown in the DNS study of Coceal et al. (2006) for the neuteslec But it was
also shown that for a sufficiently long averaging time i.e0g0these dispersive
stresses above the canopy disappear. It was observed intentcstudy that the
dispersive stresses aboxgh = 2 exhibit non-monotonic behaviour with increasing
averaging time. This can be seen in Fig. 5b, where the pexgentariation with
averaging time of maximum dispersive stressZor 2h is shown. It can be observed
that the maximum dispersive stress above the canopy apfmeass converging to
approximately 2.5% of the wall stress (or approximately 58the shear stress at
that height) and the location at which it occurs is arogfiu= 5.5 and 4 for neutral
and unstable cases respectively. In a systematic set adtigations conducted by
Fishpool et al. (2009) in a turbulent channel flonRs: = 410, it was observed that
(i) the spanwise inhomogenities persisted even when thedoength was increased
from 2116 to 625, where @ is the channel depth and (ii) these features remained, with
a large magnitude, for time averaging in excess /AR (Fishpool et al., 2009,
calledd/u; the ‘friction time scale’). Detailed investigations arerigecarried out on
D64 to determine the averaging time required for the dispesiresses to completely
disappear (if they do) and the reason for their existencelong durations.

3.2 Determination of pressure distributi@handz

It was observed in Sect. 3.1 that the increase in the dradicieet with decreas-
ing Ri; is correlated with an increase in the turbulent kinetic gnelore directly,
however, it is the pressure difference between the windeaddeeward sides of the
cubes which determine the (form) drag. The vertical profitme- and laterally-
averaged pressure coefficien@,) were obtained for variouRi; and are shown in
Fig. 6a. The pressure coefficient is defined as

Cp = (pw—p|)’

(13)
3PS,
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Fig. 7 Spatial- and temporal-averaged mean streamwise velonitfjlgs in log-linear form for various
Ri; (a) neutral and unstable flows (b) neutral and stable flows.

wherepy, and p, are the pressures on the windward and leeward faces of the cub

respectively. It can be observed that there is a notableaserin the values @f, with
ground heating and a slow decrease with ground cooling. dime éirag C,,q, can be
obtained by integrating Eq. 13 with respecttand in all cases is approximately 85%
of C4. (The remaining drag component arises from frictionalésran the ground and
the top and sides of the cubes, see Leonardi and Castro (0 EXiscussion on this
point.)

The most sensible definition of the zero plane displacemeigthih d, is that it
is the height at which the surface drag acts (Jackson, 188&uming that frictional
forces are negligible, this can be written (Coceal et alD&@s,

_ fzz(p\N_ pl)dz
fz(pW_ pl)dz .

With the data shown in Fig. 6a this suggests thdecreases with increase in heating,
as confirmed in Fig. 6b. Although the change only amounts toes@5% over the

(14)
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range ofRi; covered, one would expect corresponding, but larger, amirg the
roughness lengthy, which was indeed found to be the case and can be seen in Fig. 6b
The procedure of obtaining at variousRi; is briefly described below.

The wind speed profile for non-neutral condition is given 8tu(l, 2009):

S

wherek is von Karman'’s constant ardis the Obukhov length defined as

[ :

k(9/Tv) WT)), o K (9/Tz0) (dz—0/PCp)’

Here primed quantities denote deviation from their respeanean valuesT, is
mean virtual potential temperature aml,, is the mean kinematic virtual potential
temperature flux in the vertical direction. The stabilitpétionW((z—d)/L) is typ-
ically given as (Stull, 2009)

(16)

z—d 4.7(z—d)/L for Rir >0
W( L ): ~2in[%Y] ~n [%F] + 2tami(y) - ForRir <0, (7
where
S Y4
y= {1—ZT} wherel = 15. (18)

In Eq. 15,% = 0 yields the standard logarithmic law for neutral (rougaHjflow,
with u, the surface friction velocity. (Note that the addition oéthon-neutral term
(W) in Eqg. 15 breaks the usual monotonic correspondence betyeadu,, so that
for Ri; # 029 may rise when, falls orvice versa) For a pressure-driven channel flow
Coceal et al. (2006) derivad. = u;+/(1—d/L;) to account for the linear variation
in shear stress froryh = d to L, which otherwise is constant in the surface layer of
the atmospheric boundary layérin Eq. 18 is changed to 16 such that the resulting
Y agreed with that given in Table 1.1 of Kaimal and Finnigarod)9

Usingd from Eq. 14, the values af andz, are obtained as fitting parameters of
Eq. 15 for neutral flow. The necessary valuaafas found to be 0.27, which is 34%
lower than the classical value of 0.41. A similar discrepdanom the classical value
was also reported by Cheng and Castro (2002), Coceal etCil7}2Leonardi and
Castro (2010) to name a few.

By fixing k as 0.27 and using the computed valuedofor eachRi;, z5 was
deduced by fitting the measuredrofile to Eq. 15 over a height range ot = 1.5
to 2.5 - approximately chosen such that the variations aviddal estimates ofg
from the velocity at a specific height in this range was less th0%. However, for
Rir < —6 and > 4.1, the variation of in the above mentioned rangezth exceeded
10% and hence these data are not included in Fig. 6b.

Figure 7 shows the vertical variation of spatial- and terapaveraged velocity
profiles for neutral, stable and unstable cases. It can bereddthat the LES data is
not incompatible with the log-linear form and that for inasing|Ri;| the data appear
to shift gradually to the right of the neutral case; this muoeat is found to be slightly
stronger in stable flows.
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Fig. 8 Temporal and spatial mean of (a) turbulent kinetic energynatized with bulk velocity, (b) ratio
of vertical to streamwise Reynolds stresses and (c) nazethliemperature fluctuations fBi; ~ —2, 0
and 2.5.

3.3 Turbulence level and Reynolds stresses anisotropy

Some effects of thermal stratification on the turbulence fegk shown in Fig. 8 for
D4. Increase in the normalized turbulent kinetic energhwiliécrease imRi; is evi-
dentin Fig. 8a. The ratio of vertical to streamwise fluctoiasiin Fig. 8b is found to
be nearly the same for neutral and unstable cases thus singgést this structural
parameter is not affected by ground heating, at least witiémange 0> Ri; > —2.
However, for the stable caseRi; = 2.5 the ratio is found to be slightly larger than in
the neutral and unstable cases. This indicates that theléurde structural character-
istics of the stable case are different to those of neutilanstable cases. Therefore,
further exploration of turbulence structure have beeniedmut and are discussed
in the following paragraphs. Figure 8(c) shows that the radizad temperature fluc-
tuations are almost constant throughout the domain hegxyiegpt near the bottom
and top surfaces where the temperature gradients aredhgvgtrongest because of
proximity to the imposed boundary conditions.

The anisotropy of the time mean Reynolds stresses is oftshassan indicator of
turbulence structure and this is shown using Lumley’s arogy invariant map, AIM
(Pope, 2011). Figure 9 shows AIM for varioR$; and for four typical locations, as
identified by Castro et al. (2006) and indicated gssfn Fig. 2. The AIM is obtained
from the second and third principle invariants of the sttessor;j, 6n%=—2llp =
bij bji and @3 =3lll, = bijbjkbki, where
() g

oK 3 (19)
The vertical axisy of the AIM gives the magnitude of the anisotropy and the hori-
zontal axisé represents the shape of anisotropy (i.e. distinguishiraditatively be-
tween ‘rod-like’ and ‘disc’ shaped turbulent eddies). Timear sides of the triangle
originating from(&, ) = (0,0) represent axisymmetric turbulence and the origin in-
dicates isotropyé > 0 implies ‘rod-like’ shaped turbulence where two eigenealu
of the Reynolds stress tensor are smaller than the third mahé & O refers to ‘disc’

bij =



14

(a) P, (top)

(b) P, (behind)

0.175 7 0.22
./b
: 0.18
_/
./
0.15} 7 1
= i = 0.14
‘/
‘/
7/
/ 0.1
/
0.125} ;
" L A " " 0.06 " N N N N N
0.08 0.1 0.12 0.14 0.16 -0.05 0 005 01 015 02
(c) P2 (in front)
0.175 -
e
./.
7,
./‘
0.15} 2
7
= 7
0.125} /
./b
‘/
/
0.1} B
0.08 0.1 012 014 016 -0.05 0 0.05 0.1 0.15
& &

Fig. 9 AIM at typical locations forRi; ~ —2 (circles), 0 (diamonds) and 2.5 (squares). For clarityy on
the immediate regions occupied by the data are shown, wiith [siack lines indicating boundaries of the
Lumley triangle where appropriate; the inset figures shagétregions in a grey shade, in relation to the
entire Lumley triangle. Filled symbols are zth = 0.5, open symbols with an internal ‘+' are gth = 1
and clear open symbols arezh = 3. The dash-dot line near the right outline of the Lumleyrigie is
the logarithmic and core region data (8@z+ < 180) from smooth wall turbulent channel flow wike:
=180 (Busse and Sandham, 2012); here the data apptéagh = (0,0) with increasing distance from
the wall.
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Fig. 10 The anisotropy function for (aRi; = —2 (unstable), (b) O (neutral) and (c) 2.5 (stable) cases at
typical locations.
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shaped turbulence where two eigenvalues are greater tedhittl eigenvalue of the
Reynolds stress tensor. The upper curve of the triangleesepis two-component
turbulence where one of the eigenvalues is zero.

For clarity, data within the AIM are shown only for®< z/h < 3 in Fig. 9. The
data shown at each typical locatiopn ®Wherei = 0-3, are temporal and spatial means
at the four identical locations in the computational dom@omparison of AIM data
for P; and B for Ri; = 0 with the experimental values of Castro et al. (2006) show
gualitative agreement (not shown here).

It is observed that the shapes of profiles for neutral andablestcases are very
similar and they differ mostly in the magnitude of anisofrophe structure of the
anisotropy for the stable case is found to be slightly déferto that of neutral and
unstable cases. At all four typical locations, the magratoél anisotropy is found
to be generally lower in a stable and higher in an unstable,casd this is very
evident in the profiles atPand B. For z/h > 1.2 (i.e. in the log-linear region of
the mean velocity profile), the profiles at all four locati@mne on or close to the right
outline of the Lumley map just as they are in the log and cag@®reof a smooth-wall
turbulent channel flow aRe = 180 (Busse and Sandham, 2012). This suggests an
axisymmetric nature of turbulence with predominantly 4de’ shaped eddies. With
increasing/h above the canopy the data tend to move towards the origiragibey
do in the smooth-wall channel flow. However, note that, wnttke data in the neutral
and unstable cases that are very close to right outline dfuh@ey map, stable case
data are a little further away from the right boundary. Oilevee conclude that even
with surface heating or cooling the turbulence structuréhelog region (i.e. above
the urban canopy) is not very different to that in the log oegdf flow over smooth
surfaces. This indicates that fpth > 1.2, the turbulent structure is similar to that of
smooth-wall boundary layer. The fact that in neutral flowsan-type roughness does
not have a large effect on turbulence structure at leasttgtiatly within the log law
has previously been noted by Coceal et al. (2006). Basedeofiefld measurements,
same observation was made by Roth et al. (2013) and this eptually shown in
the Fig. 6 of their article. It is interesting that the samerss to be true for cases of
moderate ground heating or cooling. The data suggest thaaiges become apparent
soonest for stable cases but, in any case, one would nottekgesame conclusion
to hold if Ri; were to increase to very large magnitudes.

As expected, the shapes of profiles at the lower heights @eteyh = 0.5 and
1.2) differ significantly at the various locations. At Bnd withz/h increasing from
0.5, the turbulence structure becomes more ‘disc’ shapkihvweould be due to the
recirculation region, and again changes back to ‘rod-kkeipe as the profile reaches
the canopy height. With increasiagh at P, the turbulence structure appears to drift
gradually away from the ‘rod-like’ shape and revert backhis shape foz/h > 1.

At P3, where the mean flow field experiences ‘channeling’ effdtis,presence of
side-walls appears to encourage the turbulence struause more ‘disc’ shaped,
which is counter-intuitive.

A direct measure of the degree of isotropy in the turbulesgerovided by the
parameteF = 1+ 11+ 27Illy; F =0 and 1 represents two-component and isotropic
turbulence respectively. The values of this parametereatthr typical locations and
for variousRi; are shown in Fig. 10. As expected, the valuek afary considerably
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below the canopy, but not above where the flow is essentiallydgeneous i and

y. Owing to the strong three-dimensional effects, the tuboé below the canopy
becomes increasingly isotropic agpproaches zero, especially at&d R, until
very close to the wall when of course eddies are stronglytcaingd vertically. Such
high values of were also observed in the wind-tunnel experiments of Caxtted.
(2006) for the neutral case. Perhaps surprisingly, theegabiF below the canopy
are found to be almost same for stable, neutral and unstabéscThis must be due
to the very high turbulence intensities caused by shear lamdvake of the cubes,
which are not strongly reduced by surface heating or coobug above the canopy,
the stable case shows slightly larger value$-afompared to neutral and unstable
cases.

The above analysis was also carried out for case D64 Riith= 0 and—2; the
corresponding figures (not shown here) show qualitativiehilar behaviour to that
for D4. Differences were most evident above the canopy, ndtlbecause of the
non-zero dispersive stresses there.

3.4 Spatial correlations

In order to determine the influence of thermal stratificatiomthe integral length
scales of the turbulent structures, two-point velocityretations were computed. The
spatial correlation for streamwise velocity in the streasevdirection is given by (e.g.
Castro et al., 2006)

Rua(AX) = U (X)u’ (x+ Ax)

— al(X)a)(x+AX) (20)

The two-point correlation of vertical velocity in the vesd direction is obtained
by replacingu andx in Eq. (20) withw andz respectively. Figure 11 shows these
computed correlations for D4; the streamwise spatial ¢atioss are shown a/h =
1.28 and the vertical spatial correlations are obtained bygigpeg z/h = 1.53 as a
fixed reference. It is observed in this figure tRat(Ax) does not tend to zero #ix

= 2, which is half of the streamwise domain length. This setgéhat the domain
length is not sufficient to capture the longest eddy strestuNonetheless, we can
make some deductions from the data.

Figure 11 shows thd®,,(Ax) for the stable case is lower than that of the neutral
and heated cases. The streamwise integral length scaléelaaly been significantly
reduced by ground cooling, but appears not to be influencegduynd heating. The
reason for such a strong influence on streamwise lengthssoglgtable stratification
is not yet completely understood, although it is well knowattstability generally
weakens turbulence fields. The profilesRyfy(Az) indicate that the vertical integral
length scales are marginally increased and decreased bpdjfeeating and cooling
respectively. This is expected because the size of thecakdiructures is enhanced
by thermal plumes due to buoyancy in an unstable case andeédu the case of
stable stratification. These spatial correlations sugthedtthe turbulent structures
are smaller in stable stratification when compared to neatré unstable cases. As
smaller structures tend to be more isotropic, this obsenvas consistent with the
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Fig. 11 Spatial correlations of (a) in x direction and (b in z direction for differentRi;.

implications of the AIM discussed in Sect. 3.3. The spatiatelations from D64 for
neutral and unstable cases are, incidentally, found torbiéesito those of D4.

3.5 Quadrant and Octant Analysis

The occurrence and contribution of various intermittergrgs to the transfer of mo-
mentum and heat is often deduced using quadrant analystardiag to this, the
events are classified as follows

Ql: U>0w>0;, 0>0w>0
Q2: U<Oow=>0;, 0<0ow>0 (21)
Q3: U<0ow<0; 0<0ow<0
Q4: U>0wW<0; 0>0wW<0

where primed quantities refer to fluctuating values (abweit respective time-means).
In the case of momentum flux, ‘Q2’ refers to movement of loweegbfluid in the up-
ward direction (referred as ‘ejections’) and ‘Q4’ refersmmvement of high-speed
fluid in the downward direction (referred as ‘sweeps’). |e ttase of stable stratifi-
cation, ‘Q2’ refers to those events where cold fluid moveshin tpward direction
(termed as ‘updrafts’) and ‘Q4’ refers to those events winetefluid moves in the
downward direction (termed as ‘downdrafts’). In the casemdtable stratification,
‘Q1’ refers to ‘updrafts’ where hot fluid is ejected and ‘Q&fers to ‘downdrafts’
where cold fluid moves in the downward direction. The differein the frequency
of occurrence of sweeps and ejections, and downdrafts adihfip, and their pro-
portional contribution to total momentum and heat fluxeseofeferred to as ‘flux
fraction’, but here we use the term ‘strength’) are shownign E2. The method used
to obtain the frequency and strength of momentum and heafdlwarious events
is explained in detail in Boppana et al. (2013). The valueswhin Figs. 12a, d are
obtained using a time average of &3@nd a spatial average of data at all the seven
locations shown as dots in Fig. 2 and identified gs D and 0y. The values shown
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Fig. 12 Left column: differences in the contributions to momentuoxfby sweeps (Q4) and ejections
(Q2) (a), (b) and the difference in their frequency of ocenoe (c); right column: differences in the
contributions to heat flux by downdrafts (Q4 - stable, Q3 -table) and updrafts (Q2 - stable, Q1 -
unstable) (d), (e), and the difference in their frequencgadiurrence (f). Dash-dot lines: unstabiRi; (=
—2); solid lines: neutralRi; = 0); dash lines: stabléxf; = 2.5). The time and spatial average of data from
Dy, Dj and D locations (shown in Fig. 2) are used in (a) and (d), and theageeof data from Dand D
are used in (b), (c), (e) and (f).

in Figs. 12b, c, e and f are from a time and spatial averageeofdtr locations
and Oy which do not lie in the recirculating regions immediately el the cubes.
The time and spatial average of data from all seven locatibogss that ejections
are stronger above the canopy (Fig. 12a), but below the gagjeptions dominate at
z/h =~ 0.5 whilst, for 05 < z/h < 1, sweeps contribute more to the momentum flux.
Such a non-monotonic behaviour below the canopy is a rektliecsstrong influence
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of the recirculating region in the wake of the cubes. Thisuefice is also observed
in the strength of events contributing to heat flux (Fig. 1289 suggested in the
DNS study by Coceal et al. (2007), it is instructive to obthia temporal and spatial
mean from allocations in the computational domain. But as the availdala here
is limited to seven locations, the data from the three locatibehind the cube®()
have been excluded in some of the results shown so as to ptheesirong influence
from the recirculation region biasing the results of thedyraat analysis. Figure 12b
then shows that momentum flux is dominated by sweeps belogathepy, which is
consistent with the observations made in the DNS studylyttieg the three ‘behind
cube’ profile locations destroys that consistency.) Furémalysis will therefore be
based on the time and spatial average data fronDftedDg locations only, shown
in Figs. 12b, c, e and f.

Below the canopy, the strength and frequency of momentumefhexts in Figs.
12b,c are found to be the same for unstable, neutral andestalses. This implies
that the mechanical turbulence generated by the roughheseets has a much
stronger influence than the local thermal stratificationrttier above the canopy,
thermal stratification, especially for the unstable cappears to have a notable ef-
fect as the strength of ejections and the frequency of swisepganced. In the field
study of Christen et al. (2007), point measurements fronweitén an urban street
canyon showed qualitatively similar behavior except thatdtrength of ejections be-
gins to dominate sweeps 3tz, = 1.9 for an unstable case andzz, = 2.5 for a
near-neutral case, whereas sweeps dominated througleoutidisurement height i.e.
0.5< z/z, < 2.5in the stable case{is an average building height). The reason for
these minor differences between field experiments and LE& &® partly attributed
to the urban morphometry, differeRi;, prevailing meteorological conditions (e.g.
large-scale turbulent motions (Michioka et al., 2011) amtudirection) in the field.

Similar to the momentum flux contributions in stable and abk cases, down-
drafts contribute more to the heat flux below the canopy ardtaffs are stronger
above the canopy. Figure 12f suggests the reverse behawidhe frequency of
events. The field study of Christen et al. (2007) showed ainbehaviour in the
strength of events, but the stratification effects were tbtmbe strong above the
canopy unlike this study, probably for reasons similar tuisthmentioned above.

The same analysis was carried out on time series data corméisyg to a duration
of 2000 and from eight locations situated in front of the cubes in Dg#e strength
and frequency of events were found to be qualitatively venjlar to those described
above for the D4 domain.

From the above analysis, it is understood that for both stabt unstable cases,
above the canopy ejections and updrafts contribute moteetomomentum flux and
heat flux respectively, whereas within the canopy sweepdanahdrafts dominate.
Sweeps and downdrafts occur more often above the canopgt\ejactions and up-
drafts are more frequent within the canopy. But it is not indiately clear if the
updraft (downdraft) and ejection (sweep) events are catedl Inagaki et al. (2012)
showed that the horizontal distribution of ejection and egvevents at the building
height is similar to the distribution of updraft and downftlevents suggesting that
these events might be correlated. To determine this gatinéty, octant analysis (as
used by Dupont and Patton, 2012, on a vegetation canopygeasdonducted. Based
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Fig. 13 Momentum flux associated with positive (dashed line) anchtieg) (positive line) temperature
fluctuations in quadrants 2 and 4 for (a) stable and (b) ulestases. The dotted line indicates the canopy

top.

on the sign of temperature fluctuations, the momentum flum faoquadrantQi’ is
split further such that

(UW) gy = [UW) gy +(UW)g (22)

whereT;" andT;” correspond to positive and negative temperature fluctugtie-
spectively in the quadrar@i. The two right hand terms in the above equation are
normalized with their respective quadrant momentum flurelsaie shown in Fig. 13.
For both stable and unstable cases the ‘updrafts’ conimibtd the momentum flux

is found to be larger in ‘Q2’ and the ‘downdrafts’ contritatiis found to be larger
for ‘Q4’. This suggests that updrafts (downdrafts) and @es (sweeps) are well
correlated, which implies at least some degree of simylanitmomentum and heat
transport for such flows.
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4 Conclusions

The effects of local thermal stratification on the atmosjaftow in and above urban
canopies have been investigated by conducting large-addyations on flow past
an array of staggered cubes, with the ground surface sebjéziuniform cooling or
heating. The global thermal influences have been quantifiesbimputing drag and
heat transfer coefficients. With increase in ground surfeeing, characterised by
—23 < Rir < —0.2, a gradual increase Dy andC;, was observed. Specification of
either constant heat flux or constant temperature boundsgition on the ground
surface yielded similar values &y andC;,, despite the different physics of flow
and heat very close to the ground surface. With increaseaunrgt surface cooling,
i.e. 0< Rir < 9, a gradual decline i@y andC;, was observed. The steady increase
in Cq andC;, with decrease irRi; is linked with an increase in turbulent kinetic
energy due to buoyancy. The sensitivity tests included edatjpns with different
domain sizes, grid resolution and means of achieving thedgtstate for energy in
the computational domain. These showed Batwas relatively insensitive to all
these, but the estimates Gf were found to be very sensitive to resolution in the
near-wall region, not surprisingly.

The structure of the turbulence f&i; = —2, 0 and 2.5 was then quantitatively
analysed by exploring the Reynolds stresses, spatiallato®s and the results of
guadrant and octant analyses. The turbulence intensitfouas to be significantly
affected by ground heating and cooling. However, the aropgtinvariant maps im-
plied that the shape of the turbulent structures remainedsimilar for neutral and
unstable cases, but differed slightly in the stable casemRihe two-point spatial
correlations it was observed that the turbulent integradile scales of the structures
are reduced in both streamwise and vertical directions &lyiststratification when
compared to the neutral case; only the vertical integrajtlerscale was found to
be increased by ground heating. The quadrant analysis shihvaeground heating
(cooling) enhances (reduces) the contribution of ejesttormomentum flux above
the canopy whereas the contribution of updrafts and dowtsdmheat flux are found
to be very similar. Octant analysis showed that the streofyfections (sweeps) and
updrafts (downdrafts) are well correlated, thereby sutjgg¢hat the transport mech-
anisms of momentum and heat flux are similar above the capaopyably because of
the prevailing large-scale structures although no attdraptyet been made to study
the correlated spectral content between ejections andaftpdn order to delineate
scale effects.

This study has shed some light on the effects of local thestratification on
the aerodynamic coefficients and turbulent structure of fger an idealised urban
canopy. It would be useful to know whether the general ca@ichs outlined above
apply also to different kinds of roughness morphology, an@/hat extent they are
affected by differential surface heating arising for ex¢érfpom radiation. Coupled
with the present results, this might then be a further steaitds understanding and
modelling the pollutant dispersion in significantly nondtral urban boundary layers.
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